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THÈSE POUR OBTENIR LE GRADE DE DOCTEUR
DE L’UNIVERSITÉ DE MONTPELLIER
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“Science never pursues the illusory aim of making its answers final, or even
probable. Its advance is, rather, towards an infinite yet attainable aim: that
of ever discovering new, deeper, and more general problems, and of subjecting
our ever tentative answers to ever renewed and ever more rigorous tests.”

“La science ne poursuit jamais l’objectif illusoire de rendre ses réponses
définitives ou même probables. Elle s’achemine plutôt vers le but infini encore
qu’accessible de toujours découvrir des problèmes nouveaux, plus profonds et
plus généraux, et de soumettre ses réponses, toujours provisoires, à des tests
toujours renouvelés et toujours affinés.”

Karl Popper ”Logique de la découverte scientifique”
Edition: Payot, pages: 286,287
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Abstract

Abstract
Xenarthrans (armadillos, anteaters, and sloths) are the least diverse of the four major clades
of placental mammals, with only 39 currently recognized species. However, this emblematic
Neotropical clade includes species complexes with genetically distinct lineages of uncertain
taxonomic status. To address this issue, we conducted a comprehensive genomic analysis,
encompassing 261 individual mitogenomes, an exon capture dataset for 71 individuals, and
94 whole genomes, representing 34 distinct xenarthran species. As we included numerous
museum samples, we carefully cleaned up potential genotyping errors and cross contami-
nations that could blur species boundaries by mimicking gene flow. This nearly exhaustive
genome-wide dataset allowed us to revise Xenarthra taxonomy employing multiple lines of
evidence (species delimitation methods, estimation of gene flow, genomic differentiation,
morphology, demography) raising the number of xenarthran species recognized to 43.
This revised taxonomic framework enabled the reconstruction of the most comprehensive
time-calibrated phylogeny of Xenarthra based on whole genomes, shedding new light on
their evolutionary history. By disentangling incomplete lineage sorting and gene flow in
discordant parts of the xenarthran phylogeny, we identified multiple events of gene flow
suggesting the maintenance of contact zones during speciation events. Further exploring
factors promoting speciation within xenarthrans pointed to the potential influence of
Colombian and Venezuelan Andes in their diversification. Overall, this work contributes
to a deeper understanding of xenarthran evolution but also provides insights into future
directions for taxonomic investigations and conservation status assessment within this
fascinating mammalian group.
Keywords: Species delimitation, molecular systematics, taxonomy, whole-genome, museomics,
speciation, conservation genomics, phylogenomics, gene-tree discordance, neotropics, biogeogra-
phy, mammals.

Résumé
Les xénarthres (tatous, fourmiliers et paresseux) sont les moins diversifiés des quatre prin-
cipaux clades de mammifères placentaires, avec seulement 39 espèces actuellement re-
connues. Cependant, ce clade néotropical emblématique inclut des complexes d’espèces
avec des lignées génétiquement distinctes dont le statut taxonomique reste incertain. Pour
les évaluer, nous avons analysé des données génomiques, regroupant 261 mitogénomes,
des données issues de la capture d’exons pour 71 individus, et 94 génomes complets,
représentant 34 espèces de xénarthres. Comme nous avons inclus de nombreux échantillons
de musées, nous avons soigneusement nettoyé les erreurs potentielles de génotypage et les
contaminations croisées qui pouvaient brouiller les délimitations d’espèces en imitant le
flux de gènes. Ainsi, grâce à un jeu de données quasi exhaustif de données génomiques
pour les xénarthres, nous avons révisé leur taxonomie en utilisant de multiples éléments de
soutient (méthodes de délimitation d’espèces, estimation du flux de gènes, différenciation
génomique, morphologie, démographie), ce qui a permis d’augmenter le nombre d’espèces
de xénarthres reconnues à 43. Ce cadre taxonomique révisé a permis de reconstruire la
phylogénie calibrée dans le temps la plus complète des xénarthres basée sur des génomes
complets, révélant plus précisément leur histoire évolutive. En démêlant le tri de lignées
incomplet et le flux de gènes des arbres de gènes discordants au sein des xénarthres, nous
avons identifié de multiples événements de flux de gènes, ce qui suggère le maintien de
zones de contact au cours de certains événements de spéciation au sein de ce clade. Enfin,
en étudiant les facteurs favorisant la spéciation des xénarthres, nous suggérons l’influence
des Andes colombiennes et vénézuéliennes sur leur diversification. En conclusion, cette
thèse a contribué à une meilleure compréhension de l’évolution des xénarthres, mais elle
donne également des pistes potentielles pour orienter les futures études taxonomiques et
l’évaluation du statut de conservation des espèces de ce groupe fascinant de mammifères.
Mots-clés: Délimitation d’espèces, systématique moléculaire, taxonomie, génomes complets,
muséomique, spéciation, génomique de la conservation, phylogénomique, discordance des arbres
de gènes, néotropiques, biogéographie, mammifères.
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GENERAL INTRODUCTION

Disclaimer: This PhD thesis does not constitute an official nomenclatural act.

Earth is home to a teeming diversity of organisms. Some studies are estimating 8.7 mil-

lions eukaryotic species on Earth and 86% await to be described (Mora et al., 2011). To better

understand living organisms it is necessary to describe, name, and organize them. This task

is the one of taxonomy that proposes a framework to simplify the reality by organizing or-

ganisms into comparable units (i.e. taxonomic ranks) whose basic unit is the species rank.

It is based on two aspects: i) describing and naming taxa (i.e. alpha-taxonomy) and ii) or-

ganizing them into higher ranks (i.e. beta-taxonomy). Alpha-taxonomy is a crucial step for

many fields of study. In particular, once a species has been defined, it is possible to extrap-

olate conclusions obtained from sampled individuals to the whole species. It also enables

us to agree on a universal terminology that facilitates communication within the scientific

community and more broadly in society. Finally, describing biodiversity is useful in many

scientific areas, for example it has allowed macroevolutionary studies to highlight the un-

even distribution of biodiversity across the planet and taxonomic groups (Hawkins, 2001).

The necessity of the species as a reference unit is unequivocal for scientists but the taxonomic

framework is inherited from a vision of the living world far removed from the one we have

today.
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General Introduction

Early Taxonomy: seeking order in nature to understand God’s

project

As early as 3000 B.C. Shen Nung, Emperor of China, described 365 medicinal preparations

from plants, animals and minerals, and organized them according to their medicinal proper-

ties (Lewis, 2010; Manktelow, 2010). In Egypt too, 1500 B.C. old papyrus and wall paintings

described, illustrated, and named medicinal plants (Lewis, 2010; Manktelow, 2010). A ma-

jor advance in taxonomy was allowed by Aristotle, a Greek scientist and philosopher from

384 to 322 B.C., who proposed to classify organisms according to their traits, physiology,

behavior rather than their properties. For example, the presence of lungs in cetaceans in-

fluenced their grouping with other “viviparous quadrupeds” rather than with fish, which

is still used today. Aristotle also grouped organisms with similar characteristics into gen-

era, that he further divided into species. Until the 16th century, no major innovations from

Aristotle’s viewpoint were proposed, the main goal being to find the best criteria to classify

organisms. Consequently, improvements to the field appeared with new optic technologies

that allowed descriptions at a finer scale. Thus, Caesalpino (1519–1603) proposed classifying

plants according to the structure of their seeds and fruits. Bauhin (1560-1624) refined Cae-

salpino’s classifications by grouping the 6000 botanical species he registered in Pinax Theatri

Botanici (Bauhin, 1623) according to their genus and their “natural affinities”. He named

some of them using a typography based on their genus followed by a single-word name,

doing so, he introduced the binomial nomenclature that broadly influenced contemporary

taxonomists and later Linnaeus (Cain, 1994). However, he did not conceive the species as

a taxonomic rank as we do today (Cain, 1994). Few decades later, John Ray (1627-1705)

proposed a definition for species where conspecificity comes from common parentage of in-

dividuals (Stevenson, 1947). Followed by Joseph Pitton de Tournefort (1656-1708), who de-

fined genera as an essential aspect of taxonomy reflecting natural similarity between species.

Although these terms have been used since Aristotle, these two early taxonomists provided

clear concepts and thus limited discrepancies when used by different taxonomists. Both

contributed greatly to botanical taxonomy and improved the classification system.

These 16th-century taxonomists laid foundations for naming and organizing living things

that influenced Linnaeus and allowed him to propose a formal system of nomenclature

(Manktelow, 2010; Wilson, 2010). In fact, the increasing number of species descriptions with-

3



General Introduction

out uniform taxonomic rules induced numerous synonyms (multiple names for the same

species) and no proper description. To avoid confusion and inconsistency, Carl Von Lin-

neaus, in the mid-18th century, proposed a formal framework for the nomenclature system,

which he detailed in his book Systema Naturae (Linnaeus, 1758). Inspired by Bauhin, he

first simplified the process of naming species by using binomial nomenclature based on

their genus and a unique epithet to represent the species. The use of Latin for the binomial

name facilitated the spread of his system, as this language was widely understood. Associ-

ated with this name, a diagnosis should describe characteristics of the species, and the use of

a type specimen (a reference individual representing the species) was generalized. Finally,

he provided a clearer vision of natural classification defining species as the basic taxonomic

unit and then further aggregating taxa into higher taxonomic ranks such as genus, order,

class and kingdom to reflect their biological similarity (Wilson, 2010). This nomenclature

system revolutionized the field of taxonomy by providing formal rules for naming, describ-

ing, and classifying species that allowed the diversity of organisms to be recorded.

It is noteworthy that the main goal of taxonomy, which prevailed for many taxonomists

at that time, was to describe and understand the organization of all forms created by God

in order to understand his project. This was notably highlighted by Linneaus’s own motto

“Deus creavit, Linnaeus disposuit” meaning “Gods created, Linnaeus organized”. From

the creationist point of view, the origin of all species can be attributed to God (Barberousse

and Samadi, 2010; Wood, 2008). Another dominant school of thought was the fixist theory,

which suggests that organisms do not change over time (Barberousse and Samadi, 2010;

Wood, 2008). Thus, at that time, species were seen as unchangeable since their creation:

“There are as many species as the infinite being created diverse forms in the beginning,
which, following the laws of generation, produced as many others but always similar to
them: Therefore there are as many species as we have different structures before us today”.

Linnaeus, 1758

Species concepts: Since “The Origin of species”, or rather,

since “the origin of species problem”

During the 19th century, suggestions that species might have changed since their creation

emerged and widely impacted the species concept. One of the major transformism theories,

which rely on inheritance of acquired characters, was proposed by Jean-Baptiste Lamarck

4



General Introduction

in 1809. His theory assumes spontaneous generation of organisms. Then, during their life,

the environment induces modifications that are transmitted to their descendents. Fifty years

later, Charles Darwin proposed his theory of natural selection in the famous On the Origin

of Species (Darwin, 1859). Concomitantly with Alfred Russel Walace, they came to the con-

clusion that heritable variation could provide organisms with advantages to reproduce or

survive in the environment, leading to the progressive adaptation of species and driving

diversity. They revolutionized the field of biology by challenging the static/“fixist” view

of species. According to his new theory, Darwin thought of species as subjective/arbitrary

categories without biological reality:

“In short, we shall have to treat species in the same manner as those naturalists treat
genera, who admit that genera are merely artificial combinations made for convenience.
This may not be a cheering prospect, but we shall at least be freed from the vain search
for the undiscovered and undiscoverable essence of the term species.”

Darwin 1859, p.485

Thus, despite his title On the Origin of Species, Darwin was not particularly interested

in defining species:

“Nor shall I here discuss the various definitions which have been given of the term species.
No one definition has as yet satisfied all naturalists; yet every naturalist knows vaguely
what he means when he speaks of species. Generally the term includes the unknown
element of a distinct act of creation”

Darwin 1859, p. 44

Even if Darwin’s theory considerably impacted the vision of species by providing a to-

tally new theoretical framework, it did not provide a clear species concept, thus, he did not

have much impact on the field of taxonomy. His work only clarified the notion of “affinity”

between taxa, giving it a biological meaning (De Queiroz, 1988).

”Systematists will be able to pursue their labors as at present but they will not be inces-
santly haunted by the shadowy doubt whether this or that form be in essence a species”

Darwin 1859, p. 484

In the early 20th century, theoretical geneticists and the rediscovery of Mendel’s work

on heredity confirmed Darwin’s theory of natural selection (Ayala and Fitch, 1997). Even

though they recognized the continuous evolution of species, Mayr and Dobzhansky dis-

agreed with Darwin’s view of species, believing that he misunderstood the nature of species

and denied their distinctness to make them appear more continuous in order to support his

theory of evolution (Mallet, 2010; Mayr, 1963).
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“Some recent authors have dealt with the concept of species as if it were merely an ar-
bitrary, man-made concept,[...]. The term ’species’ refers to a concrete phenomenon of
nature and this fact severely constrains the number and kinds of possible definitions. The
word ’species’ is, like the words ’planet’ or ’moon’, a technical term for a concrete phe-
nomenon.”

Mayr, 1963, p. 263

Mayr and Dobzhansky thought that reproductive isolation mechanisms would lead to

discontinuities, creating natural units that would not be arbitrarily defined by humans (Mal-

let, 2010; Mayr, 1949). They proposed species concepts based on interbreeding and repro-

ductive isolation that they define as the “Biological Species Concept” (T. Dobzhansky, 1935,

1937; Mayr, 1940, 1942, 1963).

“Species are groups of actually or potentially interbreeding natural populations, which
are reproductively isolated from other such groups”

Mayr, 1942, p. 120; modified according to the definition
given in T. Dobzhansky, 1935

Although this definition was widely accepted by the scientific community at the time,

numerous alternatives emerged. Simpson put evolution at the center of his concept in-

troducing the Evolutionary Species Concept. He replaced the criterion of ‘reproductively

isolated’ by the notion of “evolving separately from others” and thus added a time dimen-

sion (Simpson, 1961, p. 153). In 1976, Van Valen proposed the Ecological Species concept

referring to the distinct niches occupied by species (Van Valen, 1976). Another one, the

Monophyletic Species Concept, is based on shared derived characters (Rosen, 1979, p. 277,

Mishler, 2000, p. 213). At the end of the 20th century, no fewer than 22 species definitions

were recognized (Mayden, 1997). This inability to agree on a species definition is commonly

known as the “species problem”.

In 2007, De Queiroz identified that all species concepts rely on “separately evolving

metapopulation lineages” (Queiroz, 2007). In addition to this primary property, species

concepts are also based on secondary biological properties used as operational criteria for

species delimitation (e.g. interbreeding, monophyly, etc.). These secondary biological prop-

erties are acquired as lineages diverge. However, they can arise at different times of the

speciation process (Figure 1), leading to conflicting delimitations when different species con-

cepts are used, which corresponds to a gray zone.

Even though De Queiroz’s unified species concept allowed a major theoretical improve-

ment of the species problem, the General Lineage Species Concept has only partially solved

the problem because this fundamental property of species (i.e. separately evolving lineages)
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is not operational as it cannot be used to delimit species (Queiroz, 2007; Zachos, 2018). To-

day, no consensus has been reached, as researchers still disagree on which species concept

to use (Stankowski and Ravinet, 2021b).

Figure 1: This dendrogram modified from Queiroz, 2007 represents an ancestral species
(gray) splitting into two daughter lineages (orange and green). The color intensity repre-
sents their divergence. Different species concepts rely on different species criterion (SC). For
example, the Ecological Species concept uses the property of distinct niches as a criterion
to delimit species while the Monophyletic Species Concept uses the property of shared de-
rived characters as a criterion. Horizontal lines symbolize when properties corresponding to
species criteria (1 to 9) are acquired during the lineage divergence. The gray zone represents
the period during which distinct species concepts may disagree because some properties
are already acquired but not all. Outside this gray zone, all species concepts unanimously
support the same delimitation. Finally, properties used as species criteria can appear in dif-
ferent orders in other speciation events.

Speciation: understanding the process to define taxonomic bound-

aries

The “simple” process of splitting a lineage into two

Although these decades of debate have not led to a consensual definition of species, our

understanding of the formation of new species by the speciation process has improved con-

siderably. We now recognize that this process involves a progressive interruption of gene

flow between the two lineages until their complete reproductive isolation.
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Two mechanisms contribute to the isolation of lineages by preventing hybridization: i)

geographic isolation, and ii) reproductive isolation (Singh, 2022; Westram et al., 2022). The

first mechanism is independent of genetics and corresponds to the environmental effect (ge-

ographic barrier or distances) to limit the probability of mating between lineages (Figure 2;

T. Dobzhansky, 1937; Mayr, 1942). Geographic isolation is not considered to be a mechanism

of reproductive isolation because two lineages with geographic isolation can still totally in-

terbreed if they are brought into contact. The second mechanism involves genetic factors,

barrier loci, that reduce interbreeding between lineages (Barton and Bengtsson, 1986; Lowry

et al., 2008; Rieseberg et al., 1999). These barrier loci reduce the production or the fitness of

hybrids by acting at different steps of reproduction: i) pre- or post-mating, and ii) pre- or

post-zygotic (Figure 2, T. Dobzhansky, 1937; O. Seehausen et al., 2014). Generally, barrier

loci contribute only partially to reproductive isolation, and various isolating barriers may

accumulate during the speciation process until complete reproductive isolation of lineages

(Coyne and Orr, 2004; Nosil et al., 2009b; Nosil and Schluter, 2011; Wu, 2001). This gradi-

ent in strength of reproductive isolation during the speciation process drives the concept of

the speciation continuum (Mallet, 2008; O. Seehausen et al., 2014; Stankowski and Ravinet,

2021a).

Figure 2: Isolation mechanisms caused by the environment (in blue; i.e. Geographic isola-
tion) or by genetic factors (in green; i.e. Reproductive isolation). Genetic factors (i.e. barrier
loci) induce lineage isolation at different stages of reproduction and through different isola-
tion mechanisms.

Two scenarios have been proposed for the emergence of the first barrier(s) initiating the

speciation process (O. Seehausen et al., 2014). The first requires geographic isolation to inter-

rupt gene flow between lineages. During this isolated phase, the two lineages will accumu-
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late mutations. In this context, T. H. Dobzhansky (1936) proposed a model starting from the

ancestral genotype AABB, then the two lineages will evolve into AAbb and aaBB, respec-

tively. By assuming that a-b are incompatible, any hybrid (AaBb) between the two lineages

will have lower fitness. This model of two loci with negative epistatic interaction, known as

Dobzhansky-Muller incompatibility, is a simple explanation, compatible with neutral evo-

lution, to evolve incompatibilities without crossing a valley of low fitness (Figure 3; Bateson,

1909; T. H. Dobzhansky, 1936; Muller, 1942). The second scenario does not necessarily re-

quire geographic isolation, but involves disruptive selection that induces adaptation to local

environments (Nosil, 2012). If hybrids formed between the two locally adapted lineages

have a lower fitness, this locus of local adaptation can be considered a reproductive bar-

rier. Remarkably, this ecological speciation scenario is compatible with gene flow and is also

transposable to cases driven by sexual selection (Coyne and Orr, 2004; Doorn et al., 2009;

Gavrilets, 2004).

Figure 3: Emergence of Dobzhansky-Muller incompatibility between two lineages (orange
and green, respectively) without gene flow (represented by the black line in the middle). The
two lineages inherited the same ancestral genotype AABB. Independently, new alleles arise
in the two lineages and become fixed (randomly or by natural selection) leading to aaBB and
AAbb genotypes in the orange and green lineages, respectively. If a-b are incompatible, a
hybrid (AaBb) between the two lineages will have a lower fitness.
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Figure 4: Distinct alleles (a and b) that induce adaptation to the local environments (rep-
resented by the orange and green ants) are fixed in the two lineages by natural selection.
This scenario is compatible with gene flow (represented by arrows), but to be considered as
barrier locus, hybrids formed must have a lower fitness.

After this initiation phase, in both scenarios, hybrids formed have a lower fitness. This is

the substrate for the emergence of additional barriers, as any prezygotic barriers preventing

the formation of these reduced-fitness hybrids would be selected. This is what is called re-

inforcement (Butlin and Smadja, 2018; Servedio and Noor, 2003). Intrinsic structures of the

genome can also promote the accumulation of barrier loci (chromosomal inversions, gene

duplications, changes in ploı̈dy, PRDM9 driven recombination; Campbell et al., 2018). Pro-

gressively, the genetic differentiation of barrier regions can spread to larger regions by diver-

gence hitchhiking, because the barrier locus, by preventing gene flow, reduces recombina-

tion between lineages and increases divergence via hitchhiking of linked mutations. When

new barriers arise in this region, it increases the size of the genetic region where hitchhiking

occurs (Feder and Nosil, 2010; Smadja et al., 2008; Via, 2012; Via and West, 2008).

Some models have attempted to describe the dynamics of barrier accumulation during

the speciation process (e.g. Orr’s model supports a snowball accumulation of genetic in-

compatibilities (Orr, 1995)). However, it is still difficult to validate these theoretical models
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(Gourbiere and Mallet, 2010; Kulmuni et al., 2020; Matute et al., 2010; Presgraves, 2010;

Stankowski and Ravinet, 2021a). Notably because this process has no unique ending: i)

in some cases lineages never reach total reproductive isolation (Nosil et al., 2009b), and ii)

gene flow events (i.e. secondary contact) can reverse the process at any time, speciation is

not unidirectional (Campagna et al., 2014; Kearns et al., 2018; O. L. E. Seehausen et al., 2008;

Stankowski and Ravinet, 2021a; see Box 1 on page 11).

Box 1: Molecular evolution of the speciation process

During the speciation process, independent evolution of lineages and barrier loci influ-

ences the molecular evolution of genomes. At the beginning of the speciation process,

the two daughter lineages inherited genetic diversity from the ancestral population.

Each lineage sorts these variants: i) randomly for neutral mutations (Kimura, 1983),

or ii) according to natural selection for advantageous or deleterious mutations (Figure

5; Wright, 1931). Thus, neutral mutations are sorted faster for lineages with low effec-

tive population size (Ne) or in genetic regions with low Ne (Crow and Kimura, 1970).

Conversely selection is efficient in lineages with high Ne or in genetic regions with high

Ne, sorting non-neutral mutations faster (Nei and Li, 1973). Simultaneously, each lin-

eage also produces its own new variants, proportionally to its population size (4Neµ

(Kimura and Crow, 1964); Figure 5). This progressively induces the structuration of the

polymorphism, and, as variants become fixed, leads to an increase in divergence. Note-

worthy, this genetic differentiation can be amplified by barrier loci that increase fitness

within their lineage (e.g. local adaptation, reinforcement barriers). Indeed, the fixation

of these adapted loci accelerates lineage sorting of the linked mutations (i.e. those that

recombination cannot separate) by provoking a selective sweep (Hermisson and Pen-

nings, 2005; Nielsen, 2005).
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Figure 5: Polymorphism evolution during speciation without gene flow (represented
by the vertical black line) of two lineages (orange and green) with different effective
population sizes. The two daughter lineages inherit the same ancestral polymorphism
composed of neutral mutations (black), advantageous mutations (blue), and deleterious
mutations (red). The greater selection efficiency in large population size induces faster
fixation or purge of non-neutral mutations. The greater drift in small population size
induces a faster loss or fixation of neutral mutations. Simultaneously to this lineage
sorting of ancestral polymorphism, new variants (circles outline of the lineage colors)
arise.

In parallel, hybrids can be produced, and repeated backcrossing can result in in-

trogression of genetic material from one lineage to another (Arnold and Arnold, 2006;

Coyne and Orr, 2004). This gene flow can transfer neutral and/or adaptive mutations

or genomic regions that will reduce genetic differentiation by homogenizing variants

between lineages (Abbott et al., 2013; Feder et al., 2012). For nearly neutral mutations,
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population size matters (see Box 2 on page 14; Ohta, 1992). Finally, barrier loci resist

gene flow by being selected against due to their deleterious effect. Consequently, they

maintain genetic differentiation at these loci and linked regions (Barton, 1979; Cruick-

shank and Hahn, 2014; Payseur, 2010).

This semi-permeability of the genome induces heterogeneity in the differentiation of

regions, contributing to a typical mosaic pattern in which highly differentiated regions

are designated as genomic islands (Feder et al., 2012; Harr, 2006; Malinsky et al., 2015;

Nosil et al., 2009a; Ravinet et al., 2017; Turner et al., 2005; Wu, 2001). However, these ge-

nomic signatures of barrier loci are hard to distinguish from adaptive loci not involved

in reproduction, evolutionary history, genetic architecture (gene density, mutation rate,

recombination maps), or other linked loci (Cruickshank and Hahn, 2014; Noor and Ben-

nett, 2009; Turner and Hahn, 2010).

Figure 6: Genomic island expectation (a) and the complex reality (b and c). The ge-
nomic differentiation of two diverging lineages can be estimated along their genomes
(represented under the graph, the color intensity reflects the mutation accumulation,
and the color (i.e. orange or green) the lineage they come from). Loci introgressed from
one lineage to another (represented by arrows) locally reduce this genetic differentiation
contrary to barrier loci (red markers) which increase genetic differentiation. a) It is ex-
pected that high values of genetic differentiation (i.e. genomic islands) correspond to
barrier loci. b) However, variation of genomic differentiation is inherent in the genome.
c) Thus, identifying gene flow and barrier loci using genomic differentiation is not evi-
dent.
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Box 2: Weakly deleterious introgression fate

The fitness effect of mutations depends on both effective population size (Ne) and selec-

tion coefficient (s) (Ohta, 1992). Indeed, for a same selection coefficient (-0.1), a mutation

appears more deleterious in a large population size (Figure 7). This will induce asym-

metrical introgression if lineages have different population sizes. Large population size

will easily purge weakly deleterious mutations accumulated in the low population size

haplotype, and low population size will benefit an already purged haplotype from large

population size.

Figure 7: Conceptual representation of the fitness effects of mutations modified from
Bao et al. (2022). Distribution of the selection coefficient of beneficial mutations (in
green) and deleterious mutations (in red). The larger the population size, the greater
the effect of the mutation on fitness (Ne × s), and therefore the more effective selection
is at fixing positive mutations or eliminating deleterious ones.

Even if we have described simple cases or mechanisms that lead to speciation, each spe-

ciation event results from a unique genetic pathway (among a multitude of other possible

ones) resulting from complex historical scenarios that may have changed throughout the

speciation process. Thus, while we have long searched for THE way to create species, the

multitude of pathways leading to reproductive isolation now promote a multidimensional

concept of the speciation continuum (hypercube; Dieckmann, 2004; Stankowski et al., 2023).
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The reality of multiple lineages

The reality is even more complicated, considering that populations can split into multiple

lineages in a short period of time. If an additional split occurred before the complete sorting

of the ancestral polymorphism, the multiple resulting lineages will share the polymorphism

* (Box 1 on page 11; Hobolth et al., 2011; Hudson, 1983; J. F. Kingman, 1982; Neigel, 1985;

Pamilo and Nei, 1988; Tajima, 1983; Takahata and Nei, 1985). Neutral variants will be sorted

randomly and independently in each lineage. Thus, by chance, we expect an equivalent

support for the three topologies (Figure 8). This phenomenon is called Incomplete Lineage

Sorting (ILS) and contributes to discordant topologies between gene trees and the species

tree (Figure 8; Maddison, 1997).

In addition, in such rapid speciation events, the multiple lineages can still interbreed.

Thus, gene flow is not restricted to sister lineages, and if genetic material is transferred from

a distant lineage, the phylogenetic reconstruction of this genetic region will not reflect speci-

ation events. This mechanism also contributes to discordant topologies between gene trees

(Figure 8; Maddison, 1997).

However, current known diversity does not necessarily reflect the biological diversity

with which lineages may have exchanged during their evolution. It’s essential to keep in

mind potential gene flow with ghost lineages that also generate discordant topologies (Tri-

cou et al., 2022a,b).

Genomes are therefore a patchwork of inherent variation of divergence, accentuated by i)

evolution of regions involved in reproductive isolation, and ii) mixed up with various other

taxa (ghost or extant). Considering this, reconstructing complex speciation scenarios using

phylogenetic reconstruction based on strict bifurcation can sometimes seem inappropriate

(Nosenko et al., 2013).

*Large population size can maintain more neutral polymorphism (Kimura and Crow, 1964); Box 1 on page
11
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Figure 8: Gene tree discordances due to incomplete lineage sorting (ILS). Consider three
independent loci (L1, L2, L3) with neutral variations (circles) in the ancestral population. If
these polymorphic sites are not sorted before the next speciation events (e.g. large popu-
lation size or fast speciation events), then the three daughter lineages (A, B and C) inherit
this ancestral polymorphism. Within these three lineages, drift fixes one neutral allele at
each locus. This random sorting supports by chance three distinct topologies. Thus neutral
processes can induce discordant topologies between gene trees.

Species delimitation: the ongoing quest of finding boundaries

within a continuous process

The first step of taxonomy intends to find groups of individuals that belong to the same

species: species delimitation. For some lineages that have clearly achieved the speciation

process, assigning the species rank is unequivocal. The challenge arises for those with a

more ambiguous “position” along the speciation continuum, falling into the so-called gray
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zone. Indeed, taxonomy seeks discrete boundaries within the continuous speciation pro-

cess and the only feasible approach to obtaining such discrete boundaries is to define an

arbitrary threshold. However, despite several species concepts associated with operational

criteria as thresholds, there is still no agreed threshold or consensual definition for species

(Queiroz, 2007; Stankowski and Ravinet, 2021a). The problem has not been resolved with

our understanding of the speciation process, which turned out to consist of a multitude of

possible paths, making it difficult to identify a relevant threshold (Stankowski et al., 2023).

Emergence of molecular delimitation

Historically, taxonomy had used comparative morphology to separate species, but the emer-

gence of molecular data provided complementary support for delimitation with almost an

unlimited number of characters. The latter also have the advantage of being strictly heri-

table unlike morphological characters that can be influenced by the environment (Subbotin

and Moens, 2006). Since their first use in taxonomy during the 1960s (Fitch and Margo-

liash, 1967), new molecular-based methods arose. DNA-DNA hybridization, developed in

the 1980s, allows estimation of genome similarity and has been used to delimit species that

are genetically too distant (with less than 70% of their genome hybridizing; Wayne et al.,

1987). This method considerably improved bacterial taxonomy, which has been laborious

to resolve using morphological markers alone (Wayne et al., 1987). Later, the progress in

DNA sequencing provided an unprecedented progress by making the nucleotide bases di-

rectly accessible (Hillis et al., 1996). Inference tree methods improved and initiated a de-

limitation method based on the reciprocal monophyly via the Genealogical Species Con-

cept (Avise and Ball, 1990). The problem with this concept is the fractal characteristic of

trees (i.e. monophyletic lineages can reflect species as well as populations; (Hey, 2001; Za-

chos, 2016)). Finally, the most promising delimitation approach of the 2000s was certainly

the DNA-barcoding (Hebert et al., 2003). This method proposes to use a unique molecular

marker with an appropriate evolution rate to distinguish every species, advocating for a gap

between the distribution of interspecific variations and intraspecific variations that can serve

as a species delimitation threshold. While powerful in numerous cases, this approach has

been widely criticized notably because it rely on a single gene with limited phylogenetic res-

olution, of which divergence information is neither necessary nor sufficient to assess species

boundaries (Moritz and Cicero, 2004; V. S. Smith, 2005; Will et al., 2005).
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Automatized delimitation methods

The development of bioinformatics allowed automated delimitation methods, providing

more objective and reproducible methods and also allowed quantifying the support for

species delimitation using statistics. Numerous molecular-based methods have been pro-

posed but I will focus on the most popular ones (see Box 3). Carstens et al. (2013) and Smith

and Carstens (2022) proposed to distinguish two types of delimitation methods: i) discovery

methods, and ii) validation methods.

Discovery methods propose a species delimitation without requiring any a priori hy-

potheses about species delimitation. It includes distance-based methods such as the Auto-

matic Barcode Gap Discovery (ABGD; Puillandre et al., 2012 or tree-based methods such as

the Generalized Mixed Yule Coalescent (GMYC; Pons et al., 2006) or the Poisson Tree Process

(PTP; Zhang et al., 2013). Initially developed for a single locus, they are increasingly applied

to multilocus datasets relying on the assumption that the shared genealogical history would

not bias branch length of the species tree. Luo et al., 2018 compared the effect of the number

of loci on the performance of these methods to a multilocus delimitation method (BPP; Yang

and Rannala, 2010) and found a restricted impact of the number of loci when gene flow

is absent. However other methods such as ADMIXTURE (Alexander and Lange, 2011) or

STRUCTURE (Pritchard et al., 2000) have specifically been designed for multilocus datasets

and integrate gene flow, making these methods highly relevant and appropriate to various

cases. All these discovery methods propose species delimitation hypotheses that can be fur-

ther evaluated through validation methods.

Indeed, validation methods evaluate the support for an a priori species hypothesis. These

include tree-based programs such as BPP or demographic-based models such as PHRAPL

(Jackson et al., 2017). These methods rely on the Multi-Species Coalescent (MSC) models to

evaluate evolutionary scenarios and estimate the number of supported species. Although

these methods can take into account independent evolutionary histories along the genome

by evaluating multilocus datasets, the demographic scenarios they explore can appear over-

simplified (e.g. BPP does not take into account gene flow and PHRAPL allows only a limited

number of individuals).
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Although these methods have led to considerable advances in species delimitation, their

sensitivity to over-splitting remains a weakness. In fact, the use of ever-increasing amounts

of data makes it possible to identify genetic structuring at a finer resolution, which can be

misinterpreted as species boundaries, while only representing population structure (Funk

et al., 2012; Leaché et al., 2019; Sukumaran et al., 2021; Sukumaran and Knowles, 2017).

In addition, statistical significance is more easily achieved when many loci are analyzed

(Leaché et al., 2019).

Box 3: Species delimitation methods

Automatic Barcode Gap Discovery (ABGD; Puillandre et al., 2012). This method es-

timates pairwise differences between sequences. The distribution of these genetic dis-

tances is expected to produce two distinct distributions (bimodal distribution) corre-

sponding to intraspecific and interspecific distances. This method detects the gap be-

tween this bimodal distribution and attributes it to the species boundary.

Generalized Mixed Yule Coalescent (GMYC; Pons et al., 2006). This method ex-

plores the transition in branching rate in an ultrametric tree, assuming that the between-

species branching rate follows a Yule model (Yule, 1925) and the within-species rate

follows a neutral coalescent process (J. F. C. Kingman, 1982). A maximum likelihood

approach is used to find the time corresponding to this transition, which is attributed to

the species boundary.

Poisson Tree Process (PTP; Zhang et al., 2013). This method distinguishes species

from populations on a phylogenetic tree based on the transition in the substitution rate

expected to follow two distinct Poisson distributions.

ADMIXTURE (Alexander and Lange, 2011) and & STRUCTURE (Pritchard et al.,

2000). Through maximum likelihood for ADMIXTURE and a Bayesian approach for

STRUCTURE, these two methods estimate the ancestry coefficient. In other words, they

estimate the proportion of the genome of an individual that could be attributed to differ-

ent ancestral gene pools. Individuals are assigned to genetic clusters with similar ances-

tries and the number of genetic clusters is estimated by minimizing the Hardy–Weinberg

disequilibrium, and can serve as species delimitation.

Bayesian Phylogenetics and Phylogeography (BPP; Yang and Rannala, 2010). Us-
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ing a multilocus dataset, BPP explores, through the MSC model, a wide range of evo-

lutionary scenarios based on gene tree reconstruction. For each gene tree, it estimates

the genetic diversity (θ), the time of species divergence (τ), and the number of species.

This Bayesian approach requires setting priors on these model parameters and uses a

reverse-jump Markov Chain Monte Carlo (rjMCMC) to estimate their posterior proba-

bility.

PHRAPL (Jackson et al., 2017) simulates gene trees under different demographic

models (including migration, population size, time of coalescent event parameters).

Then, the likelihood of the model given the gene tree dataset is estimated by the pro-

portion of simulated gene tree topologies that match the observed one. This method

tests an a priori delimitation hypothesis by comparing models supporting them as a

unique or two distinct species. In addition, in cases where the best model supports two

distinct species with gene flow, a genealogical divergence index (gdi) is estimated from

the amount of gene flow and the time coalescent event to reflect the divergence between

lineages. Values less than 0.2 are arbitrarily attributed to populations and more than 0.7

to species (Jackson et al., 2017).

The comparative approach

To limit under- or over-splitting, it could be relevant to compare the genomic differentiation

of candidate lineages with taxonomic references. Galtier, 2019 proposed a comparative ap-

proach for species delimitation in face of the lack of consensual threshold. Based on genetic

differentiation, the threshold obtained from taxa with a consensual taxonomic status should

be less arbitrary and maximize the consistency with current taxonomy. Earlier studies have

already evaluated the relevance of different population genomic statistics to distinguish the

taxonomic level. Hey and Pinho, 2012 examined two measures from isolation models with

migration: one reflects gene flow (2NM) and the other separation time (τ). More recently

Rosel et al., 2017, studied different population genomic measures (Da, FST, fixed differences,

ϕST). However, their results found overlaps in the distribution of these measures between

populations and species pairs, so they concluded that these measures have little relevance

for species delimitation. The only exception was for Da (i.e. net synonymous divergence),

evaluated by Rosel et al., 2017, that allowed discerning the taxonomic rank of cetacean

species, sub-species and populations: above 2% it corresponded to distinct species, while

a value below 0.05% indicated populations. Independently, Roux et al., 2016 explored the

interruption of gene flow in pairs of populations/species at the metazoan scale, and identi-
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fied the same values of Da associated with evidence of gene flow below 0.05% and reduced

gene flow above 2%.

This promising comparative framework provides species delimitation consistent with

current taxonomy. However, it should be kept in mind that species with a consensual tax-

onomic status emerged from a unique speciation scenario that resulted in specific genetic

differentiation values. Thus, their comparison with a distinct scenario can be inappropriate

and misleading (i.e. the same reproductive isolation value associated with different values

of genetic differentiation). Thus, as far as possible, taxonomic revision must include an in-

tegrative framework taking into account various criteria such as morphology, ecology, and

behavior in order to provide the most robust support for delimitation (Dayrat, 2005; Padial

et al., 2010).

These theoretical underpinnings of the speciation process, the species concept, and species

delimitation methods illustrate the complexity of applying taxonomic revision. However,

their practical applications are essential and have contributed to more accurate species de-

scriptions in recent years (Costa-Araújo et al., 2021; McDonough et al., 2022; Miranda et

al., 2018; Peres et al., 2021). For this reason, we investigated taxonomic boundaries within

xenarthran species.

Xenarthrans: a complex story or a story of species complexes

Evolutionary history

Xenarthra (armadillos, anteaters, and sloths) is one of the four main clades of placental mam-

mals, alongside Afrotheria, Laurasiatheria and Euarchontoglires (Murphy et al., 2001a,b).

Crown xenarthrans emerged around 60.4-71.6 Mya in South America (Gibb et al., 2016;

Vizcaı́no and Bargo, 2014) and diversified during the so-called “splendid isolation”, when

South America was geographically isolated from other continents (Figure 9), reaching over

200 described genera (McKenna and Bell, 1997). During the Pliocene, South America was

re-connected to North America by the emergence of the Isthmus of Panama (Figure 9). This

allowed dispersal events from both continents known as the Great American Biotic Inter-

change (GABI), with notably, xenarthrans successfully colonizing Central and North Amer-

ica (MacDonald et al., 2007; McDonald, 2005; Patterson and Pascual, 1968). At the end of the
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Pleistocene, around 11 000 years ago, a major extinction event affected many mammalian

groups. Most xenarthrans became extinct, mainly the largest terrestrial forms (i.e. giant

sloths and glyptodonts; Lyons et al., 2004). Today, only 14 genera and 39 extant species of

armadillos, anteaters, and sloths remain from this past diversity (Abba et al., 2015; Feijó et

al., 2018; Miranda et al., 2018; Wetzel et al., 2008).

Figure 9: Paleogeographic maps of earth (modified from Encyclopaedia Britannica and
Meseguer and Condamine, 2017) along the geological time scale back to 150 Mya.

Taxonomy & ecology

Xenarthrans have evolved striking morphological adaptations with arboreal sloths (Folivora),

myrmecophagous anteaters (Vermilingua), and armored armadillos (Cingulata), which to-

gether constitute a restricted diversity of 39 living species endemic to the Neotropics (Burgin

et al., 2018; Feijó and Brandão, 2022).

Sloths comprise only seven species distributed in two genera: Bradypus and Choloepus

(Gardner, 2005, 2007; Miranda et al., 2023). These species are fully adapted to the arboreal

lifestyle and only come down to the ground occasionally. They are specialized on a foliv-

orous diet even if some species also occasionally eat fruits. The two genera can be easily

distinguished based on several anatomical characters (teeth, skull, postcranial Wetzel, 1985;

Wetzel and Avila-Pires, 1980) but also based on their number of digits in their forelimbs,

two-toed sloths (Choloepus spp., Choloepodidae) have two digits whereas three-toed sloths

(Bradypus spp., Bradypodidae) have three. Within Choloepus, the Linnaeus’s two-toed sloth

(Choloepus didactylus) is distributed in Amazonia and the Guiana Shield, and the Hoffmann’s

two-toed sloth (Choloepus hoffmanni) presents a disjunct distribution from the West side of

the Andes to Nicaragua in Central America, and in the Amazonian parts of Peru, Bolivia

and Brazil in South America (Figure 10). Concerning the Bradypus genus, the widespread

Brown-throated three-toed sloth (Bradypus variegatus) is distributed all the way from Hon-

duras to the Atlantic forest of Brazil throughout Amazonia (Figure 10). The Pale-throated
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three-toed sloth (Bradypus tridactylus) is mainly found in the Guiana Shield. The insular

Pygmy three-toed sloth (Bradypus pygmaeus) is restricted to the island Escudo de Veraguas

(off the coast of Panama), and is critically endangered due to its very small population size

(estimated to about 500 individuals). Finally, two recently splitted species are found in the

Atlantic forest of Brazil: the northern (Bradypus torquatus) and southern (Bradypus crinitus)

maned three-toed sloths. Probably endangered, these species require a new assessment of

their conservation status since their recent taxonomic revision (Miranda et al., 2023).

Figure 10: Distributions of the two species of two-toed sloths (Choloepus; left) and the five
species of three-toed sloths (Bradypus; right). Adapted from IUCN (xenarthrans.org) and
(Miranda et al., 2023). Photo credits: derekz65, benkelly (iNaturalist.org).

Anteaters are represented today by 10 species within the genera Myrmecophaga, Taman-

dua and Cyclopes (Gardner, 2005, 2007; Miranda et al., 2018). Due to their specialization to

the myrmecophagous diet (i.e. mainly composed of ants and termites), striking morpho-

logical characteristics have evolved: powerful clawed forelegs, a long protractile tongue,

prominent salivary glands, an elongated snout, and a complete loss of teeth (Endo et al.,

2007, 2017; Naples, 1999; Reiss, 1997). The giant anteater (Myrmecophaga tridactyla) is com-

pletely terrestrial and is the most widespread anteater species, ranging from Honduras to

northern Argentina (Figure 11). The two species of tamanduas are semi-arboreal with a

prehensile tail that increases their mobility in the canopy. Their distributions are separated

by the Andes, with the northern tamandua (Tamandua mexicana) on the western side of the

Andes ranging up to Mexico while the southern tamandua (Tamandua tetradactyla) is found
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on the eastern side of the Andes down to northern Argentina. Finally, silky anteaters (Cy-

clopes) are represented by strictly arboreal species. This genus has long been considered to

include a single widely distributed species, the common silky anteater (Cyclopes didactylus).

However, Coimbra et al., 2017 and Miranda et al., 2018 successively revised the taxonomy

based on both morphological and molecular data, and elevated the Central American silky

anteater (Cyclopes dorsalis), the Amboro silky anteater (Cyclopes catellus) and the Rio Negro

silky anteater (Cyclopes ida) to the species level, and described three additional new species:

Thomas’s silky anteater (Cyclopes thomasi), the red silky anteater (Cyclopes rufus), and Xingu

silky anteater (Cyclopes xinguensis). The distributions of these seven species seem to fit quite

well with major river basins but remain partly uncertain.

Figure 11: Distributions of the species of giant anteater (Myrmecophaga tridactyla) and the
two species of tamanduas (Tamandua spp.; left) and the seven species of silky anteaters (Cy-
clopes; right). Adapted from IUCN (xenarthrans.org) and Miranda et al., 2018. The black
dotted area represents an uncertain distribution. Photo credits: joao andriola, lucaboscain,
anthony2005 (iNaturalist.org).

Finally, armadillos are the most speciose group with 22 species classified within the

two families of Dasypodidae and Chlamyphoridae (Feijo and Anacleto, 2021; Feijó et al.,

2018, 2019; Gardner, 2005; Wetzel et al., 2008). These species are semi-fossorial and char-

acterized by an armored carapace composed of dermal scutes covered by keratinous scales

(Grassé, 1955). Dasypodidae comprise 8 species of long nosed armadillos that all belong

to the Dasypus genus. These species are characterized by a peculiar reproductive system:

an obligatory polyembryony. This unique reproductive system in vertebrates corresponds
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to the split of the blastocyst that gives rise to two or more clonal embryos (Hamlett, 1933;

Loughry et al., 1998). In addition, this genus include various distribution ranges, from the

most widespread xenarthran species: the nine banded long nosed armadillo (Dasypus novem-

cinctus) distributed across the Americas to the most restricted distribution of the cingulate

with the Yungas Lesser long nosed armadillo (Dasypus mazzai) limited to the northern sub-

tropical dry forest of Argentina (Figure 12). The second family Chlamyphoridae include

three subfamilies Euphractinae, Chlamyphorinae and Tolypeutinae. Euphractinae comprise

four species distributed in eastern and southern South America mostly in dry and open re-

gions with overlapping distributions in Argentina and Paraguay (Figure 12). Chlamyphori-

nae comprise only two species, the Pink Fairy Armadillo (Chlamyphorus truncatus) from Ar-

gentina and the Greater Fairy Armadillo (Calyptophractus retusus) from the Chaco region (in

Argentina, Paraguay and Bolivia; Figure 12). These two species are very small compared to

other cingulate species (only few centimeters for the former, and up to 20 cm for the later),

and are well adapted to the fossorial life with a mole-like appearance (reduce eyes and ears

with developed claws; Borghi et al., 2011; Slade, 1891; P. Smith, 2008; Smith and Owen, 2017).

Finally, Tolypeutinae comprises 8 species: the Giant Armadillo (Priodontes maximus), unique

representative of the genus Priodontes, two species of Three-banded Armadillo (Tolypeutes

spp.), and five species of Naked-tailed Armadillo (Cabassous spp.; Figure 12).
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General Introduction

Figure 12: Distribution of the 22 species of armadillos. Adapted from IUCN (xe-
narthrans.org) and Feijo and Anacleto, 2021; Feijó et al., 2019. Photo credits: andresiade,
silviolamothe, preli, Bradley Davis sclateria, Tomás Tamagno (iNaturalist.org), Mariella Su-
perina, Quentin Martinez.
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All xenarthran species are endemic to the Neotropics and represent the only living wit-

nesses of the past diversity of this major placental order. Some of them have a wide dis-

tribution, encompassing geological formations or major topological structures such as the

Andes, the Guiana Shield or Central America. Those formations have been identified as

biogeographic barriers for numerous species (Cortés-Ortiz et al., 2003; Esquerré et al., 2019;

Fouquet et al., 2012; Gutiérrez-Garcı́a and Vázquez-Domı́nguez, 2013; Redondo et al., 2008;

Weir and Price, 2011) and could also have been involved in the speciation process within

xenarthrans. Some studies have notably identified diverging lineages with uncertain taxo-

nomic status separated by such formations within Dasypus novemcinctus (Arteaga et al., 2020;

Billet et al., 2017; Feijó et al., 2018, 2019; Gibb et al., 2016; Hautier et al., 2017), Bradypus var-

iegatus (Ruiz-Garcı́a et al., 2020), and Cyclopes didactylus (Coimbra et al., 2017; Miranda et al.,

2018). This potentially hidden diversity is even more conceivable as 71.4% of xenarthrans

genera have not been the subject of a taxonomic study in 50 years (Figure 5 of Feijó and

Brandão, 2022). Feijó and Brandão, 2022 suggested that taxonomic stability in xenarthrans

could rather be explained by a lack of taxonomic studies than a good understanding of their

actual diversity. In fact, when considering the recently studied genera, important taxonomic

changes have been implemented at the family, genus, subgenus, species, and subspecies lev-

els (Feijó et al., 2018, 2019; Gibb et al., 2016; Miranda et al., 2018; Miranda et al., 2023). This

recent taxonomic activity suggests that a lot of work remains to be done in this clade. The

misperception of taxonomic boundaries within this clade may have induced an underesti-

mation of the current diversity of this group, and consequently a potential misjudgement

regarding their conservation status.

Phylogeny

Figuring out the phylogenetic relationships of xenarthrans has long been challenging be-

cause of their peculiar morphology (Delsuc and Douzery, 2008). If their monophyly has

always been recognized and well supported, notably by their particular vertebral articula-

tion that led to their name (xenos = strange and arthros = articulation ; Engelmann, 1985;

Gaudin, 1999), either their position within mammals and their intra-ordinal relationships

have long been puzzling for morphologists (Engelmann, 1985; Novacek, 1992; Shoshani and

McKenna, 1998).

The emergence of molecular studies provided an unprecedented advance in our under-
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standing of xenarthran relationships. Notably, in their early molecular phylogenetic studies,

Delsuc et al., 2003, 2001, 2002 resolved intra-ordinal relationships and confirmed previous

morphological findings by grouping anteaters and sloths into Pilosa. Möller-Krull et al.,

2007 and Delsuc et al., 2012 later included more xenarthran species encompassing all xe-

narthran genera in their newly defined molecular phylogenetic framework.

However, as highlighted by Delsuc et al., 2003, the internal relationships within the two

armadillo subfamilies Tolypeutinae and Euphractinae appeared rather unresolved (short

internal nodes and low statistical support values) even with different types of molecular

data (respectively with non-coding retroposon flanking sequences and the concatenation of

nuclear exons and two mitochondrial genes). This result was somewhat expected in Eu-

phractinae (Abba et al., 2015), because the three genera (Euphractus, Zaedyus, Chaetophractus)

appeared very similar and previous morphological studies found support for conflictual

groupings (Abrantes and Bergqvist, 2006; Engelmann, 1985; Gaudin and Wible, 2006; Patter-

son et al., 1989). However, this was more surprising regarding Tolypeutinae in which mor-

phological analyses consistently strongly supported the grouping of Priodontes and Cabas-

sous into Priodontini, to the exclusion of Tolypeutes (Abrantes and Bergqvist, 2006; Cetica

et al., 1998; Engelmann, 1985; Gaudin and Wible, 2006; McKenna and Bell, 1997). Gibb et al.,

2016 provided the first molecular phylogenetic study including all xenarthran species de-

scribed at the time. This mitogenomic study clearly supported the paraphyly of Priodontini

by rather grouping Cabassous with Tolypeutes to the exclusion of Priodontes, but it did not

allow deciphering the relationships within Euphractinae (Figure 13). The discordances with

morphological studies and among molecular datasets have been suspected to be induced

by ancient gene flow, incomplete lineage sorting (in relation to their fast diversification), or

morphological convergence (Delsuc et al., 2003, 2002; Gibb et al., 2016). However, until now,

phylogenetic studies (Abba et al., 2015; Delsuc and Douzery, 2008; Delsuc et al., 2012; Gibb

et al., 2016; Möller-Krull et al., 2007) have been restricted to mitogenomes and a handful of

nuclear markers that incompletely reflect xenarthran evolutionary history.
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Figure 13: Phylogenetic reconstruction based on 33 mitogenomes representing the 31 xe-
narthran species described as of 2016 (Gibb et al., 2016).

Objectives of this thesis

This thesis takes place in a context where our understanding of the speciation process is

improving, but where the concept of species is still debated (Queiroz, 2007; Stankowski and

Ravinet, 2021b). Even though the speciation process is continuous (Stankowski and Ravinet,

2021a), taxonomy has inherited a discrete vision, and the lack of a consensus on a threshold

along this speciation continuum contributes to the difficulty of delimiting taxonomic species

(Zachos, 2018). Nevertheless, species are the basic conservation unit, and taxonomic studies

are urgently needed, especially for large mammals, which are more vulnerable to extinction

(Feijó and Brandão, 2022).
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With the recent advances and decreasing costs of DNA sequencing, it is now conceivable

to produce genomic data to further examine xenarthran phylogeny and taxonomy. Ad-

dressing these issues requires acquiring genomic data from potentially threatened species.

In our view, it was imperative to use the least invasive sampling methods possible by using

museomics, roadkill, and freely available data, notwithstanding the challenges associated

with these data. By gathering 95 available genomes (73 as mitogenomes and 22 as whole

genome) and 183 newly generated resequencing genomic data (including 71 as exon cap-

tures and 72 as whole genomes), this PhD project tackles the following general challenges:

i) What is the taxonomic status of recently evidenced xenarthran distinct lineages/species?;

ii) Does considering gene flow and ILS allow a better understanding of the evolutionary his-

tory of xenarthran species?; iii) What factors (biogeography, local adaptation, demography)

have contributed to speciation and diversification in this mammalian group?; and iv) Do the

different taxonomic categories correspond to similar degree of genetic differenciatin among

mammals?

We have addressed these questions in two chapters. The first chapter illustrates the

power and challenges of museomics to delimit the nine-banded armadillo (Dasypus novem-

cinctus) species complex. Museum samples, more prone to cross-contamination and geno-

typing errors, can lead to inaccurate conclusions about genetic diversity and may even

mimic gene flow, which is particularly problematic for species delimitation. After careful

data cleaning, we reconstructed phylogenetic relationships, used several approaches to de-

limit species, and assess genetic exchange. This provided a better understanding of specia-

tion events and to recognize four species (D. novemcinctus, D. fenestratus, D. mexicanus, and

D. guianensis), including a new species endemic to the Guiana Shield, which is the first new

armadillo species described in the last 30 years.

In the second chapter, we built up a nearly exhaustive whole genome dataset represent-

ing 88% of valid nominal xenarthran species. This allowed us to revise the taxonomy of this

clade using the genetic differentiation between closely related species to provide a compara-

tive taxonomic framework for delimiting two species complexes (Bradypus spp. and Cyclopes

spp.). By evaluating genetic diversity, inbreeding and demography of xenarthran species,

we propose future directions for conservation status assessment. Considering this revised

taxonomic framework we reconstruct the most comprehensive time-calibrated phylogeny of
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Xenarthra and further, disentangle the contribution of incomplete lineage sorting and gene

flow in discordant topological signals within xenarthran phylogeny.

Finally, in a general discussion, I tackle non-invasive sampling strategies and their chal-

lenges. Subsequently, I summarize the systematic changes we have supported and discuss

the implications and perspective of these findings for understanding xenarthran evolution.

Finally, I raise broader questions about i) factors influencing speciation of xenarthran and

ii) the genetic differentiation homogeneity of the species taxonomic status, supporting my

points with new preliminary results in the Appendix.
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Costa-Araújo, R. et al. (2021). “An integrative analysis uncovers a new, pseudo-cryptic species

of Amazonian marmoset (Primates: Callitrichidae: Mico) from the arc of deforestation”.

In: Scientific Reports 11.1. ISBN: 2045-2322 Publisher: Nature Publishing Group UK Lon-

don, p. 15665.

Coyne, J. A. and H. A. Orr (2004). Speciation. Vol. 37. Sinauer Associates Sunderland, MA.

Crow, J. F. and M. Kimura (1970). “An introduction to population genetics theory.” In: An

introduction to population genetics theory. Publisher: New York, Evanston and London:

Harper & Row, Publishers.

34

https://doi.org/10.1590/1678-4685-GMB-2016-0040
https://doi.org/10.1016/S1055-7903(02)00308-1


General Introduction

Cruickshank, T. E. and M. W. Hahn (2014). “Reanalysis suggests that genomic islands of

speciation are due to reduced diversity, not reduced gene flow”. In: Molecular ecology

23.13. Publisher: Wiley Online Library, pp. 3133–3157. ISSN: 0962-1083.

Darwin, C. (1859). “On the origin of species: facsimile of the first edition”. In: Publisher:

LONDON: JOHN MURRAY, ALBEMARLE STREET.

Dayrat, B. (2005). “Towards integrative taxonomy”. In: Biological journal of the Linnean society

85.3. ISBN: 1095-8312 Publisher: Oxford University Press, pp. 407–417.

De Queiroz, K. (1988). “Systematics and the Darwinian revolution”. In: Philosophy of Science

55.2. ISBN: 0031-8248 Publisher: Cambridge University Press, pp. 238–259.

Delsuc, F. and E. J. Douzery (2008). “Recent advances and future prospects in xenarthran

molecular phylogenetics”. In: The biology of the Xenarthra 11. Publisher: University Press

of Florida Gainesville.

Delsuc, F., M. J. Stanhope, and E. J. P. Douzery (2003). “Molecular systematics of armadil-

los (Xenarthra, Dasypodidae): contribution of maximum likelihood and Bayesian anal-

yses of mitochondrial and nuclear genes”. In: Molecular Phylogenetics and Evolution 28.2,

pp. 261–275. ISSN: 1055-7903. DOI: 10.1016/S1055-7903(03)00111-8.

Delsuc, F. et al. (2001). “The evolution of armadillos, anteaters and sloths depicted by nu-

clear and mitochondrial phylogenies: implications for the status of the enigmatic fossil

Eurotamandua”. In: Proceedings of the Royal Society of London. Series B: Biological Sciences

268.1476. Publisher: Royal Society, pp. 1605–1615. DOI: 10.1098/rspb.2001.1702.

Delsuc, F. et al. (2002). “Molecular Phylogeny of Living Xenarthrans and the Impact of Char-

acter and Taxon Sampling on the Placental Tree Rooting”. In: Molecular Biology and Evo-

lution 19.10, pp. 1656–1671. ISSN: 0737-4038. DOI: 10.1093/oxfordjournals.molbev.

a003989.

Delsuc, F. et al. (2012). “Molecular phylogenetics unveils the ancient evolutionary origins of

the enigmatic fairy armadillos”. In: Molecular Phylogenetics and Evolution 62.2, pp. 673–

680. ISSN: 1055-7903. DOI: https://doi.org/10.1016/j.ympev.2011.11.008.

Dieckmann, U. (2004). Adaptive speciation. Cambridge University Press. ISBN: 0-521-82842-2.

35

https://doi.org/10.1016/S1055-7903(03)00111-8
https://doi.org/10.1098/rspb.2001.1702
https://doi.org/10.1093/oxfordjournals.molbev.a003989
https://doi.org/10.1093/oxfordjournals.molbev.a003989
https://doi.org/https://doi.org/10.1016/j.ympev.2011.11.008


General Introduction

Dobzhansky, T. H. (1936). “Studies on hybrid sterility. II. Localization of sterility factors

in Drosophila pseudoobscura hybrids”. In: Genetics 21.2. Publisher: Oxford University

Press, p. 113.

Dobzhansky, T. (1935). “A critique of the species concept in biology”. In: Philosophy of Science

2.3. ISBN: 0031-8248 Publisher: Cambridge University Press, pp. 344–355.

— (1937). “Genetic nature of species differences”. In: The American Naturalist 71.735. ISBN:

0003-0147 Publisher: Science Press, pp. 404–420.

Doorn, G. S. van, P. Edelaar, and F. J. Weissing (2009). “On the origin of species by natural

and sexual selection”. In: Science 326.5960. ISBN: 0036-8075 Publisher: American Associ-

ation for the Advancement of Science, pp. 1704–1707.

Endo, H. et al. (2007). “Three-dimensional CT examination of the mastication system in the

giant anteater”. In: Zoological Science 24.10. ISBN: 0289-0003 Publisher: BioOne, pp. 1005–

1011.

Endo, H. et al. (2017). “Macroscopic and CT examinations of the mastication mechanism

in the southern tamandua”. In: Mammal study 42.2. ISBN: 1343-4152 Publisher: BioOne,

pp. 89–96.

Engelmann, G. (1985). “The phylogeny of Xenarthra”. In: The evolution and ecology of armadil-

los, sloths, and vermilinguas. Publisher: Smithsonian Institution Press, pp. 51–64.
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5Negaunee Integrative Research Center, Field Museum of Natural History, Chicago, IL, USA
6Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beijing, China
7Department of Biology, Valdosta State University, Valdosta, GA, USA
8Institut Pasteur de la Guyane, Cayenne, French Guiana
9Kwata NGO, Cayenne, French Guiana
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Abstract

The nine-banded armadillo (Dasypus novemcinctus) is the most widespread xenarthran species

across the Americas. Recent studies have suggested it is composed of four morphologically

and genetically distinct lineages of uncertain taxonomic status. To address this issue, we

used a museomic approach to sequence 80 complete mitogenomes and capture 997 nuclear

loci for 71 Dasypus individuals sampled across the entire distribution. We carefully cleaned

up potential genotyping errors and cross contaminations that could blur species boundaries

by mimicking gene flow. Our results unambiguously support four distinct lineages within

the D. novemcinctus complex. We found cases of mito-nuclear phylogenetic discordance but

only limited contemporary gene flow confined to the margins of the lineage distributions.

All available evidence including the restricted gene flow, phylogenetic reconstructions based

on both mitogenomes and nuclear loci, and phylogenetic delimitation methods consistently

supported the four lineages within D. novemcinctus as four distinct species. Comparable

genetic differentiation values to other recognized Dasypus species further reinforced their

status as valid species. Considering congruent morphological results from previous studies,

we provide an integrative taxonomic view to recognise four species within the D. novem-

cinctus complex: D. novemcinctus, D. fenestratus, D. mexicanus, and D. guianensis sp. nov., a

new species endemic of the Guiana Shield that we describe here. The two available individ-

uals of D. mazzai and D. sabanicola were consistently nested within D. novemcinctus lineage

and their status remains to be assessed. The present work offers a case study illustrating

the power of museomics to reveal cryptic species diversity within a widely distributed and

emblematic species of mammals.

Keywords: Species delimitation, Multilocus phylogeny, Integrative taxonomy, Museomics,

Phylogeography, Mito-nuclear discordance.

Introduction

Species represent the basic units of tax-

onomy and are the quintessential objects of

evolutionary biology, but their delineation

is still problematic. Such difficulties mainly

stem from the fact that taxonomy defines

discrete boundaries, while speciation is con-

tinuous (Dres and Mallet 2002; Mallet et al.

2007; Stankowski and Ravinet 2021). This
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process corresponds to the transition from

free gene exchange within populations to the

cessation of gene flow (Mayr 1942; Dobzhan-

sky 1982; complete reproductive isolation;

Coyne and Orr 2004; Galtier 2019). When

the speciation process is complete, the tax-

onomic status as distinct species becomes

unambiguous. However, species delimita-

tion becomes less clear cut during this dif-

ferentiation process. The use of different

delimitation criteria associated with differ-

ent species concepts can lead to inconsisten-

cies between studies, as incipient species will

not always evolve the same characteristics at

the same stages of speciation (de Queiroz

2007). In order to overcome such concep-

tual flaws, de Queiroz (2007) proposed a uni-

fied species concept, the generalized lineage

concept (GLC), in which species represent

metapopulation lineages that evolve inde-

pendently from one another. While such a

definition provided a significant conceptual

advance, it is not operational for species de-

limitation (Zachos and Asher 2018; Kollár

et al. 2022). It has, however, highlighted

the methodological difficulties of delineat-

ing species within a speciation continuum

(Zachos and Asher 2018). The analysis of

molecular data in statistical frameworks has

improved the reproducibility of analyses and

the transparency of species delimitation pro-

tocols, allowing quantification of the degree

of support for different taxonomic hypothe-

ses. These methods have been widely used

for species delimitation and have provided

valuable insights into species boundaries,

particularly when used in combination with

morphological and ecological evidence in

an integrative approach (Padial et al. 2010;

Nascimento et al. 2021).

Nevertheless, molecular methods should

be carefully considered because the use of

ever-increasing amounts of data may lead to

over-splitting. By identifying genetic struc-

turing at a finer resolution, these methods

can lead to the delineation of the smallest

identifiable unit (Funk et al. 2012; Suku-

maran and Knowles 2017; Leaché et al. 2019;

Sukumaran et al. 2021), while statistical sig-

nificance can be more easily achieved when

many loci are analyzed (Leaché et al. 2019).

For these reasons, Carstens et al. (2013) rec-

ommended relying on concordance across

various species delimitation algorithms de-

pending on different assumptions. Using a

comparative approach could also constitute

an alternative way to confirm genetically-

defined candidate species in a homogeneous

way, and thus limit under- or over-splitting.

It has thus been proposed that genomic dif-

ferentiation of taxa with a consensus taxo-

nomic rank can be used as a reference to de-

lineate lineages with comparable genomic

differentiation values (Hey and Pinho 2012;

Roux et al. 2016; Riesch et al. 2017; Rosel

et al. 2017; Galtier 2019). This genome-wide

comparative approach has proven useful for
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delimiting species of aardwolves for instance

(Allio et al. 2021). Finally, genomic data pro-

vide an unprecedented opportunity to un-

derstand the speciation process itself by in-

vestigating the phylogeographic history of

the focal lineages, and by doing so, define

species boundaries more precisely. Compre-

hensive analyses of many unlinked molec-

ular markers can yield information on the

levels of past and contemporary gene flow,

hereby providing insight on the levels of re-

productive isolation, especially in the context

of secondary contact zones (Dufresnes et al.

2015).

The growing use of integrative and com-

parative approaches has reshuffled the clas-

sification of several mammalian groups once

considered taxonomically well-known. In

the Neotropics alone about 100 species of

medium and large mammals have been rec-

ognized in the last 15 years (Burgin et al.

2018; Feijó and Brandão 2022), including new

species of anteaters (Miranda et al. 2018),

olingos (Helgen et al. 2013), porcupines

(Pontes et al. 2013), rabbits (Ruedas 2017),

and primates (Boubli et al. 2019; Costa-

Araújo et al. 2019, 2021; Gusmão et al. 2019).

Among those, xenarthrans represent an em-

blematic group whose diversity has just be-

gun to be recognized in the past decade.

They are one of the major lineages of placen-

tal mammals and are currently represented

by 39 species of anteaters, sloths, and ar-

madillos (Gibb et al. 2016; Feijó in press).

Long-nosed armadillos of the genus Dasypus

are the most speciose group of xenarthrans,

occurring throughout most of the Ameri-

cas, and have a complex taxonomic history

with the recent recognition of three distinct

species within the greater long-nosed ar-

madillo (Dasypus kappleri) for instance (Feijó

et al. 2018). Presently, eight extant Dasy-

pus species are recognized but available evi-

dence suggests cryptic diversity, particularly

within the nine-banded armadillo (Dasypus

novemcinctus), a species with a Panameri-

can distribution spanning from northern Ar-

gentina to the United States (Feijó et al. 2018).

Indeed, an early molecular study re-

vealed a high genetic divergence between

the invasive US populations and populations

from French Guiana (Huchon et al. 1999).

Subsequent studies have identified four dis-

tinct lineages within this species including

a potentially undescribed species restricted

to the Guiana Shield (hereafter Guianan lin-

eage; Hautier et al. 2017), as originally pro-

posed by Gibb et al. (2016). Morphological

studies based on the structure of paranasal

sinuses (Billet et al. 2017), geometric mor-

phometrics of skull shape (Hautier et al.

2017), and whole specimen anatomy (Feijó

et al. 2018), as well as molecular studies

based on a few markers (Feijó et al. 2019;

Arteaga et al. 2020) have confirmed the dis-

tinctiveness of this Guianan lineage. Another
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lineage with both characteristic skull shape

(Hautier et al. 2017) and paranasal sinuses

(Billet et al. 2017) includes armadillos dis-

tributed throughout South America on the

eastern side of the Andes (hereafter South-

ern lineage; Hautier et al. 2017). Subsequent

molecular data have shown that this lineage

might also include D. mazzai and D. sabani-

cola (Feijó et al. 2019), although it was pre-

viously suggested that the latter two should

be maintained as distinct species given their

morphological differences (Feijó et al. 2018).

Two additional lineages distributed (i) on the

western side of the Andes in South Amer-

ica and southern Central America (here-

after Central lineage; Hautier et al. 2017)

and (ii) in northern Central America and

the US (hereafter Northern lineage; Hautier

et al. 2017) have been further highlighted

based on mitochondrial control region and

microsatellite analyses (Arteaga et al. 2011,

2012). These two lineages were again con-

firmed by geometric morphometrics of skull

shape (Hautier et al. 2017) and, to a lesser ex-

tent, the structure of paranasal sinuses (Billet

et al. 2017). Up to now, however, the taxo-

nomic status of these four lineages, as well

as their phylogenetic relationships with D.

pilosus, D. mazzai, and D. sabanicola, remain

uncertain. In fact, D. pilosus was found to be

nested within the D. novemcinctus complex

despite its uniquely hairy carapace and par-

ticularly elongated skull (Gibb et al. 2016;

Feijó et al. 2019). A better understanding

of the evolutionary history of the D. novem-

cinctus complex has broader implications as

splitting a widespread species into poten-

tially more geographically restricted species

would necessitate reevaluating the conserva-

tion status of each (Abba & Superina, 2010;

Feijó & Brandão 2022; Superina et al., 2014).

In addition to the taxonomic conun-

drum involving D. novemcinctus and related

species, its evolutionary history remains con-

troversial. Based on a short fragment of the

mitochondrial control region, Arteaga et al.

(2020) identified individuals belonging to

the Northern lineage overlapping with the

Southern lineage in most of South Amer-

ica. This result contrasts with morphological

studies supporting a clearly defined and ho-

mogenous Southern morpho-group (Billet et

al. 2017; Hautier et al. 2017) and the molec-

ular study of Feijó et al. (2019) that found

Mexican nine-banded armadillos clustering

with populations from the United States and

clearly diverging from South American ones.

In addition, a population in western Mex-

ico (thereafter western Mexico population)

was identified as part of the Central lineage

by Arteaga et al. (2011, 2012, 2020), while

morphological studies identified a unique

morpho-group within the Northern range

(Billet et al. 2017; Hautier et al. 2017).

Both ancient introgression and contempo-

rary gene flow between these parapatric lin-

eages could result in mito-nuclear discor-
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dance (Toews and Brelsford 2012) and het-

erogeneity across nuclear gene trees, as pre-

viously suggested by microsatellite analy-

ses (Arteaga et al. 2011, 2012). These het-

erogeneities might lead to incongruences

across phylogenetic analyses, depending on

the history of the markers analyzed, and in

turn cause species boundaries defined based

on molecular data to disagree with those

inferred from other lines of evidence (i.e.

morphology) (Degnan & Rosenberg, 2009;

de Queiroz, 2007; Toews & Brelsford, 2012;

Wiens et al., 2010). Furthermore, identify-

ing contemporary gene flow is important to

define the taxonomic status of evolutionary

lineages, as it reflects their levels of repro-

ductive isolation. Better understanding ge-

nealogical discrepancies, and separating his-

torical and contemporary introgression typi-

cally requires the analysis of multiple loci.

To disentangle the D. novemcinctus

species complex, we relied on a museomic

approach (Raxworthy and Smith 2021) to

ensure a geographically and taxonomically

representative sample. We used shotgun

sequencing and exon capture to obtain the

complete mitogenome as well as 997 nuclear

loci for respectively 80 and 71 individuals in-

cluding 48 museum specimens. In a context

where species concepts and the resulting de-

limitation methods are still controversial, we

referred to the GLC of species (de Queiroz

2007) and considered taxonomic status as

a hypothesis to be explored through vari-

ous analyses (Carstens et al. 2013; Zachos

and Asher 2018). We thus considered the

four morphotypes of D. novemcinctus iden-

tified by Hautier et al. (2017) as our main

species delimitation hypothesis. Because our

sampling includes numerous museum speci-

mens with expected low contents of endoge-

nous DNA, we also carefully assessed the

effect of sequencing errors, genotyping er-

rors, and cross-contaminations that could

both blur phylogenetic signal and mimic

gene flow (Pompanon et al., 2005; Raxwor-

thy & Smith, 2021; Robledo-Arnuncio & Gag-

giotti, 2017). Indeed, these different types of

errors are common, and despite increasing

awareness, relatively few studies have fo-

cused on this problem and its consequences

for subsequent analyses (Bonin et al. 2004;

Pompanon et al. 2005; Mastretta-Yanes et

al. 2015; Robledo-Arnuncio and Gaggiotti

2017). Incorrect genotype calls are expected

to have a significant impact on population

genetic analyses, in particular by leading

to inaccurate conclusions about genetic di-

versity and population structure (Bonin et

al. 2004; Herrmann et al. 2010; Zhang and

Hare 2012; Petrou et al. 2019). Some of these

errors, such as cross-contamination, could

even mimic gene flow (Robledo-Arnuncio &

Gaggiotti, 2017; Petrou et al., 2019), which is

particularly problematic for species delimi-

tation. Appropriate data cleaning should im-

prove species delineation but disentangling
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errors from biological signals of introgres-

sion remains a challenge. For this reason,

we performed thorough cross-contamination

exploration and carefully cleaned reads from

sequencing and contamination errors.

Materials & Methods

Biological sampling

A total of 80 armadillo tissue samples

were obtained over the years for this study

through multiple sources (Table S1). Our

sampling notably includes 46 individuals

sampled in the form of dried skin pieces, of

which 38 were obtained from museum spec-

imens collected between 1894 and 2000, and

stored in 12 different collections. The remain-

ing samples were fresh tissue biopsies. In ac-

cordance with the policy of sharing benefits

and advantages (APA TREL1916196S/224),

biological material from French Guiana has

been deposited in the JAGUARS collection

supported by the Collectivité Territoriale de

Guyane and the Direction Générale des Ter-

ritoires et de la Mer Guyane.

DNA extractions and sequencing

Total genomic DNA extractions from fresh

tissue biopsies preserved in 95% ethanol

were performed using the DNeasy Blood &

Tissue Kit (QIAGEN) according to the manu-

facturer’s instructions. Museum dried skin

samples were processed sequentially un-

der a dedicated UV hood, cleaned between

samples to minimize cross-contamination.

DNA extractions were then performed in

batches of 12 samples including an extrac-

tion blank, using the same DNeasy Blood

& Tissue Kit under a UV hood in a dedi-

cated clean room. The only minor modifi-

cation was to reduce the final elution vol-

ume to 70 µl instead of 100 µl. Illumina li-

braries were constructed from DNA extracts

according to the cost-effective version of the

Meyer and Kircher (2010) protocol proposed

by Tilak et al. (2015). Mitogenomes were

obtained through shotgun Illumina sequenc-

ing, using single-end 100 bp reads for the

fresh samples (sequenced at GATC Biotech,

Konstanz, Germany) and paired-end 150

bp reads for the museum specimens (se-

quenced by Daicel Arbor Biosciences, Ann

Arbor, MI, USA). To obtain complementary

nuclear data, single-copy orthologous ex-

ons shared by the nine-banded armadillo

(D. novemcinctus) and the Hoffmann’s two-

toed sloth (Choloepus hoffmanni) were selected

from the OrthoMam v8 database (Douzery et

al. 2014) based on their size, that was set to

be around 200 bp, until a total of 1000 exons
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was reached. The sequences of these 1000

exons plus 400 bp of flanking introns (200 bp

on each side) were then extracted from the

Dasnov3.1 nine-banded armadillo genome

assembly (GCF 000208655.2) and used to de-

sign RNA capture probes resulting in a final

set of 16,146 probes targeting 997 nuclear loci

of about 600 bp length each. We verified that

these 997 loci provide a representative sam-

pling of the nine-banded armadillo genome

by locating them on the latest chromosome-

scale reference assembly (GCF 030445035.1)

(Fig. S1). Probe design and synthesis, library

preparation on DNA extracts from museum

specimens, capture reactions on previously

constructed libraries, and Illumina sequenc-

ing of the 997 nuclear loci were outsourced

to Daicel Arbor Biosciences.

Dataset assembly

Mitochondrial dataset. The raw reads obtained

by shotgun sequencing were cleaned with

FastP v0.21.0 (Chen et al. 2018). The ref-

erence mitogenome of Dasypus novemcinc-

tus (NC 001821.1; Arnason et al. 1997) was

used to map the reads of each individual us-

ing bwa mem v.0.7.17 (Li 2013) with default

parameters. Samtools v1.9 (Li et al. 2009)

and Picard v2.25.5 (Picard Toolkit 2019) were

respectively used to convert the mapping

files and to order and index reads according

to their position on the reference genome.

MarkDuplicates v2.25.5 (Picard Toolkit 2019)

was used to mark duplicate reads. Sam-

tools depth v1.9 (Li et al. 2009) was used

to estimate depth coverage (Fig. S2). Vari-

ant calling for haploid data (–ploidy 1) was

then performed with Freebayes v1.3.1 (Gar-

rison and Marth 2012). Finally, the vcf file

was converted with bcftools consensus v1.14

(Danecek et al. 2021) using haploid param-

eters and filtering out positions with less

than 5x depth coverage to obtain sequences

in fasta format. Furthermore, we assem-

bled two additional mitochondrial datasets

of shorter fragments including samples from

previous studies on 16S rRNA (Abba et al.

2018) and D-loop (Arteaga et al. 2020) to

evaluate the consistency between these se-

quences and our new mitogenomes (see Sup-

plementary Results for more information).

Contamination exploration. We imple-

mented a method inspired by Green et al.

(2008, 2010) for detecting human contami-

nation in Neanderthal genomes. To identify

cross-contamination between lineages, we

identified the mitochondrial diagnostic po-

sitions (DPs) for each of the four lineages of

the species complex and D. pilosus using the

apolist command of PAUP v4.0a (Swofford

1998). A total of 122 DPs were identified

for the Guianan lineage, 31 for the South-

ern lineage, 26 for the Central lineage, 28

for the Northern lineage, and 143 for D. pilo-

sus. Then, for each individual, we recorded
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the proportion of the lineage DPs supported

by at least three reads (Fig. S3). The fre-

quency of reads supporting these positions

(i.e., the number of reads with the diagnostic

allele divided by the total number of reads

mapping at the position) was also taken into

account (Fig. S3). Proportions of DPs and

read frequencies were estimated using bam-

readcount (https://github.com/genome/

bam-readcount) and the custom script Es-

timate lineage support.py (https://github.

com/Mathilde-Barthe/Mitochondrial sup-

port). The support for a specific lineage

was then estimated as the product be-

tween the proportion of DPs supporting

this lineage and their read frequency (Lin-

eage support p̄roportion of DPs x read

frequency; Fig. S3) and plotted using

the custom script Plot lineage support.R

(https://github.com/ Mathilde-Barthe/ Mi-

tochondrial support) and the ggplot2, dplyr,

colorspace, cowplot, grid, gridExtra, ggpubr

R packages (Auguie and Antonov 2017; R

Core Team 2018; Villanueva and Chen 2019;

Wilke 2019; Zeileis et al. 2019; Kassambara

2020; Wickham et al. 2023). DPs of D. pi-

losus were used as controls as laboratory

experiments (DNA extractions and library

preparations) for these two individuals were

performed separately from those of the D.

novemcinctus complex. Thus, their propor-

tion within D. novemcinctus samples rep-

resents shared genotyping errors expected

between individuals that did not cross-

contaminated each other.

Nuclear dataset. Reads from exon capture

sequencing were cleaned with FastP v0.21.0

(Chen et al. 2018). The 997 targeted se-

quences used to define the capture probes

were used as references to map the reads

of each individual using bwa mem v.0.7.17

(Li 2013) with default parameters for paired-

end data. As for the mitogenomes, we used

Samtools v1.9 (Li et al. 2009), Picard v2.25.5

(Picard Toolkit 2019) and MarkDuplicates

v2.25.5 (Picard Toolkit 2019) to respectively

convert the mapping files, order and index

reads according to their position on the ref-

erence genome, and mark duplicate reads.

Variant calling for diploid data was then

performed with Freebayes v1.3.1 (Garrison

and Marth 2012). Positions with a cover-

age under 10x and a quality score below 20

were considered ambiguous and called as

’N’. The vcf file was modified with a custom

script to ensure that heterozygous positions

were supported by reads at frequency 0.3 to

0.7, otherwise, the most frequent allele was

called as a homozygous position. Depth of

coverage was estimated with samtools depth

v1.9 (Li et al. 2009). We excluded from the

analysis 3,541 sequences (57 loci per individ-

ual on average) with more than 40% missing

data (Table S2) and nine individuals with

more than 55% average missing data across

loci (see Table S1 for details). We also ex-

cluded one locus containing less than three
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individuals as this is the minimal number

required to reconstruct a phylogenetic tree.

Note however that only seven loci contained

less than 10 individuals. Next, we used the

“–hardy” option from vcftools to filter out

159 loci in which at least 75% of the indi-

viduals in a lineage were heterozygous at

a single position. Inbreeding coefficient (F)

and heterozygosity (He) were estimated with

the “–het” option from vcftools and a cus-

tom script, respectively. Using these cleaned

vcf files, 25,742 variant positions out of a to-

tal of 506,355 nucleotide positions across the

837 retained loci were reconstructed in fasta

format using the VCF2FastaFreebayes cus-

tom script (https://github.com/ benoitnab-

holz/VCF2Fasta). Finally, bcftools consen-

sus v1.14 was used to obtain the fasta se-

quence, with heterozygous sites encoded as

IUPAC characters.

Phylogenetic inferences

The reconstructed mitogenomes were

aligned with mafft v7.310 (Katoh and Stan-

dley 2013) with default parameters. Mito-

chondrial CDSs and rRNAs were concate-

nated with AMAS (Borowiec 2016) and sites

with more than 50% missing data were re-

moved with trimal v1.4 (Capella-Gutiérrez

et al. 2009), resulting in 13,924 nucleotide

positions. The mitogenomic tree was re-

constructed by maximum likelihood (ML)

using IQ-TREE v2.1.4 (Minh et al. 2020b)

with a partitioned model (“-spp” option)

and using ModelFinder (“-m TESTNEW” op-

tion; Kalyaanamoorthy et al. 2017) to select

the best-fitting model. The same methodol-

ogy was applied to reconstruct ML phylo-

genies for the two short mitochondrial frag-

ment datasets of 16S rRNA (212 bp; Abba

et al. 2018) and D-loop (387 bp; Arteaga

et al. 2020). Individual nuclear loci were

aligned with mafft v7.310 with default pa-

rameters and concatenated with the “con-

cat” option from AMAS. A ML tree was re-

constructed with IQ-TREE using the best-

fitting loci-partitions and corresponding sub-

stitution models selected by Bayesian Infor-

mation Criteria (BIC) in ModelFinder (“-m

TESTNEW” option; Kalyaanamoorthy et al.

2017). Node support was assessed using

1000 ultrafast bootstrap replicates and as-

sociated gene- and site-concordance factors

(Minh et al. 2020a). Individual gene trees

were reconstructed by ML with IQ-TREE,

with the best-fitting model selected using

ModelFinder. The gene trees were not recon-

structed for two loci without any SNP and

three loci represented by only three individ-

uals. The remaining 832 ML gene trees were

then used to infer a phylogeny while taking

incomplete lineage sorting into account us-

ing Astral v5.7.7 (Mirarab & Warnow, 2015),

a quartet-based method consistent with the

Multispecies Coalescent (MSC) model. In all

phylogenetic reconstructions, D. kappleri was
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used as an outgroup.

Species partition and population ge-

netic analyses

In order to corroborate the species hypothe-

sis provided by the four morphotypes iden-

tified by Hautier et al. (2017), the species

partition based on molecular data was inves-

tigated through population genetic analyses

and species discovery methods.

Admixture analysis. Using variant call-

ing files obtained from the captured nuclear

loci, we excluded sites with more than two

alleles with bcftools v1.8, sites with more

than 25% missing data with the max-missing

option of vcftools v0.1.17 (Danecek et al.

2011), and linked positions with the indep-

pairwise option of the plink software (Purcell

et al. 2007) with a threshold of 0.1. We ex-

cluded individuals of D. kappleri, D. septem-

cinctus and D. pilosus because they were rep-

resented by only two individuals each and

uneven sampling is known to bias this type

of analysis (Puechmaille 2016). The filtered

vcf file of 19,872 SNPs was then converted

to bed format with plink v1.9 (Chang et

al. 2015) in order to estimate the number

of genetic clusters in our dataset and in-

dividual ancestries with Admixture v1.3.0

(Alexander et al. 2009). Finally, graph-

ical rendering was performed in Rstudio

v4.2.0 using the plotADMIXTURE.r script

(https://github.com/speciationgenomics/

scripts/blob/master/plotADMIXTURE.r).

Genetic variation. A principal component

analysis (PCA) of genetic variation was per-

formed on the diploid sequences of the nu-

clear loci using the program popPhyl PCA

(https://github.com/popgenomics/ pop-

Phyl PCA). We focused on the 56 individ-

uals of the four lineages of the D. novem-

cinctus complex and the two individuals of

D. pilosus. Individuals of D. kappleri and D.

septemcinctus were excluded because they

were considered out of the complex. Two

individuals (DNO-MC21, DPI-L29) with low

completion were excluded from this analy-

sis to increase the number of SNPs repre-

sented by all individuals. Thus, 3,350 SNPs

shared by the remaining 56 individuals were

retained. Rstudio v4.2.0 (R Core Team 2018;

Posit Team 2022) using the script plotPCA.R

(https://github.com/popgenomics/ pop-

Phyl PCA) and the packages shiny, plotly,

tidyverse, and shinycssloaders were used to

plot the results (Wickham et al. 2019; Sali

and Attali 2020; Sievert 2020).

Tree-based discovery methods. We used the

ML tree reconstructed from the concatenated

nuclear dataset to conduct species delimi-

tation using the Bayesian version of PTP

(bPTP-ML) v0.51 (Zhang et al. 2013). This

method distinguishes species from popula-
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tions based on the transition in the substi-

tution rate expected to follow two distinct

Poisson distributions. In addition, we re-

constructed an ultrametric tree by calibrat-

ing the ML tree using ancestral dates with

IQ-TREE with the same options plus the “–

date-tip 0” option by setting the root node

(“–date-root” option) to 12.4 MYA according

to Gibb et al. (2016). Using this ultrametric

tree, species delimitation was performed un-

der the Generalized Mixed Yule Coalescent

method (GMYC; Pons et al. 2006) from the

R package splits v1 (Ezard et al. 2009) us-

ing default parameters. Contrary to PTP, this

method uses time to explore the transition

in branching rate, expecting between-species

branching rate to follow a Yule model and

within-species rate a neutral coalescent pro-

cess. Both PTP and GMYC were designed

for single-locus datasets, but they are in-

creasingly applied to concatenated multilo-

cus datasets relying on the assumption that

the shared genealogical history between loci

would not bias branch lengths of the species

tree (Luo et al. 2018). In the absence of gene

flow, Luo et al. (2018) found a restricted im-

pact of concatenating multiple loci on the

performance of these methods. However, in

the case of ongoing gene flow, these methods

were less performant (Luo et al. 2018).

Species validation

Species validation methods were performed

considering the species partition best sup-

ported by discovery methods and the com-

parative approach. First, species delimitation

under the MSC model (Rannala and Yang

2003) was run in BPP v4.4.1 (Yang 2015) us-

ing the consensus sequences of the nuclear

loci. The four D. novemcinctus lineages de-

fined in phylogenetic analyses (Fig. 1, see

results for more details) and the three other

species of our dataset (D. kappleri, D. septem-

cinctus and D. pilosus) were defined as candi-

date species. We used the species delimita-

tion algorithm 1 with the finetune parameter

e = 2 while also allowing inference of the

species tree. We defined parameters τ and

Θ, respectively as divergence time and pop-

ulation size, by a gamma law of parameter

a = 2 and b = 1000. After a burn-in phase

of 50,000 generations, Markov Chain Monte

Carlo sampling was done with a step of 5

during 500,000 steps. Secondly, PHRAPL, a

species delimitation method that considers

gene flow, was also applied. We evaluated

the support as species of: i) Central (A) and

Northern (B) lineages, and ii) Guianan (A)

and Southern (B) lineages separately, using

respectively D. septemcinctus or D. pilosus as

a third lineage (C) and D. kappleri as out-

group. For these four configurations, three

individuals within lineages A and B, and two

within lineages C were subsampled from the
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832 ML gene trees. This was replicated 10

times with replacement. Gene trees that did

not contain enough lineage representatives

were excluded. These observed gene trees

were compared to 10000 simulated trees cov-

ering 48 demographic scenarios and three

delimitation hypotheses (i.e., A, B, C repre-

sent one, two, or three distinct species). The

best model was selected based on AIC.

Comparative approach

Confirming that the species delimitation is

consistent with current taxonomy can limit

under- or over-splitting. For this reason, ge-

netic differentiation between taxa with a con-

sensual taxonomic rank can provide refer-

ence values to evaluate the candidate species.

Population genomics statistics. The script

ABCstat global.txt from the DILSmcsnp pro-

gram (last accessed 1st October 2022; Fraı̈sse

et al. 2021) was used to estimate popu-

lation genomics statistics including mean

pairwise divergence between lineages (Dxy)

and net divergence (computed as Da =

Dxy − (Pi1+Pi2)
2 , where Pi1 and Pi2 are

the pairwise nucleotide diversity of pop-

ulations 1 and 2, respectively). Similarly,

the script seq stat 2pop 2N was used to

calculate population genetic statistics us-

ing only two diploid genomes (Allio et

al. 2021). Heterozygosity was computed

for each individual (Pi1, Pi2), and total

nucleotide diversity was computed as the

mean pairwise divergence between all chro-

mosomes, within and between individu-

als (PiTot) (https://github.com/benoit nab-

holz/seq stat 2pop). Then, the Genetic Dif-

ferentiation Index, which is conceptually

similar to Fst (Allio et al. 2021), was esti-

mated as 1 − (Pi1,Pi2)/2
Pitot .

Results

Data filtering and quality

In order to detect contamination, we esti-

mated mitochondrial support for the dif-

ferent lineages using diagnostic positions.

Except for one outlier (DNO-MC1000), all

individuals had at least 70% of their reads

supporting a single lineage (Fig. S4). Only

two individuals had reads supporting two

different mitochondrial lineages in large pro-

portions, suggesting a significant amount of

cross-contamination. Sample MC1000 had

57% of its mitochondrial reads supporting

the Southern lineage while 32% supported

the Guianan lineage, moreover, these reads

recovered at least 97.5% of the DPs of these

two lineages. Sample MC40 had 100% of

Northern lineage DPs supported by 92% of
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the mitochondrial reads but also had 52% of

Central lineage DPs supported by 8% of the

mitochondrial reads (Fig. S4). For these two

individuals, the mitogenomes reconstructed

from the majority of the reads were used

in subsequent analyses as we considered

this amount of mitochondrial contamination

would not affect the majority-rule consensus

sequence. The final mitochondrial dataset in-

cluded 81 Dasypus individuals (2 D. kappleri,

2 D. s. septemcinctus, 1 D. s. hybridus, 2 D. pi-

losus, 1 D. sabanicola, 1 D. mazzai, 12 Guianan

lineage, 33 Southern lineage, 13 Central lin-

eage, and 13 Northern lineage), as well as a

total of 13,924 unambiguously aligned nu-

cleotide sites.

Reads originating from contaminations

and those containing errors can be misin-

terpreted as heterozygous positions during

variant calling. To alleviate their potential

effect in the nuclear dataset, we found that

the most effective filter was to keep only het-

erozygous positions with a read frequency

between 0.3 and 0.7 per individual (Fig. S5);

otherwise they were considered homozy-

gous for the most frequent allele. We also

excluded 159 loci, for which 598 sites had

more than 75% heterozygous individuals per

lineage. These loci showed high deviation

from Hardy-Weiberg equilibrium expecta-

tions (Pval < 0.1) and could be the result

of hidden paralogy. Combining these two

filters turned unexpected negative inbreed-

ing coefficient values to positive and led to

a more even distribution of heterozygosity

values among individuals (Fig. S5). This

suggests that large genetic diversity values

of a few outlier individuals observed before

filtering were artificially inflated by sam-

ple cross-contamination or erroneous alleles.

This approach allowed us to keep individ-

uals detected as contaminated by filtering

out the contaminated allele. Finally, after ad-

ditional cleaning based on the sequencing

depth of coverage (Fig. S6), we obtained a

dataset of 837 capture loci alignments, rep-

resenting a total of 506,355 sites, for 62 indi-

viduals (2 D. kappleri, 2 D. s. septemcinctus,

2 D. pilosus, 1 D. sabanicola, 1 D. mazzai, 10

Guianan lineage, 21 Southern lineage, 9 Cen-

tral lineage, and 14 Northern lineage), with

an average of 780 loci represented per sample

(out of the 997 originally targeted) and 118x

average depth of coverage (Table S2). Of the

837 loci, 94% had less than 20% missing data

and 98% were represented by at least 20 in-

dividuals (Fig. S7).

Phylogenetic reconstructions

The phylogenetic relationships of the genus

Dasypus reconstructed from the mitogenomic

and nuclear datasets are presented in Figure

1. Maximum likelihood reconstruction us-

ing the mitogenome (Fig. 1a), the partitioned

concatenation of the 837 nuclear loci (Fig.
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1b), and the species tree inference from the

832 individual gene trees (Fig. S8), all sup-

ported the four lineages previously recog-

nized within D. novemcinctus, while the two

individuals of D. sabanicola and D. mazzai fell

within the Southern lineage (Fig. 1).

However, although the monophyly of

these lineages, as well as internal nodes, re-

ceived strong Bootstrap Support (BS = 100),

their relationships differed between the nu-

clear and mitochondrial datasets (Fig. 1a,b).

In both reconstructions, the lineages occur-

ring north and west of the Andes (D. pilo-

sus, Central and Northern lineages) formed

a clade, within which the latter two were sis-

ter lineages. In the mitochondrial phylogeny

(Fig. 1a), the Southern lineage was sister to

the aforementioned clade, while the Guianan

lineage diverged first within the D. novem-

cinctus complex. Conversely, in the nuclear

analyses (Fig. 1b), the Guianan and Southern

lineages were sister, splitting the D. novem-

cinctus complex into two clades separated

by the Andes. Another important case of

mito-nuclear discordance concerns popula-

tions from Western Mexico, which carry a

Central lineage mitogenome while belong-

ing to the Northern lineage based on their

nuclear genomes (Fig. 1). Two further indi-

viduals, MC304 and AM78, carrying a South-

ern lineage mitochondrial haplotype, clus-

tered with the Central and Guiana lineages,

respectively, in nuclear analyses. Both were

samples close to the geographic limits be-

tween these respective lineages.

Both topological conflicts and low gene-

and site- concordance factors (respectively

gCF and sCF, Fig. 1b) indicate high levels of

discordance in our dataset. When accounting

for ILS, the topologies recovered were simi-

lar to concatenation analyses (Fig. S8). How-

ever, we also found that the two main mito-

nuclear discordances (changing position of

the Guianan lineage and presence of South-

ern lineage haplotypes in Mexico) were con-

comitant with signals of introgression in the

nuclear data (Supplementary Results, Fig.

S9).
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Figure 1: Phylogenetic relationships reconstructed by maximum likelihood and rooted us-
ing Dasypus kappleri from a) the mitogenomes of 81 individuals, and b) the 832 filtered nu-
clear loci of 62 individuals. Red circles at nodes indicate bootstrap support (BS = 100) for
lineage inter-relationships and node labels represent the gene- and site-concordance factors
(gCF/sCF). Maps represent the distribution of individuals according to their lineage and
to c) mitogenomic and d) nuclear data. Individuals with discordant mito-nuclear lineages
are represented by stars and D. pilosus by open circles. D. novemcinctus distribution is high-
lighted in gray. Photo credits: A. Baertschi (xenarthrans.org), K. Miller, Andresiade, A. Reed
(iNaturalist.org), and Q. Martinez.
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Genetic structure and gene flow be-

tween lineages

In the analysis of genetic admixture, max-

imum statistical support was obtained for

a model with four genetic clusters (error

= 0.2769 for k = 4; Fig. S10), corre-

sponding to the four D. novemcinctus lin-

eages (Fig. 2). Similar to the previous

results, the two samples of D. mazzai and

D. sabanicola were consistently recovered as

part of the Southern lineage. This analy-

sis also identified eight individuals show-

ing evidence of admixture, with assigna-

tion probabilities ranging 57%-98%: DNO-

MC393, DNO-MC40, DNO-MC21, DNO-

MC417, DNO-MC413, DNO-MC399, DNO-

MC402, and DNO-MC392 (Fig. 2). Cases of

admixture involved geographically adjacent

lineages and were mainly located at contact

zones.

Figure 2: Phylogenetic relationships reconstructed by maximum likelihood from the 837
filtered nuclear loci and rooted using Dasypus kappleri and D. septemcinctus as outgroups.
The color of the diagrams represents the assignment of individuals to lineages. For phy-
logenetic analyses (IQ-Tree and ASTRAL) barplot represents qualitative assignment to the
monophyletic lineages reconstructed. For the Admixture analysis, barplot corresponds to
the assignment probability. Finally, for phylogenetic delimitation barplot represents the
species support.
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The PCA of genetic variation confirmed

the structure of these four lineages (Fig. 3).

The PC1 axis distinguished the Guianan lin-

eage from the others, while PC2 separated

the Southern lineage from the Central and

Northern lineages, the latter two being very

close. The PC3 axis further distinguished D.

pilosus from the four other lineages of the

species complex. Two admixed individu-

als (DNO-MC393, DNO-MC417) had inter-

mediate positions between their respective

parental lineages. Furthermore, a PCA of the

Southern lineage (Fig. S11), as well as admix-

ture analyses with k = 5 (error = 0.2784) re-

vealed two groups within the Southern lin-

eage: one distributed in the north of South

America (from Venezuela to the north of

Peru) and the other one farther south (from

Northern Brazil to north Argentina; Fig.

S11).

Figure 3: Principal Component Analysis of genetic variance (PCA) conducted on the 3,350
SNPs in 837 nuclear loci shared by all 56 individuals. a) Projection on first (PC1) and second
(PC2) axes. b) Projection on first (PC1) and third (PC3) axes. The outer circles represent
mitochondrial lineages and pie charts the nuclear lineages identified in admixture analyses.
Individuals of D. pilosus, D. sabanicola and D. mazzai are labeled.

Species delimitation

Species delimitation analyses with BPP and

bPTP-h supported the four lineages as dis-

tinct species with high support (BPP poste-

rior probability = 1.00; bPTP-h acceptance

rate = 0.54; Fig. 2 and Fig. S12). This

was also corroborated by PHRAPL that sup-

ported models with distinct species even if

gene flow between lineages was estimated

to occur and the genealogical divergence in-

dex (PHRAPL gdi) was 0.3 (Table S3; Jack-

son et al. 2017). The GMYC analysis also

supported Guianan, Central and Northern

lineages, but split the Southern lineage into

three species (Likelihood Ratio = 29.3; p-

value < 0.001), with one species in Brazil,

Bolivia, Paraguay, and Argentina, another
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in Venezuela, Colombia, Ecuador, and Peru,

and finally a last species composed of two in-

dividuals in Venezuela and Trinidad-Tobago

(Fig. 2 and Fig. S13).

We used population genetic statistics to

estimate genomic differentiation between

lineages. Absolute divergence (Dxy) between

the four lineages of the species complex was

about 0.005 or 0.006 for all pairwise combina-

tions (Fig. S14). These values were compara-

ble or greater than those obtained in pairwise

comparisons with the taxonomically unam-

biguous species D. pilosus (Dxy(D. pilosus) =

0.005), but lower than those of D. s. septenc-

inctus and D. kappleri (Dxy(D. septencinctus)

> 0.007 ; Dxy(D. kappleri) > 0.013). Accord-

ing to Da and GDI statistics, the divergence

between the Southern and Guianan lineages

was lower than between either lineages and

D. pilosus (Da(Southern - Guianan lineages)

= 0.002 < Da(Southern lineage-D.pilosus) =

0.003; GDI(Southern - Guianan lineages) =

0.36 < GDI(Southern lineage - D.pilosus)

= 0.58). On the contrary, the Central and

Northern lineages had similar levels of di-

vergence to D. pilosus (Da(Central - North-

ern lineages) = 0.003; GDI(Central - North-

ern lineages) = 0.58). Finally, both Southern-

Guianan and Central-Northern lineages had

less fixed differences than D. pilosus had

with other lineages (Fixed diff.(Southern -

Guianan lineages) = 0.003; Fixed diff.(Central

- Northern lineages) = 0.003; Fixed diff.(D. pi-

losus-Southern lineage) = 0.004).
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Figure 4: Distribution map and genetic composition of individuals of the four recognized
species: Dasypus mexicanus (Northern lineage in blue), Dasypus fenestratus (Central lineage
in black), Dasypus novemcinctus (Southern lineage in green), and Dasypus guianensis sp. nov.
(Guianan lineage in orange). Outer circles represent mitochondrial lineages and pie charts
the assignment probability generated by admixture analyses based on nuclear data. Open
circles indicate individuals for which only mitogenomic data is available. Squares represent
individuals from Hautier et al. (2017) colored according to their morphogroup affiliation
based on a Discriminant Analysis of skull shape using geometric morphometrics and for
which no genetic data are available. Three-dimensional reconstructions of skulls obtained
using microCT scans of representative specimens vouchers are presented for each species
with frontal paranasal sinuses and recesses highlighted: USNM 33867 (Dasypus mexicanus),
AMNH 32356 (Dasypus fenestratus), AMNH 136252 (Dasypus novemcinctus), and ROM 32868
(Dasypus guianensis sp. nov.).
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Discussion

Disentangling cross-contamination

and genotyping errors

Genotyping errors are inaccuracies in the de-

termination of individual genotypes (Bonin

et al. 2004) that can occur at multiple stages

of a project such as: sampling (contamina-

tion and mislabelling), sample storage (post-

mortem mutation; Briggs et al. 2007), DNA

extraction and library preparation (cross-

contaminations; Ballenghien et al. 2017), am-

plification (PCR errors; Potapov and Ong

2017), sequencing (Heydari et al. 2019),

data analysis (SNP calling errors; Hwang

et al. 2015), and mapping of paralogs (Ho-

henlohe et al. 2011) (see Mastretta-Yanes et

al., (2015) for an exhaustive review). In this

study, we included several museum speci-

mens that postmortem mutations and low

levels of endogenous DNA make particu-

larly prone to artifactual substitutions (Bi

et al. 2013). Notably, historical DNA ex-

tracted from museum specimens is particu-

larly sensitive to contamination from exoge-

nous modern DNA (Raxworthy and Smith

2021).

We implemented methods to detect cross-

contamination based on mitochondrial read

depth of coverage, which have been pro-

posed in the context of ancient DNA (Green

et al. 2008, 2010). Indeed, when contam-

inated, sequence reads represent both en-

dogenous and contaminant DNA, support-

ing two (or multiple) mitogenomes. Here,

we used mitochondrial substitutions that

contribute to differentiate lineages as diag-

nostic positions (DPs) to identify the lineage

supported by the majority of mitochondrial

reads in each individual sample (Fig. S3).

Although we performed separate DNA ex-

tractions for museum and fresh samples,

which differed significantly in their DNA

content, we detected at least two cases of

apparent cross-contamination between our

samples (Fig. S4), which likely occurred at

the library preparation step. These types

of manipulation errors are common and are

particularly difficult to detect in population

genomic datasets including closely-related

individuals (Ballenghien et al. 2017). Never-

theless, automated tools based on mitochon-

drial haplotype frequencies have been devel-

oped to detect cross-contaminations (Fiévet

et al. 2019; Weissensteiner et al. 2021). This

type of workbench error should therefore be

more systematically searched and taken into

account in subsequent evolutionary analy-

ses.

Complementary to cross-contamination

detection, data filtering is required. The most

stringent strategy would be to exclude cross-
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contaminated individuals from the dataset.

However, when using rare samples, exclud-

ing the reads originating from contamina-

tion is preferable, but remains challenging.

Such reads are expected to occur at lower

frequency than those corresponding to en-

dogenous DNA. Thus, they should have a

neglectable effect on the reconstruction of

the mitogenome as only the most frequent

allele is called. However, for the nuclear

genome, SNPs carried by the contaminant

DNA or other genotyping errors can be mis-

interpreted as heterozygous positions. We

minimized genotyping errors by using two

filters. First, because genotyping errors are

likely to have a read frequency that deviates

from the expected 50/50 allele frequencies at

heterozygous loci (Hansen et al. 2022), we

retained only heterozygous positions sup-

ported by 30%-70% of the reads. It should be

noted that this filter is only efficient with a

low amount of errors or cross-contamination

as they cannot be distinguished from en-

dogenous DNA if they are equally repre-

sented. Second, the proportion of heterozy-

gous individuals in a population for a given

position is not expected to be higher than

50%, a deviation from Hardy-Weinberg equi-

librium could be attributed to the mapping of

paralogous sequences (Xu et al. 2002; Hosk-

ing et al. 2004; Hohenlohe et al. 2011). There-

fore, we excluded 159 loci with at least 75% of

individuals per lineage that were heterozy-

gous for the same position. This happened

even though the exons targeted for sequence

capture were carefully selected from single-

copy orthologous genes in the nine-banded

armadillo genome. These two filters are still

appropriate whatever the allele frequency in

the population as they rely on characteristics

that are not affected by it.

The efficiency of these filters was assessed

by monitoring their effect on heterozygos-

ity and inbreeding coefficient estimates. Be-

cause any genotyping error is expected to be

present in a heterozygous state, they are ex-

pected to inflate heterozygosity and decrease

inbreeding coefficient values (Jun et al. 2012;

Petrou et al. 2019; Anderson et al. 2023).

These two metrics enabled us to easily iden-

tify outlier individuals (Fig. S5). After ap-

plying these two filters, heterozygosity val-

ues and inbreeding coefficients became much

more homogeneous among individuals of

the same lineage, suggesting an efficient re-

moval of genotyping errors. We thus confi-

dently kept the two cross-contaminated in-

dividuals identified based on mitochondrial

reads. As expected, the application of these

filtering criteria had a particularly strong ef-

fect on admixture analyses (Fig. S15). Our

results therefore call for a more systematic

use of these two metrics to select appropriate

filters in population genomics and species

delimitation studies, as previously proposed

(Hosking et al. 2004; Hansen et al. 2022).
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Species delimitation

This study represents the most comprehen-

sive molecular assessment of the Dasypus

novemcinctus complex. Our mitogenome tree

and nuclear phylogenetic reconstructions

based on both the concatenation of the 837

nuclear loci and the summary of gene trees

(Fig. 1, Fig. S8) consistently recovered four

major lineages within D. novemcinctus. These

findings are largely corroborated by prior

mitochondrial (Feijó et al. 2019; Arteaga et

al. 2020) and morphological studies (Hau-

tier et al. 2017). Nevertheless, we uncov-

ered pervasive topological discordance in

our data that may reflect a rapid diversifi-

cation of the Dasypus novemcinctus complex.

Ancient introgression seems to explain parts

of this discordance, although the informa-

tiveness of our data is too limited to recon-

struct these introgression events with high

confidence (Supplementary Results, Fig. S9).

On the other hand, two cases of mito-nuclear

discordances concerning single individuals,

and five individuals with admixed nuclear

genomes, support ongoing gene flow. Most

of them were located close to contact zones

between adjacent lineages. Despite that, the

four lineages were unanimously supported

as distinct species in both discovery and val-

idation methods. Species delimitation results

should be considered carefully, because these

models have been shown to misinterpret

population structure as species boundaries

(Sukumaran and Knowles 2017), and the out-

come of validation methods depends on the

pre-defined candidate species. However, we

found that the four lineages showed simi-

lar levels of divergence and genetic struc-

ture compared to D. pilosus, further support-

ing their split into different species. Post-

speciation gene flow is well known (Wang

et al. 1997; Bull et al. 2006; Nosil 2008; Suo

et al. 2008; Feder et al. 2012) and has been

reported for several mammalian groups, es-

pecially when genome-scale methods are ap-

plied (Trigo et al. 2008, 2013; Kumar et al.

2017; Ge et al. 2023). Admixture across Dasy-

pus lineages seems to be very limited spa-

tially: admixed individuals come from the

contact zones themselves, and most samples

from range edges do not show any admix-

ture. This phylogeographic pattern is consis-

tent with distinct species maintaining nar-

row hybrid zones, in agreement with the

other molecular lines of evidence.

Integrative taxonomic support for

four distinct species in the Dasypus

novemcinctus complex

Based on the strong genetic integrity, diag-

nostic morphological differences, and the

molecular delimitation results, we advo-

cate for the elevation of the four lineages to

species rank. The oldest available names for

these lineages are: Dasypus mexicanus Peters,
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1864 for the Northern lineage, Dasypus fene-

stratus Peters, 1864 for the Central lineage,

and Dasypus novemcinctus Linnaeus, 1758

for the Southern lineage. The Guianan lin-

eage lacks a binomial name and we describe

it here as Dasypus guianensis sp. nov. (see

Appendix I). The recognition of the Guiana

Shield population as a new species accords

with a bulk of morphological (Billet et al.

2017; Hautier et al. 2017; Feijó et al. 2018) and

molecular (Huchon et al. 1999; this study;

Gibb et al. 2016; Feijó et al. 2019; Arteaga

et al. 2020) evidence. For example, study-

ing the paranasal sinuses of nine-banded ar-

madillos, Billet et al. (2017) recovered a dis-

tinct pattern shared only by specimens from

the Guiana Shield (Fig. 5). Similarly, Hau-

tier et al. (2017) recognized distinct skull

morphology in nine-banded armadillos from

that region. In the recent taxonomic revi-

sion of the genus, Feijó et al. (2018) also ac-

knowledged a set of distinct cranial qualita-

tive traits present in the Guianan long-nosed

armadillos.

With this new classification, D. fenestratus

is the species present in the western Andes

from Ecuador, Colombia, Venezuela to Costa

Rica (Fig. 4). D. mexicanus occurs from Costa

Rica to the USA (Fig. 5). There is no longer

uncertainty about its distribution as we dis-

covered that individuals with D. mexicanus

mitochondrial haplotypes found in South

America (Arteaga et al. 2020) were likely

the result of cross-contaminations (See Sup-

plementary Results; Table S4; Fig. S16). D.

novemcinctus is now limited to the eastern

Andes, spanning from northern Argentina

to eastern Peru, eastern Ecuador, eastern

Colombia and Venezuela (Fig. 5). It is note-

worthy that our analyses failed to recognize

the two available individuals of D. mazzai

and D. sabanicola as independent lineages,

since they were consistently nested within

D. novemcinctus (Fig. 1; Fig. S17). Additional

individuals are still required to corroborate

this result, but it should be noted that in this

scenario, both species would be junior syn-

onyms of D. novemcinctus. This finding is

consistent with the similar paranasal sinus

morphology shared between D. sabanicola

and D. novemcinctus recovered by Billet et al.

(2017). In contrast, Feijó et al. (2018) recog-

nized the three species to be distinct based on

carapace and morphological traits. The mor-

phological differences might be related to al-

lometric effects as D. sabanicola and D. mazzai

are smaller than D. novemcinctus. Indeed, al-

lometric effects are known to be strong on

the skull of this group (Hautier et al. 2017;

Le Verger et al. 2020, 2023) and nine-banded

armadillos inhabiting open biomes (the habi-

tats of D. mazzai and D. sabanicola) tend to be

small (Feijó et al. 2020). The proportion-

ally shorter muzzle and larger braincase in

D. mazzai and D. sabanicola (Feijó et al. 2018:

Fig. 5) fully match allometric expectations

for the group (Le Verger et al. 2020) and thus
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cannot be considered as strong evidence for

specific distinction. Moreover, when reana-

lyzing the 16S rRNA sequences of Abba et

al. (2018), we found D. novemcinctus indi-

viduals clustered with their D. mazzai 16S se-

quence, in agreement with our mitogenome

analyses (Supplementary Results; Fig. S17).

Additional morphological studies and new

genomic samples of D. sabanicola and D. maz-

zai are still needed to properly clarify their

taxonomic status.

In addition to the four major clades, we

further identified two divergent sub-lineages

within D. novemcinctus (Fig. S11): one in-

cluding individuals from northern South

America (Venezuela, Colombia, Ecuador,

and Peru) and another from southern South

America, including armadillos mostly sam-

pled in Brazil, Bolivia, Argentina, and

Paraguay. Although these lineages were

supported as distinct species by the GMYC

species delimitation method, they exhibit a

shallow genetic divergence and were not

recovered in any of the prior morphologi-

cal studies (Billet et al. 2017; Hautier et al.

2017; Feijó et al. 2018). Interestingly, Feijó et

al. (2018) reported a predominance of nine

movable bands in northern South American

armadillos, while those from the southern

part exhibit mostly an eight-banded pattern.

If these distinct patterns reflect some hidden

osteological traits is still unclear. We also

cannot rule out that this phylogeographic

structure may be inflated by our sampling

gaps and thus more individuals from Brazil,

Bolivia, and Peru are required to better un-

derstand the genetic structure within D.

novemcinctus.

Overall, focusing on the most widespread

xenarthran species, we uncovered hidden ge-

netic divergence leading to the recognition

of four distinct species with parapatric dis-

tributions. Their distribution are limited by

well-known geographic barriers (e.g. Andes,

Guiana Shield) in South America and likely

reflect large-scale biogeographic events driv-

ing speciation in other xenarthrans (Moraes-

Barros and Arteaga 2015; Coimbra et al.

2017; Miranda et al. 2018; Feijó et al. 2019;

Ruiz-Garcı́a et al. 2020). Future genomic

studies are required to fully understand

the dynamics of the speciation process in

xenarthrans, as previously done in South

American felids (Trigo et al. 2013; Figueiró et

al. 2017; Trindade et al. 2021; Ramirez et al.

2022) for instance.
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5. Conclusion

Through the integration of museomic

data and exon capture techniques, our study

has yielded the most comprehensive molec-

ular revision of the taxonomy of the Dasypus

genus. Using phylogenetic reconstructions,

multiple approaches to characterize genetic

exchanges, and numerous methods to de-

limit lineages, our study provides a global

view to support their taxonomic status. By

placing our results in the context of previous

molecular and morphological studies, we

provide an integrative view that disentan-

gles past discrepancies. This improved our

understanding of speciation events and deci-

phered the relationships within the Dasypus

novemcinctus complex. This integrative ap-

proach allowed us to recognize four species

(D. novemcinctus, D. fenestratus, D. mexicanus,

and D. guianensis) within a geographically

widespread single taxon, including a new

species from the Guiana Shield, which is the

first new armadillo species described in the

last 30 years. This new taxonomic arrange-

ment raises the number of Xenarthra species

to 42 but the validity of D. mazzai and D. sa-

banicola is strongly challenged. At the larger

scale, further genomic studies are required

to fully understand the diversification of xe-

narthrans.

Acknowledgments

This paper is dedicated to the memory

of François Catzeflis who passed away dur-

ing the course of this study that he initi-

ated in French Guiana back in the mid-1990s

together with Dorothée Huchon and Em-

manuel Douzery. We would like to thank

Clara Belfiore, Malia Chevolot, and Ben-

jamin Nigon for their contribution to this

study as undergraduate students. This work

would not have been possible without the

generous help of the following individuals

and institutions in accessing armadillo tissue

samples through the years: Mariella Supe-

rina, Agustı́n Abba, Agustı́n Jiménez, Andy
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Maria Nazareth da Silva (Instituto Na-

cional de Pesquisas da Amazônia, Manaus,
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Costa-Araújo R., De Melo F.R., Canale G.R., Hernández-Rangel S.M., Messias M.R., Rossi

R.V., Silva F.E., Da Silva M.N.F., Nash S.D., Boubli J.P. 2019. The Munduruku mar-

moset: a new monkey species from southern Amazonia. PeerJ. 7:e7019.
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Leaché A.D., Zhu T., Rannala B., Yang Z. 2019. The spectre of too many species. Syst. Biol.

68:168–181.

Li H. 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-

MEM. ArXiv Prepr. ArXiv13033997.

Li H., Handsaker B., Wysoker A., Fennell T., Ruan J., Homer N., Marth G., Abecasis G.,

Durbin R. 2009. The sequence alignment/map format and SAMtools. Bioinformatics.

25:2078–2079.

Luo A., Ling C., Ho S.Y., Zhu C.-D. 2018. Comparison of methods for molecular species

delimitation across a range of speciation scenarios. Syst. Biol. 67:830–846.

Mallet J., Beltrán M., Neukirchen W., Linares M. 2007. Natural hybridization in heliconiine

butterflies: the species boundary as a continuum. BMC Evol. Biol. 7:1–16.

85



Chapter I

Marcgrave G. 1648. Historiae Naturalis Brasiliae. Haack Elzevier Leiden Amst.

Martin S.H., Van Belleghem S.M. 2017. Exploring evolutionary relationships across the

genome using topology weighting. Genetics. 206:429–438.

Mastretta-Yanes A., Arrigo N., Alvarez N., Jorgensen T.H., Piñero D., Emerson B.C. 2015.
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Data accessibility

Data Accessibility: Raw Illumina reads have been submitted to the Short Read Archive

(SRA) of the National Center for Biotechnology Information (NCBI) and are available under

BioProject number PRJNA949844. All datasets and other supplementary materials are avail-

able from the Zenodo public online repository (https://doi.org/10.5281/zenodo.7509863).

Digital 3D models of the Dasypus guianensis holotype specimen are freely available

through MorphoMuseuM (https://morphomuseum.com/specimenfiles/send-file-

specimenfile/1200/4a65cc83; https://morphomuseum.com/specimenfiles/send-file-

specimenfile/1201/7ed725a9).

Supplementary Results

Further comparison with literature

We extracted the partial 16S rRNA sequences of the four individuals of D. s. septemcinctus,

D. hybridus, D. novemcinctus from French Guiana, D. mazzai and D. sabanicola analyzed in

Abba et al. (2018) and combined them with our three mitochondrial sequences obtained

for D. novemcinctus individuals from Argentina, Uruguay and Paraguay. D. novemcinctus

individuals from Argentina, Uruguay, and Paraguay did not cluster with the reference

mitogenome of D. novemcinctus from French Guiana but rather with D. mazzai and D.

sabanicola (Fig. S17).

We also analyzed the partial D-loop sequences of 221 individuals from Arteaga et al.

(2020) with the corresponding D-loop sequences extracted from our 19 individuals in

common, allowing for direct sequence comparisons (Table S4). We found 13 individuals

with incongruent sequences (Table S4). These South American individuals were all assigned

to the Northern lineage in Arteaga et al. (2020) whereas the D-loop sequences that we

obtained based on shotgun sequencing of the same individuals showed that they mostly

belonged to the Southern lineage as expected from their geographical origin (Table S4, Fig.

S16). This suggests that the original short D-loop fragment sequences obtained by PCR and

Sanger sequencing in Arteaga et al. (2020) might have originated from cross-contamination

with other samples of the Northern lineage.
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Mito-nuclear phylogenetic discordance and introgression in nine-banded

armadillos

We used two complementary approaches to investigate whether introgression could explain

the mito-nuclear discordances we recovered (Fig. 1a-b). First, we inferred phylogenetic

networks with the nuclear data under a MSC model with introgression using the software

SNaQ (Solı́s-Lemus and Ané 2016) implemented in the package PhyloNetworks (Solı́s-

Lemus et al. 2017). D. kappleri was used as an outgroup, and D. pilosus was excluded

because of its high amount of missing data. Concordance factors were computed in

PhyloNetworks from the 832 gene trees previously used in the Astral analysis. SNaQ was

then run with maximum numbers of reticulations (hmax) ranging from 0 to 3, with ten

independent ML searches for each. This analysis supported the presence of introgression

among D. novemcinctus lineages (Fig. S9a-b): introducing one or two reticulations improved

the fit of the models compared to a strictly bifurcating tree (average loglik scores of 1.23 and

0.37 vs 2.45, respectively). Even when allowing three reticulations, a maximum of two were

recovered. Because the fit of the best models with 1 and 2 reticulations were similar (loglik

scores of 0.53 and 0.22, respectively), and increasing the number of parameters in the model

might result in overfitting, we considered both as our best models. They recovered the

same reticulation, indicating introgression between the ancestors of the Southern lineage

and the “west Andes group” (D. pilosus, Central and Northern lineages). The major edge

of the network supported the Southern lineage as sister to the Guianan lineage (inheritance

values [γ] = 0.83 and 0.75, respectively). The network with two reticulations additionally

supported introgression between Western Mexico populations and the Central lineage, with

the major edge supporting the monophyly of the Mexican populations (γ = 0.88).

To quantify the extent to which these reticulations are supported by our set of gene trees,

we used a descriptive approach based on topologies. Because of the low resolution of the

gene trees, we used a Topology Weighting (TW) approach to account for non-monophyly

of the lineages (Martin and Van Belleghem 2017). We performed TW in two three-taxa

sets: 1) Central, Southern and Guianan lineages, (to test for the reticulation in the first

network); and 2) Western Mexico (Mexican individuals with Central lineage mitochondrial

haplotypes), Eastern Mexico and Central lineages (to test for the additional reticulation in
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the second network). In each case, we selected gene trees in which all focal individuals

were represented (642 and 699 gene trees, respectively), and pruned them to keep the

focal lineages and D. kappleri as an outgroup, using the ape R package (Paradis and

Schliep 2019). TW was run using TWISST (Martin and Van Belleghem 2017). The results

were first represented as the distribution of the weights for each of the three possible

topologies. Furthermore, we followed Stankowski et al. (2023) and plotted the joint

distribution of the three topologies in a ternary diagram using ggtern (Hamilton 2018).

We investigated asymmetry in the ternary diagram as a signal of introgression: under

neutral processes without gene flow, we expect that the two alternative topologies (i.e.,

those with the lowest support) would obtain similar weights, similarly to the assumption

of the “ABBA-BABA” test (Green et al. 2010; Durand et al. 2011). We quantified asymmetry

in the ternary diagrams using the DLR statistic of Stankowski et al. (2023): considering

NT1 as the number of trees in the right half of the ternary diagram (i.e., the weight of the

first alternative topology is higher than that of the second) and NT2 the number in the

left half, then DLR = NT1−(0.5×(NT1+NT2))
0.5×(NT1+NT2 . Significance was assessed using permutation

tests with 100,000 permutations. The results of these analyses were concordant with the

networks in that the gene tree topologies representing the edges of the network were more

common than the alternative discordant topology (Fig. S9c-d). When investigating the

position of the Guianan lineage with respect to the Southern and Central lineages, we

found little difference between the nuclear and mitochondrial topologies (average weights

of 0.37 and 0.35, respectively), while the third topology was slightly less common (average

weight of 0.28). Consequently, the joint ternary distribution of the weights was significantly

asymmetric towards the mitochondrial topology (DLR = 0.14, p-value = 0.0002). We

also found that the gene trees were poorly resolved, with few lending full support (i.e.,

weight = 1) to any topology. The second analysis, focused on the Northern and Central

lineages, recovered a different pattern. In this case, the nuclear topology (i.e., monophyletic

Mexican populations) received high support (average weight of 0.69), while the discordant

topologies had similar weights (average weights of 0.15 and 0.16 for the control and mi-

tochondrial topologies, respectively). Nethertheless, we detected a significant asymmetry

towards the mitochondrial topology (DLR = 0.20, p-value = 0.0002) but this signal is

driven by topologies intermediate between the nuclear and mitochondrial topologies (i.e.,

in the upper half of the triangle) rather than strongly supporting the mitochondrial topology.

To conclude, these results show that two instances of mito-nulcear discordance are con-
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sistent with signals of introgression in the nuclear data. However, the informativeness of

our data is limited and the extent to which introgression affects the nuclear data is unclear,

particularly in the case of the Western Mexican populations. Moreover, we focused only on

two introgression events that coincided with mito-nuclear discordances, but introgression

may affect other branches as well. A comprehensive understanding of ancient introgression

in the Dasypus radiation will necessitate the use of larger genomic datasets (e.g., Whole

Genome Sequencing).

The shifting position of D. guianensis between the mitochondrial and nuclear phylo-

genies may reflect incomplete lineage sorting (ILS) of mitochondrial haplotypes at the

root of the radiation. However, we found strong support for the mitochondrial topology

in the nuclear gene trees compared to expectations under stochastic coalescent processes

(Fig. 2c). This result is in accord with our phylogenetic network analyses (Fig. 2a), which

recovered a reticulation between the ancestors of D. novemcinctus and the “west Andes

group” (D. pilosus, D. fenestratus and D. mexicanus; Fig. 2a). This would be consistent with

mitochondrial transfer from the latter into the former at early stages of divergence, leading

to the mitochondrial phylogenetic pattern we observed. This scenario would also conform

with the biogeographic expectation, as the nuclear topology supports two clades separated

by the Central and Northern Andes. Similarly, the presence of numerous D. fenestratus

mitochondrial haplotypes in Western Mexico (Arteaga et al. 2012, 2020) is unlikely to be ex-

plained by ILS, which is not expected to generate geographically consistent patterns (Toews

and Brelsford 2012). Accordingly, both gene tree distributions and phylogenetic networks

supported introgression between D. fenestratus and the Western Mexico populations (Figure

2). A potential scenario underlying this pattern may have involved a southward expansion

of D. mexicanus into the range of D. fenestratus, with D. fenestratus mitochondrial haplotypes

persisting locally in D. mexicanus populations, as documented in Iberian hares for instance

(Melo-Ferreira et al. 2005; Alves et al. 2008). Nevertheless, the power of our data remains

limited in terms of introgression detection and further genomic analyses will be needed to

understand the phylogeographic history of the Dasypus complex.
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Chapter I

Figure S1: Distribution of 984 targeted nuclear loci (out of the 997 originally targeted) along
the chromosome scale assembly of Dasypus novemcinctus (mDasNov1.hap2) realized with
the R package RIdeogram (Hao et al. 2020).
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Figure S2: Mitochondrial genome depth of coverage for the 72 Dasypus individuals newly
sequenced in this study. The black line corresponds to a 5x depth of coverage.
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Figure S3: Calculation of mitochondrial lineage support for detecting contamination. Posi-
tions 7, 16, 20 and 25 are diagnostic positions (DP) that distinguish species 1 from species
2. Lineage support is estimated as the product of proportion of DP and read frequency. In-
dividual 1 supports all four DP of species 1 (proportion of DP = 4/4) and each position is
supported by all reads (total read frequency = 26/26). In individual 2, reads support the four
DP of species 1. However, only three of the four DP support species 2 as the position 16 is
excluded (supported by less than three reads). However, DP of species 1 are more strongly
supported by reads (total reads frequency (species 1) = 15/26; total reads frequency (species
2) = 9/26). This pattern can be interpreted as cross-contamination. In some cases, reads
could support a different haplotype in a DP position (e.g. individual variation, genotyping
errors or contamination with something other than the lineages tested), such reads are not
recorded, participating to a total lineage support lower than 1.
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Figure S4: Mitochondrial lineage support for each individual (see Fig. S3 for the calculation
method). Reads supporting synapomorphies of the Northern lineage are in blue, Central
lineage in black, Southern lineage in green, Guianan lineage in orange, and Dasypus pilosus
in red. Reads supporting DP of D. pilosus (in red) within individuals of D. novemcinctus com-
plex cannot be explained by cross-contamination as DNA extractions and library prepara-
tions for these individuals were performed separately from those of the D. novemcinctus com-
plex. They can therefore serve as a control for the proportion of shared genotyping errors
expected between individuals that have not cross-contaminated each other. Arrows indicate
two individuals (DNO-MC1000 and DNO-MC40) suspected to be cross-contaminated.
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Figure S5: a) Inbreeding coefficient and b) heterozygosity estimate for individuals according
to cleaning steps. Squares correspond to initial data, open circles to data corrected to ensure
that heterozygous positions are supported by a proportion of reads between 0.3 and 0.7, and
filled circles to final data in which 159 potential paralogous loci were excluded.
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Figure S6: Percentage of missing data by captured locus for each Dasypus individual. Loci
with more than 40% average missing and nine individuals with more than 55% average
missing data across loci were excluded based on this analysis.

103



Chapter I

Table S2: Quality statistics a) by locus and b) by individuals after filtering out loci with more
than 60% average missing data, for the nine individuals with more than 45% average miss-
ing data across loci and the 159 loci with high deviation from Hardy-Weinberg expectation,
respectively. a) Table extract (see https://zenodo.org/deposit/7509864 for the full table)

Individuals Mean depth coverage Mean missing data Number of loci
DKA-L2 145.47216196319 0.019545135226994 815
DKA-T4339 128.282704257908 0.0337373971411189 822
DNO-71 164.064652141983 0.0188200833047739 817
DNO-AJR1 74.4479456140351 0.0584562478571429 798
DNO-AM78 125.471584615385 0.0325786748962149 819
DNO-AN1 45.8460666666667 0.118296186221374 786
DNO-AP207 172.251841425121 0.0137938810507249 828
DNO-AP249 289.19898686747 0.0151699203493979 830
DNO-FG-L1 248.097744363636 0.0108809179151519 825
b) Table extract (see https://zenodo.org/deposit/7509864 for the full table)

Mean depth Mean missing Number of
Locus coverage data individuals
Dasypus novemcinctus ABCA1 154.10323 0.0119297385 60
Dasypus novemcinctus ABCA12 112.0884 0.0325755145901639 61
Dasypus novemcinctus ABCA3 18.2854066666667 0.3316624 15
Dasypus novemcinctus ABCA4 162.991165573771 0.00678754475409793 61
Dasypus novemcinctus ABCA9 152.206083870968 0.0256872637096769 62
Dasypus novemcinctus ABCB10 50.3231 0.342132666666667 3
Dasypus novemcinctus ABCB4 142.327971666667 0.00945504799999997 60
Dasypus novemcinctus ABCB5 111.291563333333 0.0890815195 60
Dasypus novemcinctus ABCC12 80.6293703703704 0.0384984033333329 54
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Chapter I

Figure S7: Summary information of the 837 cleaned loci representing the number of se-
quences and the proportion of variable sites according to the percentage of missing data.
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Figure S8: Phylogenetic relationships of the 62 Dasypus individuals obtained using Astral
on the 832 ML gene trees from the captured nuclear loci reconstructed with IQ-Tree and
ModelFinder. Node circles are coloured according to the local posterior probabilities (LPP).
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Figure S9: Results of analyses to detect introgression. a) Best phylogenetic network inferred
with SNaQ, with two reticulations. Number at hybrid edges denote inheritance values (γ).
Values at the deepest reticulation indicate γ estimated in the second best (1 reticulation) and
best networks, respectively. Major edges are indicated in red and minor edges in blue. b)
Likelihood scores of the inferred networks as a function of the number of reticulations. The
color and shape of the dots denote the maximum number of reticulations allowed (hmax),
and the line shows the likelihood score (loglik) of the best model for 0, 1 and 2 reticulations.
c-d) Results of topology weighting analyses focusing on the position of the Guianan lineages
and the Western Mexico populations, respectively. Top panels show the joint distribution of
the weights at the three possible topologies in a ternary diagram. Bottom panels show violin
plots of the distribution of each topology individually, with diamonds indicating the average
weights.
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Figure S10: Cross validation errors according to the number of clusters (K) investigated.
The lower the error value, the higher the support for the cluster number.

Figure S11: Detailed analysis of the sub-structure within the newly recognized D. novemcinc-
tus (Southern lineage). a) Distribution and genome composition detailed for all individuals.
Outer circles represent mitochondrial lineages and the pie charts represent the assignment
probability estimated by the Admixture analysis with K = 5. b) PCA of genetic variance
conducted on 4182 SNPs for the 24 individuals composing the Southern lineage.
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Figure S12: Species delimitation estimated by bPTP-h. The species tree reconstructed us-
ing IQ-TREE and ModelFinder from the 837 concatenated nuclear loci illustrates the most
supported partition found by bPTP. Clades in red correspond to taxa identified as distinct
species by bPTP.
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Figure S13: Species delimitation estimated using GMYC. a) Number of lineages through
time. The red line corresponds to the threshold estimated by GMYC. b) Likelihood profile
through time. c) Ultrametric reconstruction of the concatenated sequences of the 837 nuclear
loci using IQ-TREE and ModelFinder for each partition. Clades in red represent taxa sup-
ported as distinct species by GMYC.

Table S3: The full table is available at https://zenodo.org/deposit/7509864\
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Chapter I

Figure S14: Heatmaps of pairwise genetic indexes between lineages. a) Absolute measure
of genetic divergence (Dxy; red) and the net measure of genetic divergence (Da; blue). b)
Rate of fixed differences (blue) and the Genomic Differentiation Index (GDI; red).

Figure S15: Effect of filters on admixture results.
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Chapter I

Figure S16: Updated map from Arteaga et al. (2020). Coloured dots correspond to the
lineages as identified in the original study. Gray dots are individuals re-extracted and re-
sequenced in our study that were likely misassigned. White dots correspond to individuals
from a haplotype that contains at least one individual likely to have been misassigned.
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Chapter I

Figure S17: Maximum likelihood phylogenetic tree of 212 pb of the 16s ribosomal RNA
(same as analyzed in Abba et al., (2018)) reconstructed with IQ-Tree. Individuals of D. hy-
bridus, D. guianensis sp. nov. , D. mazzai, and D. sabanicola are the ones used in their study.
Our D. novemcinctus individuals from Argentina, Paraguay and Uruguay group with D.
mazzai and D. sabanicola instead of D. guianensis as reported in their study.
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CHAPTER II - XENARTHRAN EVOLUTIONARY HISTORY

UNRAVELED BY WHOLE-GENOME SEQUENCING AT THE SPECIES

LEVEL

Abstract

Xenarthrans (armadillos, anteaters, and sloths) are the least diverse of the four major clades

of placental mammals, with only 42 currently valid species. However, some hidden diver-

sity probably remains to be described as some genera have not been evaluated for decades.

We sequenced 19 new mitogenomes and 72 whole genomes to constitute the most exhaus-

tive phylogenomic datasets of Xenarthra assembled to date with 261 mitogenomes covering

37 extant and 7 extinct species and 94 whole-genome sequencing encompassing 36 distinct

species. Discovery species delimitation methods based on mitochondrial phylogenetic re-

lationships provided a species hypothesis that was further evaluated through comparisons

of the genomic differentiation between lineages. A taxonomy consistent with equivalent

genome wide divergece within xenarthrans would require revalidating B. ephippiger and B.

griseus, lump B. pygmaeus with B. griseus, and supported a new species of pygmy anteater.

Genome wide divergence also suggest that species of the Euphractinae subfamily should all

belong to the Euphractus genus. The evaluation of the demographic history of xenarthran

species revealed an overall decline of effective population size and the alarmingly low ge-

nomic diversity observed in four species make them a priority for assessing their conserva-

tion status. Based on this revised taxonomic framework, we reconstructed the most com-

prehensive time-calibrated phylogeny of Xenarthra based on whole genomes. Furthermore,
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disentangling incomplete lineage sorting and gene flow revealed that both have contributed

to discordant topological signals in parts of the xenarthran phylogeny. Overall, our results

shed light on the evolutionary history of xenarthrans and contributed to identify directions

for future taxonomic investigations and conservation status assessments.

Keywords: Species delimitation, taxonomic revision, whole genomes, conservation ge-

nomics, phylogenomics, genetree discordances, demography, mammals.

Introduction

Third-generation sequencing technolo-

gies have significantly improved the pro-

duction of mammalian genomes (Larsen and

Matocq 2019). By sequencing longer DNA

read fragments, these technologies have en-

abled to overcome the complexity of large

and repeat-rich mammalian genomes, thus

producing more contiguous genome recon-

structions (Lee et al. 2016). In conjunc-

tion with cost reduction, these technical

breakthroughs sparked large-scale genome

sequencing initiatives such as the Zoonomia

consortium (Zoonomia Consortium 2020),

the DNA Zoo (Dudchenko et al. 2017), the

Vertebrate Genome Project (Rhie et al. 2021),

and the Darwin Tree of Life Project (Darwin

Tree Of Life Project Consortium 2022), which

already produced numerous high quality de

novo genome assembly for mammals. Col-

lectively, these sequencing efforts have re-

sulted in 675 available genomes assemblies

that have considerably improved our un-

derstanding of mammalian relationships and

their evolutionary history (Zoonomia Con-

sortium 2020; Foley et al. 2023; Upham

and Landis 2023). Indeed, analyzing whole

genomes offers a global and more accurate

vision of the processes that have shaped

mammalian genome evolution (Christmas et

al. 2023; Kaplow et al. 2023; Kuderna et

al. 2023; Osmanski et al. 2023) and ge-

netic diversity (Wilder et al. 2023). This

also notably allowed revealing the impor-

tance of genome-wide phylogenetic discor-

dances generated by gene flow and/or In-

complete Lineage Sorting (ILS; Degnan and

Rosenberg 2009; Vanderpool et al. 2020;

Foley et al. 2023). Moreover, combin-

ing reference genomes with large-scale rese-

quencing of additional species/individuals

has allowed reconstructing the evolution-

ary history of entire mammalian orders such

as pangolins (Heighton et al. 2023) or

primates (Shao et al. 2023). Neverthe-

less, available genomes unevenly and non-

exhaustively cover the ˜6,500 currently rec-

ognized mammalian species (Burgin et al.

2018; Upham and Landis 2023).
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Xenarthrans (armadillos, anteaters, and

sloths), despite constituting one of the four

major clades of placental mammals, are

particularly poorly represented with only

10 species with available genomes (Bur-

gin et al. 2018; Feijó and Brandão 2022)

including three high-quality chromosome-

scale genomes. Diversifying for the last 65

Myr during South America splendid isola-

tion (Delsuc et al. 2004; Gibb et al. 2016),

they evolved striking morphological adapta-

tions with arboreal sloths (Folivora), myrme-

cophagous anteaters (Vermilingua), and ar-

mored armadillos (Cingulata), which today

constitute a restricted diversity of 42 extant

recognized species endemic to the neotrop-

ics (Burgin et al. 2018; Feijó and Brandão

2022). Sloths count only seven species dis-

tributed in two distinct genera: Bradypus and

Choloepus (Gardner 2005, 2007; Miranda et

al. 2023). Anteaters are represented by 10

species within the Myrmecophaga, Tamandua

and Cyclopes genera (Gardner 2005, 2007; Mi-

randa et al. 2018). Finally, armadillos are

the most speciose group with 25 species clas-

sified within the families Dasypodidae and

Chlamyphoridae (Gardner 2005; Wetzel et al.

2008; Gibb et al. 2016; Feijó et al. 2018, 2019;

Feijo and Anacleto 2021; Barthe et al. (Ac-

cepted)). However, 71.4% of xenarthran gen-

era have not been the subject of a taxonomic

study in 50 years (Feijó and Brandão 2022).

Feijo and Brandão (2022) suspected that such

taxonomic stability could be explained by

a lack of taxonomic studies rather than a

good understanding of their real species di-

versity. Indeed, when considering the re-

cently studied genera, important taxonomic

changes have been implemented at the fam-

ily, genus, subgenus, species, and subspecies

levels (Gibb et al. 2016; Feijó et al. 2018,

2019; Miranda et al. 2018, 2023; Feijo and

Anacleto 2021). This recent taxonomic activ-

ity suggests that a lot of work remains to be

done and suggests also an underestimation

of the current species diversity with poten-

tial repercussions regarding their conserva-

tion status (Feijó and Brandão 2022).

Potential hidden species diversity is even

more conceivable as some currently estab-

lished xenarthran species have wide geo-

graphical distributions, encompassing major

geological formations such as the Andes, the

Guiana Shield, or restricted pathways such

as the Isthmus of Panama. Those topologi-

cal structures have been identified as repro-

ductive biogeographic barriers for numerous

species (Cortés-Ortiz et al. 2003; Redondo

et al. 2008; Weir and Price 2011; Fouquet

et al. 2012; Gutiérrez-Garcı́a and Vázquez-

Domı́nguez 2013; Esquerré et al. 2019), and

might thus have been involved in the spe-

ciation process within xenarthrans. Some

studies have notably identified diverging lin-

eages separated by such formations within

Dasypus novemcinctus (Gibb et al. 2016; Billet

et al. 2017; Hautier et al. 2017; Feijó et al.

2018, 2019; Arteaga et al. 2020), Bradypus var-

119



Chapter II

iegatus (Ruiz-Garcı́a et al. 2020), and Cyclopes

didactylus (Coimbra et al. 2017; Miranda et

al. 2018). However, neither the taxonomic

status nor the implication of these biogeo-

graphical barriers have been explored at the

genomic scale so far.

In addition to these taxonomic uncertain-

ties, some phylogenetic relationships remain

difficult to elucidate. Estimating the phylo-

genetic relationships of the xenarthrans have

long been challenging because of their pecu-

liar morphology (Delsuc and Douzery 2008).

The emergence of molecular studies pro-

vided unprecedented advances in our under-

standing of xenarthran phylogeny (Delsuc et

al. 2001, 2002, 2003). However, since Delsuc

et al. (2003), the internal relationships within

the two subfamilies Tolypeutinae and Eu-

phractinae appeared unresolved (short inter-

nal nodes and low support values) even with

different types of molecular data (e.g., with

non-coding retroposon flanking sequences

(Möller-Krull et al. 2007) and the concate-

nation of nuclear exons and two mitochon-

drial genes (Delsuc et al. 2012)). This re-

sult was somewhat expected in Euphracti-

nae, because the three genera (Euphractus,

Zaedyus, Chaetophractus) are anatomically

very similar and previous morphological

studies found support for conflicting group-

ings (Engelmann 1985; Patterson et al. 1989;

Abrantes and Bergqvist 2006; Gaudin and

Wible 2006). However, it was more surpris-

ing regarding Tolypeutinae in which mor-

phological analyses have consistently sup-

ported the grouping of Priodontes and Cabas-

sous into Priodontini, excluding Tolypeutes

(Engelmann 1985; McKenna and Bell 1997;

Cetica et al. 1998; Abrantes and Bergqvist

2006; Gaudin and Wible 2006). Gibb et al.

(2016) provided the first phylogenetic study

including all xenarthran species described at

the time based on complete mitogenomes.

This mitogenomic study strongly supported

the paraphyly of Priodontini by grouping

Cabassous and Tolypeutes to the exclusion

of Priodontes but did not allow deciphering

the relationships within Euphractinae. The

incongruence with morphological studies

and discordance among molecular markers

have been suspected to be induced by an-

cient gene flow, ILS in relation with their

fast diversification, or morphological con-

vergence (Delsuc et al. 2002, 2003; Gibb et

al. 2016). However, until now, phylogenetic

studies (Möller-Krull et al. 2007; Delsuc and

Douzery 2008; Delsuc et al. 2012; Abba et

al. 2015; Gibb et al. 2016) have been widely

restricted to mitogenomes and few nuclear

molecular markers that incompletely reflect

evolutionary history.

Here we provide whole genome sequenc-

ing for 72 xenarthrans, combined with 22

available genomes. Thus, we cover 37 of the

42 xenarthran species currently described,

missing only the newly described Cyclopes
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xinguensis, C. rufus, and the recently elevated

Dasypus beniensis, D. pastasae and Cabassous

squamicaudis (Miranda et al. 2018; Feijó et al.

2019; Feijo and Anacleto 2021). To provide a

homogeneous taxonomic revision among xe-

narthran species, we estimated genomic dif-

ferentiation indices between closely related

species of xenarthrans. In addition, we eval-

uated their genetic diversity and inbreeding

which contribute to determine which species

should be prioritized for conservation as-

sessment. We also explored the origin of

phylogenetic discordances using coalescent-

based methods. Finally, considering this

comprehensive framework, we provided a

time-scaled phylogeny of xenarthrans that

allowed us to further explore the influence of

biogeography on the xenarthran diversifica-

tion.

Results

Mitochondrial phylogeny

The complete mitogenomes of 261 xe-

narthran individuals were gathered, com-

bining 158 available on Genbank and 103

newly generated (Table S1). This data set in-

cludes 37 species out of the 42 extant recog-

nised species but also seven extinct species

(Mylodon darwinii, Acratocnus ye, Parocnus

serus, Megatherium americanum, Megalonyx

jeffersonii, Nothrotheriops shastensis, Doedicu-

rus sp.) for which mitogenomes have re-

cently been assessed (Delsuc et al. 2016,

2018, 2019; Mitchell et al. 2016). Maximum

likelihood (ML) allowed reconstructing the

most complete mitogenomic phylogeny of

xenarthran species to date with globally ro-

bust bootstrap support (i.e. only six interspe-

cific nodes had a bootstrap support of less

than 100, Figure S1, Figure 1). This phylo-

genetic reconstruction was consistent with

previous studies (Gibb et al. 2016; Delsuc et

al. 2019; Tejada et al. 2023) except within

Bradypus variegatus where two lineages, sep-

arating individuals from the southern An-

des and those from Central America (here-

after designated as Bradypus variegatus S and

Bradypus variegatus C respectively), were pa-

raphyletic due to Bradypus tridactylus, which

appeared closer to Bradypus variegatus S than

Bradypus variegatus C. In addition, three indi-

viduals Bradypus variegatus NMB3, Choloepus

hoffmanni NMB11 and Euphractus sexcinctus

PAP76 clustered with a different species than

expected, possibly due to potential cross-

contamination or simply misidentification.

For this reason these individuals have been

excluded from further analyses (see Table

S1). In addition, several individuals whose

mitogenomes were labeled as “unverified” in

GenBank grouped together and were highly

divergent from other individuals of the same

species suggesting sequencing or assembly

errors, so we decided to exclude all “unver-

ified” sequences (see Table S1). Finally, this

mitogenomic framework at the population
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level (in average six individuals per extant

species) highlighted multiple genetically dif-

ferentiated lineages notably within Bradypus

variegatus (Figure 1). In addition, the insu-

lar Bradypus pygmaeus appeared to have a

very low divergence from other continental

individuals of Bradypus variegatus (Patristic

distance = 0.003 substitution per nucleotide

site, for comparison, the two subspecies of

Dasypus septemcinctus septemcinctus and D.

sept. hybridus have a Patristic distance = 0.005

substitution per nucleotide site).

To formally evaluate these mitochon-

drial lineages, we used two species discov-

ery methods that propose a phylogenetic

species delimitation based on substitution

rate (bPTP) or branching rate of a time cal-

ibrated tree (GMYC). These two methods

supported the delimitation of 52 and 48 pu-

tative species respectively (Figure 1, Fig-

ure S2, SGMYC). Within armadillos (Cin-

gulata), these species delimitation methods

generally agreed with the current taxonomy,

and only two additional species were pro-

posed (splitting Cabassous unicinctus and Eu-

phractus sexcinctus; Figure 1). Within Pi-

losa, these methods supported much more

partitions than is recognized by the current

taxonomy. Notably, they supported split-

ting the five species of pygmy anteaters (Cy-

clopes) represented in our dataset into nine

(bPTP) or seven (GMYC), and the brown-

throated three-toed sloth (Bradypus variega-

tus) into 12 (bPTP) or 10 (GMYC) distinct

species. These methods conversely sup-

ported Bradypus variegatus and Bradypus pyg-

maeus as the same species. However, the

mitochondrial genome does not recombine

and therefore represents a genealogical his-

tory that could be different from other loci.

Considering this, additional supports were

required to properly evaluate species bound-

aries in xenarthran using genome-wide nu-

clear markers.
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Figure 1: Phylogenetic relationships reconstructed by maximum likelihood from the par-
tition of 15 mitochondrial genes for 222 individuals representing 37 species of the current
xenarthran taxonomy. Node circles indicate bootstrap support (BS), the redder the color the
higher the BS. Diagrams represent the assignment of individuals to distinct species accord-
ing to the current taxonomy or to the partition supported by the phylogenetic delimitation
methods bPTP and GMYC. Bold highlight the 73 individuals successfully sequenced in the
whole genome. Photo credits: derekz65, benkelly, joao andriola, lucaboscain, anthony2005,
andresiade, silviolamothe, preli, Bradley Davis sclateria (iNaturalist.org), Mariella Superina,
Quentin Martinez.

123



Chapter II

Figure 1: Continued.
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Whole genome sequencing and

genotyping

The whole genome of 72 xenarthran individ-

uals (including 24 museum samples; Table

S2) were sequenced using short reads with

the Illumina technology. Twenty-two already

available genomes completed this dataset, al-

lowing to consider a total of 94 individuals

representing 37 xenarthran species out of the

42 currently described (Table S2). Genome

assemblies of 11 species were used as refer-

ence genomes for mapping reads of closely-

related resequenced individuals (Table S3).

A proportion of 79% (74 individuals) ob-

tained a mean depth of coverage higher than

5X with 43% (41 individuals) higher than 10X

with less than 30% of missing data (Figure

S4, Table S2). Thus, the 20 individuals (in-

cluding the unique representative of Cabas-

sous centralis) with less than 5X depth of cov-

erage were excluded from downstream anal-

yses, only the unique representative of Ca-

lyptophractus retusus was kept for phyloge-

netic reconstructions despite its low depth

of coverage (4.40X). The individual Euphrac-

tus sexcinctus PAP76 was also excluded con-

sidering that its mitogenome suggested con-

tamination/misidentification. For these 74

mapped individuals, we extracted orthol-

ogous genes of the Mammalia OrthoDB10

by localizing them in their respective refer-

ence genomes (see Figure S5 for their de-

tailed completeness) to constitute a first phy-

logenomic dataset (hereafter Busco dataset).

A second dataset representing random ge-

nomic regions (hereafter Random dataset) has

been constituted by randomly sampling 1000

regions of 100kb from autosomal chromo-

somes.

Genetic structure and genomic di-

vergence

To further evaluate species partitions sup-

ported by species delimitation discovery

methods based on mitochondrial sequences,

we first performed a Principal Compo-

nent Analysis (PCA) of genetic variance

based on the multi-locus nuclear data us-

ing the Random dataset (Figure PCA). Within

three-toed sloths (Bradypus spp.), individu-

als from Bradypus variegatus C plus B. pyg-

maeus formed a cluster, which was distinct

from individuals belonging to Bradypus var-

iegatus S. These two genetic clusters were

equidistant from Bradypus tridactylus. For

pygmy anteaters (Cyclopes spp.), the genome-

wide PCA confirmed the genetic differentia-

tion of C. thomasi, C. catellus, C. ida, C. dor-

salis and C. didactylus. When focussing on

Cyclopes didactylus and Cyclopes dorsalis indi-

viduals (Figure S6), the individual BMNH

811187 is separated from other individuals of

the same species (Cyclopes didactylus) by sec-

ond axis (PCA2). Finally, within long-nosed

armadillos (Dasypus spp.), the PCA also con-

firmed the genetic distinctiveness of D. pilo-
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sus, D. mexicanus, D. fenestratus, D. novemcinc- tus and D. guianensis.

Figure 2: Principal Component Analysis of genetic variance (PCA) conducted on: A,B) the
4,502 SNPs shared by 19 Bradypus spp. individuals from 200 nuclear loci; C,D) the 66,687
SNPs shared by 9 Cyclopes spp. individuals from 400 nuclear loci; E,F) the 100,850 SNPs
shared by 12 Dasypus spp. individuals from 200 nuclear loci. Loci were selected from the
Random dataset a) Projection on first (PC1) and second (PC2) axes. b) Projection on first (PC1)
and third (PC3) axes.

The restricted number of individuals rep-

resenting partitioned species limited the us-

age of population genomics methods to iden-

tify species boundaries. We thus decided to

apply a genome-wide comparative approach

using other xenarthran species with consen-

sual taxonomic status as references to com-

pare with. We quantified the pairwise ge-

netic differentiation between closely related

species within all xenarthran genera using

the Random dataset. We evaluated the ge-

netic structure using the Genetic Differenti-

ation Index (Allio et al. 2021), which corre-

sponds to the FST (Nei 1983) applied to two

diploid individuals. We also estimated di-

vergence using Da and Dxy measures. The

five pygmy anteater individuals represent-

ing recently recognized Cyclopes species ob-
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tained a GDI > 0.45 which is comparable or

even greater than between T. mexicana and

T. tetradactyla (GDI = 0.45; Figure 3). How-

ever, only C. ida, C. dorsalis, and C. didactylus

had comparable pairwise divergence (Dxy

> 0.0064; Da > 0.4) with T. mexicana and

T. tetradactyla (Dxy = 0.0066; Da = 0.0036)

as C. catellus and C. thomasi showed a Dxy

= 0.0046 and Da = 0.0026 (Figure 3, Figure

S7, Figure S8). In addition, further parti-

tion of C. didactylus were evaluated: indi-

vidual BMNH 105447 showed genetic dif-

ferentiation and divergence from other in-

dividuals of C. didactylus comparable to in-

traspecific values, contrary to C. didactylus

BMNH 811187, which showed higher genetic

differentiation (GDI = 0.466) than Tamandua

species and greater divergence (Dxy = 0.0053;

Da = 0.003) than C. catellus and C. thomasi

(Figure 3, Figure S7, Figure S8). Within three-

toed sloths of the Bradypus genus, the two lin-

eages Bradypus variegatus C and Bradypus var-

iegatus S showed comparable genetic differ-

entiation and divergence (GDI = 0.64; Dxy =

0.0089; Da = 0.0065) than Choloepus didactylus

and C. hoffmanni (GDI = 0.65; Dxy = 0.0082;

Da = 0.0067; Figure 3, Figure S7, Figure S8).

However, the pygmy sloth (Bradypus pyg-

maeus) appeared weakly differentiated from

the lineage Bradypus variegatus C, with differ-

entiation and divergence comparable to in-

traspecific values (GDI = 0.35; Dxy = 0.0018;

Da = 0.0008; Figure 3, Figure S7, Figure S8).

Within the Bradypus variegatus S lineage, ad-

ditional partitioned species were evaluated

but neither individuals BVA4 nor BMNH

4242920 showed genetic differentiation com-

parable to interspecific values (GDI < 0.33;

Dxy < 0.0054; Da < 0.0022), contrary to indi-

viduals BVACal7 and BMNH 805683, which

were more differentiated (GDI = 0.548; Dxy

> 0.0062; Da > 0.004) than T. mexicana and T.

tetradactyla (Figure 3, Figure S7, Figure S8).

Within armadillos, Dasypus fenestratus and

Dasypus mexicanus were more differentiated

(GDI = 0.63; Da = 0.0052) than Chaetophrac-

tus velerosus and Zaedyus pichiy (GDI = 0.52;

Da = 0.0049), however, for D. guianensis and

D. novemcinctus, despite a genomic differen-

tiation (GDI = 0.35) similar to the subspecies

D. septemcinctus hybridus and D. septemcinc-

tus septemcinctus (GDI = 0.34), they showed a

comparable divergence (Dxy = 0.0077; Da =

0.0048) than C. vellerosus and Z. pichiy (Dxy

= 0.0078; Da = 0.0049). Concerning D. sa-

banicola, its genomic differentiation with D.

novemcinctus (GDI = 0.24; Dxy = 0.0053; Da =

0.0026) was comparable to intraspecific dif-

ferentiation of D. novemcinctus (GDI = 0.24;

Dxy = 0.0057; Da = 0.0027). The Euphracti-

nae subfamily is composed of the three gen-

era Euphractus, Zaedyus, and Chaetophractus.

However, their genetic structure and diver-

gence (0.52 < GDI < 0.805; 0.008 < Dxy

< 0.01; 0.005 < Da < 0.01) was compara-

ble to intrageneric values of naked-tailed ar-

madillos of the Cabassous genus (0.46 < GDI

< 0.75; 0.009 < Dxy < 0.01; 0.005 < Da <

127



Chapter II

0.01) and lower than between the two three-

banded armadillos species Tolypeutes matacus

and T. tricinctus (GDI = 0.8; Dxy = 0.02; Da =

0.02; Figure 3, Figure S7, Figure S8). Finally,

the two individuals of southern naked-tailed

armadillo (Cabassous unicinctus) showed ge-

netic differentiation (GDI = 0.46) comparable

to tamanduas species, despite lower diver-

gence values (Dxy = 0.0032; Da = 0.0019; Fig-

ure 3, Figure S7, Figure S8).
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Figure 3: Pairwise genetic differentiation between xenarthran species estimated with the
Genetic Differentiation Index (GDI; Allio et al. 2021). Each point represents the mean GDI
estimated from 10 regions of 100kb randomly sampled in the genome of a pair of individu-
als. The mean GDI value is indicated below each graph. The higher the GDI, the greater the
genetic differentiation. Color stripes are arbitrary and are intended to facilitate comparisons
between the different genera.
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Genetic diversity, inbreeding, and

demography

The genome-wide diversity has been evalu-

ated using the expected proportion of het-

erozygous positions (i.e heterozygosity, He).

Among xenarthran species, heterozygos-

ity varied from 0.0008 heterozygous sites

per nucleotide for Chlamyphorus truncatus to

0.0048 for one individual of Bradypus variega-

tus S, which is a comparable variation magni-

tude to other mammals (Figure 4, Figure S9).

Three species (Choloepus hoffmanni, Dasypus

pilosus and Chlamyphorus truncatus) and indi-

vidual BMNH 805683 from the Bradypus var-

iegatus S lineage, had a lower He value than

the critically endangered Bradypus pygmaeus

(He < 0.0011). These values were compara-

ble to Nasalis larvatus (He = 0.0013), Rhino-

pithecus roxellana (He = 0.0013), which are

considered as endangered by the IUCN (Fig-

ure S9). In addition, three individuals (Dasy-

pus mexicanus MVZ192698, Cyclopes didacty-

lus BMNH105447, and Choloepus didactylus

mchoDid1) showed lower He values than

other individuals of their respective species,

which could potentially reflect local or recent

interbreeding (Figure 4). To further evaluate

inbreeding levels, we screened genomes to

detect Runs of Homozygosity (RoHs). For

most xenarthran species, cumulative size of

homozygous fragments was lower than 15

Mb. Only the three individuals from the two

species of three-banded armadillos (genus

Tolypeutes) presented a significant amount of

RoHs with fragment size higher than 10Mb.

The variation in effective population size

(Ne) over the last 10 million years (Myr) has

been investigated using pairwise sequential

Markovian coalescent (PSMC) based on the

distribution of heterozygous positions along

the genome. Remarkably, the trajectory of in-

dividuals of the same species seemed quite

well synchronized (see the eight individu-

als of B. variegatus C, the three individuals

of T. tetradactyla, D. kappleri, and D. mex-

icanus, and the two individuals of M. tri-

dactyla, D. septemcinctus, Cyclopes didactylus,

Chaetophractus villosus, Zaedyus pichiy, and

Tolypeutes matacus). However, some individ-

uals showed markedly distinct demographic

histories from others of the same species

or lineage (Choloepus didactylus, Bradypus tri-

dactylus, lineages of Bradypus variegatus S,

and D. guianensis).
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Figure 4: Genome-wide heterozygosity (He) estimated from 1000 random regions of 100kb
from the Random dataset. Each point represents an individual with circle colors correspond-
ing to the IUCN status of the species to which it belongs. Outlier individuals are labeled.
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Figure 5: Runs of Homozygosity (ROH) in the genomes of xenarthran species. Bars repre-
sent cumulative RoH’s length (Mb) for three sizes of homozygous fragments between 1 and
5 Mb in blue, between 5 and 10 Mb in green, and more than 10 Mb in red.
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Phylogenomic analyses

The phylogenetic relationships of xenarthran

species have been inferred from the 40

best quality individuals representing all but

seven currently described xenarthran species

(Cyclopes rufus, Cyclopes xinguensis, Dasypus

pastasae, Dasypus beniensis, Dasypus mazzai,

Cabassous squamicaudis, Cabassous centralis;

Table S5, Table S6). Three afrotherian species

have been included as outgroups (Dugong

dugon, Orycteropus afer, Loxodonta africana)

and 1,908 BUSCO genes (representing a total

of 4,032,759 aligned sites whose 855,243 were

parsimony informative) have been used to

reconstruct the species tree using the ML

approach (Table S7). The species tree in-

ferred from the concatenation under a codon

partition model (Figure 7) presented a con-

gruent topology with the one inferred from

the quartet consensus of gene trees (Figure

S10). This nuclear phylogeny was consistent

with the mitogenomic tree reconstructed by

Gibb et al., (2016), while including seven re-

cently recognized species (Bradypus crinitus,

Cyclopes catellus, Cyclopes thomasi, Cyclopes

ida, Cyclopes dorsalis, Dasypus fenestratus, and

Dasypus novemcinctus) and four new lineages

potentially corresponding to undescribed

species (Bradypus variegatus C, Bradypus varie-

gatus S, Bradypus variegatus S BMNH 805683,

and Cyclopes didactylus BMNH 811187). This

is the first genome-wide species level phy-

logenetic reconstruction for Xenarthra, with

all nodes supported by bootstrap (BS = 100),

except for one node within Dasypus with an

extremely short branch (Figure 7).

Although family and subfamily relation-

ships were consistent with mitochondrial

findings, there were mito-nuclear discor-

dances in Euphractinae inducing a different

grouping of Chaetophractus villosus. In ad-

dition, some topological conflicts were de-

tected using gene- and site- concordance fac-

tors (respectively gCF and sCF) by compar-

ing the proportion of genes and sites sup-

porting alternative topologies (Figure 7, Fig-

ure S11). Topological conflicts were observed

within the species complexes of Bradypus

spp., Cyclopes spp., and Dasypus spp.. As

suggested by the mito-nuclear discordance

involving Chaetophractus villosus, a discor-

dant signal was also found within the nu-

clear genomes. In all these cases, the species

tree was supported by at least 39% of in-

formative sites even if a discordant signal

was found between gene trees (Figure 7, Fig-

ure S11). Remarkably, this was not the case

for two quartets that obtained an equiva-

lent site support of the three possible topolo-

gies (Figure 7, Figure S11). As these discor-

dants topologies can be induced by both in-

complete lineage sorting (ILS) and/or gene

flow (GF), we disentangled these factors us-

ing the Aphid method that compares coa-

lescence times of genes trees as GF is ex-

pected to produce shorter genealogies than
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ILS (Galtier 2023). Thus, for Cyclopes spp.

(nodes 77 & 78 in Figure S11) about 20% of

discordant topologies were associated with

ILS. (Figure S12). For the triplet C. dorsalis

and the two other lineages of C. didactylus

(node 78 in Figure S11), 41.7% of these dis-

cordant topologies were estimated as due to

GF, with an imbalance of 60% toward C. dor-

salis and C. didactylus M2300. When con-

sidering C. ida (node 77 in Figure S11), less

than 11% were detected as due to GF and

mainly directed between C. ida and the two

lineages of C. didactylus (for at least 80%, Fig-

ure S12). Within Bradypus spp., about 27%

of discordant topologies of the node 83 were

attributed to GF between the B. tridactylus

and B. variegatus S lineages, preferentially

with individual BVA4 (about 60%). When in-

cluding B. variegatus C, 30% of GF was de-

tected, well balanced between B. tridactylus

and Bradypus variegatus S (BMNH 805683),

while only 13.7% was detected when includ-

ing the other lineage of Bradypus variegatus

S (BVA4), which was almost exclusively be-

tween this individual and B. variegatus C. For

the five species of long-nosed armadillos (i.e.

Dasypus pilosus, D. novemcinctus, D. guianen-

sis, D. mexicanus, and D. fenestratus), between

28% and 51% of discordant signal were in-

duced by GF. The GF involving D. pilosus

was well balanced between D. novemcinctus

- D. guianensis and D. mexicanus - D. fenestra-

tus, contrary to south American lineages (D.

novemcinctus and D. guianensis), which have

preferentially interbred with D. fenestratus

rather than D. mexicanus (imbalance > 63%).

Within Euphractinae, about 30% of GF led to

the discordant signal of node 62, and it was

particularly balanced between species (Fig-

ure S12). About 50% of discordant topolo-

gies were explained by GF within Tolypeuti-

nae, and affected preferentially (about 55%)

Cabassous spp. and Priodontes maximus (Fig-

ure S12). Finally, we had also evaluated

the relationships among the Euphractinae,

Chlamyphorinae, and Tolypeutinae subfam-

ilies (node 52 in Figure S11), which revealed

46% of GF imbalance between Chlamyphori-

nae and Euphractinae. Surprisingly, imbal-

anced ILS was detected with an excess of

topologies supporting the grouping of Eu-

phractinae and Chlamyphorinae to the ex-

clusion of Cabassous spp..
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Figure 7: Phylogenetic relationships of 40 xenarthran species or subspecies reconstructed by
maximum likelihood based on 1,908 BUSCO genes and rooted using three afrotherian out-
groups. Node labels indicate bootstrap support (BS), and gene- and site-concordance fac-
tors (gCF/sCF). Node labels in bold highlight topological conflicts between genes and sites.
Photo credits: derekz65, benkelly, lucaboscain, anthony2005, andresiade, silviolamothe,
preli, Bradley Davis sclateria (iNaturalist.org), Mariella Superina, Quentin Martinez.

Divergence time estimation

Divergence times were estimated based on

the 100 more clock-like genes using a

Bayesian approach based on a relaxed molec-

ular clock with autocorrelated rates. De-

spite the fact that all model parameters

and divergence time estimates have con-

verged (ESS >> 200; Figure S13) , the pos-

terior distributions of folivoran node ages

showed bimodal distributions (Figure 8).

The crown age of Folivora was estimated

at 29.8 Mya (Table 1). Similarly, ancestral

nodes of Xenarthra, Pilosa, Cingulata, and

Vermilingua were estimated at 65.9 Mya,
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59.2 Mya, 47.8 Mya, and 46.1 Mya, respec-

tively.(Table 1). The three most diverse xe-

narthran genera (i.e. Bradypus, Cyclopes,

and Dasypus) all originated around 11 Mya

(Late Miocene) and diversified between 5

and 1.8 Mya (Pliocene and Pleistocene; Ta-

ble 1). These estimations are anterior to

the separation of the two Tamandua species

(1.57 Mya; Table 1). Within Chlamyphori-

dae, the separation between Euphractinae

and Chlamyphorinae/Tolypeutinae was es-

timated at 33.8 Mya, followed by the sep-

aration of the latter at 26.3Mya. The sepa-

ration between Tolypeutes and Cabassous was

estimated at 24.4 Mya based on these nuclear

data (Table 1). Finally, within Chlamyphori-

nae, the divergence between Chlamyphorus

and Calyptophractus around 9.69 Mya was

similar to the one between the two species of

Tolypeutes estimated at 9.26 Mya.
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Figure 8: Divergence time tree of 40 xenarthran species or subspecies based on 100
most clock-like BUSCO genes and reconstruct using MCMCTree with relaxed clock with
autocorrelated-rate and the the HKY + Γ substitution model of sequence evolution. Node
distribution represents the 95% credibility intervals around mean age estimates. Red circles
represent nodes used as calibration constraints. Node numbers refer to the Table 1 detailing
divergence time estimates.
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Table 1: Divergence time estimated with MCMCTree with relaxed clock with
autocorrelated-rate and the HKY + Γ substitution model of sequence evolution based on
100 most clock-like BUSCO genes representing 40 xenarthran species or subspecies. For 36
clades, this table details their node number according to Figure 8 and compares mean pos-
terior times estimated in Myr in this study, in Gibb et al. 2016, Delsuc et al. 2012 and 2004.
The 95% credibility intervals are indicated in brackets. Clades in bold serve as calibration
constraints. MND: Mito-Nuclear discordance.

Clades Nodes This study Gibb et al. Delsuc et Delsuc et
(2016) al. (2012) al. (2004)

Xenarthra 1 65.87 67.7 ± 3.0 67.8 ± 3.4 64.7 ± 4.9
[62.9-68.7] [60.4–71.6] [61.3–74.7] [55.3–74.6]

Pilosa 2 59.19 58.4 ± 4.1 60.1 ± 3.6 55.2 ± 4.9
(anteaters + sloths) [55.7-62.1] [48.6–64.7] [53.1–67.2] [45.8–65.2]
Folivora 3 29.78 29.9 ± 6.5 28.3 ± 3.4 20.8 ± 3.3
(sloths) [15.8-38.1] [16.5–39.6] [22.0–35.2] [15.0–27.8]
Megalonychidae 4 4.58 9.2 ± 3.5 – –
(two-toed sloths) [1.87-7.12] [3.5–16.7]
Bradypodidae 5 10.95 19.0 ± 4.7 – –
(three-toed sloths) [4.86-15.94] [9.6–27.0]
B. torquatus / B. crinitus 6 1.79 – – –

[0.71-2.82]
B. griseus / others 7 4.36 7.7 ± 2.4 – –

[1.81-6.63] [3.6–12.6]
B. tridactylus / B. variegatus 8 3.48 5.7 ± 1.8 – –

[1.38-5.3] [2.6–9.5]
B. variegatus / B. ephippiger 9 2.06 – – –

[0.81-3.21]
Vermilingua (anteaters) 10 46.13 37.8 ± 4.9 45.5 ± 3.7 40.0 ± 4.4

[40.95-50.85] [26.9–46.2] [38.4–52.8] [31.8–49.0]
Myrmecophaga / Tamandua 11 17.23 12.7 ± 3.3 13.6 ± 2.1 10.1 ± 1.8

[11.57-23.17] [7.0–19.8] [9.9–18.2] [6.9–14.1]
T. mexicana / T. tetradactyla 12 1.57 1.0 ± 0.4 – –

[0.82-2.47] [0.4–2.0]
Cyclopes 13 11.09 – – –

[7.17-15.37]
C. thomasi / C. catellus 14 2.46 – – –

[1.34-3.71]
C. ida / others 15 5.02 – – –

[3-7.26]
C. dorsalis / others 16 3.03 – – –

[1.78-4.41]
C. didactylus / 17 2.37 – – –
C. sp. [1.37-3.49]
Cingulata (armadillos) 18 47.82 44.9 ± 3.5 42.3 ± 3.8 39.7 ± 4.5

[44.31-51.14] [38.3–52.1] [35.1–50.0] [31.3–49.1]
Dasypodinae 19 10.88 12.4 ± 3.4 11.2 ± 2.0 7.3 ± 1.6
(long-nosed armadillos) [7.21-14.6] [7.2–20.4] [7.8–15.6] [4.6–10.9]
D. septemcinctus / others 20 4.74 5.1 ± 1.7 – –

[2.93-6.6] [2.7–9.2]
D. pilosus / others 21 3.07 MND – –

[1.89-4.35]
D. mexicanus / D. fenestratus / 22 2.81 MND – –
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[1.7-3.95]
D. guianensis / D. novemcinctus

D. mexicanus / D. fenestratus 23 1.79 – – –
[1.07-2.51]

D. guianensis / D. novemcinctus 24 2.17 MND – –
[1.3-3.08]

Chlamyphoridae 25 36.68 37.2 ± 3.4 34.5 ± 3.6 32.9 ± 4.1
[34.15-39.38] [31.5–44.7] [27.8–41.9] [25.2–41.5]

Euphractinae (hairy armadillos) 26 5.92 11.0 ± 2.8 8.3 ± 1.6 6.2 ± 1.4
[3.72-8.2] [6.8–17.8] [5.5–11.8] [3.8–9.3]

C. villosus / E. sexcinctus 27 4.53 MND – –
[2.86-6.39]

Zaedyus pichiy / others 28 2.96 8.2 ± 2.3 – –
[1.82-4.2] [4.9–13.7]

Chlamyphorinae / Tolypeutinae 29 33.79 32.6 ± 3.1 32.9 ± 3.6 –
[31.48-36.21] [27.9–40.0] [26.3–40.2]

Chlamyphorinae 30 9.69 19.4 ± 2.7 17.3 ± 2.7 –
(fairy armadillos) [6.65-13.04] [15.2–25.9] [12.4–23.0]
Tolypeutinae 31 26.28 25.7 ± 2.7 26.1 ± 3.2 21.8 ± 3.3

[24.76-28.18] [22.4–32.7] [20.2–32.9] [15.8–28.9]
Tolypeutes / Cabassous 32 24.44 22.5 ± 2.6 24.2 ± 3.1 20.5 ± 3.2

[22.81-26.23] [19.0–29.0] [18.5–30.7] [14.7–27.3]
Tolypeutes 33 9.26 14.1 ± 2.0 – –

[7.17-11.42] [11.0–19.1]
Cabassous 34 5.52 10.9 ± 1.9 – –

[3.88-7.19] [8.0–15.5]
C. chacoensis / C. tatouay 35 3.8 MND – –

[2.63-5.04]
C. centralis / C. unicinctus – – 1.3 ± 0.3 – –

[0.8–2.1]

Discussion

Genomic evidence for new xe-

narthran species

In this study, we reconstructed the phylo-

genetic relationships of 261 xenarthran mi-

togenomes covering 88% of the recognized

species plus seven extinct species. This pop-

ulation scale phylogenetic reconstruction al-

lowed us to identify multiple lineages sug-

gested to represent distinct species by species

discovery methods (Figure 1). We used this

species delimitation partition as species hy-

potheses to evaluate further using nuclear

genomes. Thus, we analyzed the whole

genome of 73 individuals, representing 86%

(36/42) of the recognized species and >85%

(44/52 bPTP; 43/48 GMYC) of the parti-

tioned species delimitation hypotheses.

We first evaluated the genome-wide di-

vergence and genetic differentiation between

36 currently recognized xenarthran species.

This provided a remarkable framework to
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evaluate the taxonomic status of recently

split species complexes or lineages with un-

certain status through a comparative ap-

proach including currently recognized xe-

narthran species. Individuals of the five

pygmy anteaters species (Cyclopes spp.) eval-

uated in this study, as well as individuals

of northern (Bradypus torquatus) and south-

ern (Bradypus crinitus) maned three-toed

sloths, showed comparable genomic differ-

entiations than the one between northern

(Tamandua mexicana) and southern (Taman-

dua tetradactyla) tamanduas. This genome-

wide evaluation therefore corroborates their

species status, which was recently proposed

based on morphology and only five molec-

ular markers (Coimbra et al. 2017; Mi-

randa et al. 2018, 2023). In addition, within

pygmy anteaters, Cyclopes dorsalis was nested

within Cyclopes didactylus rendering them pa-

raphyletic (Figure 1). Analyzing their nu-

clear genomes recovered the monophyly of

Cyclopes didactylus but revealed a very short

internal node with high amount of discor-

dant signal for an alternative grouping with

C. dorsalis (Figure 7, Figure S11). These two

Cyclopes didactylus lineages emerged 2.4 Myr

ago (Figure 8; Table 1) and are distributed

in the North East of South America, with a

lineage being restricted to the Guiana Shield

and the other with a disjunct distribution

south of the Amazon river in the Brazilian

Northeast (Figure S14). These two lineages

were previously identified by Coimbra et al.

(2017) using five molecular markers. How-

ever, considering their limited morpholog-

ical differences, Miranda et al. (2018) re-

mained conservative and did not formally

describe them as separate species. Here, by

evaluating their genome-wide differentia-

tion, these two lineages of Cyclopes didactylus

were demonstrated to show comparable ge-

netic differentiation values to other Cyclopes

species and the comparison with other xe-

narthran species supported their status as

distinct species (Figure 3, Figure S7, Figure

S8). In addition, evolution of their effective

population size also supported their inde-

pendent evolution these last million years

(Figure 6). According to the type locality

from Suriname, the epithet of didactylus be-

longs to the population from the Guiana

Shield. Finally, a formal description is re-

quire for the Brazilian Northeast lineage, as

there is no taxa currently in synonymy.

Within the brown-throated three-toed

sloth (Bradypus variegatus), both mitochon-

drial and nuclear phylogenetic reconstruc-

tions revealed paraphyly :Bradypus variega-

tus C and Bradypus variegatus S are separated

by the pale-throated three-toed sloth (Brady-

pus tridactylus) (Figure 1, Figure 7). Despite

conflictual genetic signals at this topologi-

cal node (Figure 7, Figure S11), the two lin-

eages were more differentiated than many

recognized xenarthran species and showed

comparable values to Linnaeus’s (Choloepus
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didactylus) and Hoffmann’s (Choloepus hoff-

manni) two-toed sloths, which supports their

elevation to the species level (Figure 3, Fig-

ure S7, Figure S8). These two lineages sepa-

rated around 4.4 Myr ago (Figure 8; Table 1)

and have distinct distributions, with Brady-

pus variegatus C located in Central America

(from Panama to Nicaragua), while Brady-

pus variegatus S is found in South America on

the western side of the Andes and through-

out the Amazonian basin on the eastern side

(Figure S15). The type specimen of Bradypus

variegatus (Schinz, 1825) comes from Bahia

(Brazil) thus the southern lineage must con-

serve its denomination. The Central Ameri-

can lineage should inherit the epithet griseus

(Gray, 1871) considering that its type spec-

imen from Costa Rica represents the older

description of a Central American three-toed

sloth taxon. Surprisingly, the insular pygmy

sloth species (Bradypus pygmaeus) was found

nested within Bradypus griseus in both mito-

chondrial and nuclear phylogenetic recon-

structions (Figure 1, Figure 7). Despite its

striking morphological differentiation from

the mainland populations, genetic differen-

tiation comparisons with other xenarthran

species would support this insular popu-

lation as a subspecies of Bradypus griseus

rather than a distinct species (Figure 3, Fig-

ure S7, Figure S8). In addition, mitochon-

drial species discovery methods suggested

an additional delimitation partition in this

Central American three-toed sloth species by

distinguishing individuals from Nicaragua

from others of Central America (Figure S15).

This distribution corresponds to the previ-

ously described taxa B. castaneiceps (Gray,

1871), however, we unfortunately did not

succeed in sequencing whole genomes with

sufficient quality from these individuals, so

their taxonomic evaluation is still required.

Within the South American lineage of Brady-

pus variegatus, mitochondrial species discov-

ery methods suggested additional partitions

that were further evaluated. Indeed, PSMC

of South American individuals revealed nu-

merous distinct demographic trajectories in

the last million years (Figure 6). Genome-

wide differentiation comparisons revealed

that individuals BVACal7 (Para, Brazil) and

BMNH 805683 (Venezuela) were as geneti-

cally differentiated from other individuals of

Bradypus variegatus than were the two taman-

duas species (Figure 3, Figure S7, Figure S8).

Divergence time of individual BMNH 805683

with other Bradypus variegatus has been esti-

mated at 2 Myr (Figure 8; Table 1). Individ-

uals of the same mitochondrial haplogroup

are distributed in the north-western side of

the Andes (Figure S15), which corresponds

to Bradypus ephippiger (Philippi,1870), first

described in the northern Andes of Colom-

bia by Thomas (1917) and then restricted to

the Atrato River in Colombia by Cabrera

(1958). Ruiz-Garcı́a et al. (2020) evaluated

the mitochondrial genomes of 77 individu-

als of B. variegatus and also recovered this
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North-western Andean mitotype, however

their restricted dataset did not allow them to

evaluate its taxonomic status. The two other

lineages found within Bradypus variegatus

are located on the eastern side of the Andes

(Figure S15). Individuals of the same mito-

chondrial haplogroup than BVACal7 (Para,

Brazil) are located in eastern Brazil (in the

Atlantic forest and Pará state; Figure S15),

which corresponds to the type locality of

Bradypus variegatus (Schinz, 1825) and should

thus conserve this denomination. Finally, the

distribution of the last lineage is more fuzzy

as individuals are found in Ecuador, Bolivia

and Brazil, so their exact connection with

Bradypus variegatus still needs to be assessed

to properly define its epithet (Figure S15).

Within Cingulata, the genome-wide eval-

uations of D. novemcinctus, D. guianensis, D.

fenestratus and D. mexicanus confirmed their

species status as recently assessed based on

exon capture data (Barthe et al.in revision).

Moreover, in agreement with Barthe et al.

(Accepted), we did not find evidence for

supporting D. sabanicola as a distinct species

from D. novemcinctus. Divergence time for

the crown age of D. novemcinctus, D. guia-

nensis, D. fenestratus, and D. mexicanus was

estimated at 2.8 Mya and successive rapid

speciation events led to these four species

with a mean divergence time of 1.8 Mya

for D. fenestratus and D. mexicanus, and 2.2

Mya for D. novemcinctus and D. guianensis.

Among the Euphractinae subfamily, three

genera are currently recognized: Euphractus,

Chaetophractus, and Zaedyus. However, con-

sidering the demonstrated paraphyly of the

genus Chaetophractus and the restricted ge-

nomic divergence among members of this

subfamily (lower than between Tolypeutes

spp. or Bradypus spp.; Figure 3, Figure

S7, Figure S8), the four species might bet-

ter be placed in the Euphractus (Wagler, 1830)

genus to be consistent with the rest of the xe-

narthran taxonomy.

Finally, mitochondrial phylogenetic re-

construction found the southern naked-

tailed armadillo (Cabassous unicinctus) to

be paraphyletic due to the exclusion of the

MVZ155190 individual and the grouping of

the northern naked-tailed armadillo (Cabas-

sous centralis) with other Cabassous unicinctus

individuals. By evaluating genome-wide di-

vergence between specimen MVZ155190 and

another Cabassous unicinctus individual from

French Guiana, we obtained values compa-

rable to other xenarthran species (e.g. Taman-

dua spp. and Cyclopes spp.). The MVZ155190

individual was sampled in Peru, while all

others Cabassous unicinctus of our dataset

come from French Guiana. Despite the high

divergence between these individuals with

distant geographical locations, we remained

conservative about their potential status as

distinct species considering the lack of in-

formation on the distribution of these two

lineages.
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Conservation implications for xe-

narthran species

Conservation efforts are essential consider-

ing xenarthrans face numerous threats in-

cluding hunting, habitat degradation, and

illegal pet trade (Superina and Abba 2020).

This group is the least diverse of the four

major placental mammal clades with only

42 currently recognized species (Burgin et

al. 2018; Feijó and Brandão 2022; Barthe

et al, in revision). Nevertheless, only 11

of them are listed as Least Concern in the

IUCN Red List of Threatened Species (Ta-

ble 2). Recent taxonomic revisions within

Xenarthra have been proposed and had sig-

nificant implications for conservation efforts

(Coimbra et al. 2017; Miranda et al. 2018,

2023; Feijo and Anacleto 2021). Notably

the monospecific species of pygmy anteater

(Cyclopes didactylus) that was considered as

Least Concern has been split into seven dis-

tinct species, which considerably restricted

their geographical distribution (Coimbra et

al. 2017; Miranda et al. 2018). Given these

recent taxonomic changes, their conserva-

tion status needs to be reassessed. Eighteen

xenarthran species that have been revised

since 2018 are in this situation and are still

awaiting the evaluation of their conserva-

tion status by the IUCN Anteater, Sloth and

Armadillo Specialist Group (ASASG). Here,

by proposing a new species of Cyclopes and

revalidating three new Bradypus species, we

increased this number to 22. In addition,

five xenarthran species are still considered as

Data Deficient in the IUCN Red List (Table

2). Indeed, many xenarthran species are dif-

ficult to study in the wild notably because of

their ecology (e.g. fossorial, arboreal) and the

lack of researchers working on these species

(Superina and Abba 2020). Thus, evaluat-

ing threats and their precise distribution can

be challenging and require fieldwork, which

can hinder conservation measures (Feijó et

al. 2022). Although these fieldwork infor-

mations are essential, genetics estimation of

their population size and inbreeding can con-

stitute an initial approach to target priority

species (Theissinger et al. 2023). Here, by

reconstructing the demographic evolution

over the last million years we highlight an

overall reduction in population size of xe-

narthran species (Figure 6). However, by es-

timating heterozygosity and distribution of

ROHs, we suggest that Choloepus hoffmanni,

Dasypus pilosus, Chlamyphorus truncatus and

Bradypus ephippiger are a priority concern for

assessing their conservation status based on

their reduce genetic diversity (Figure 4, Fig-

ure 5).

Finally, by recognizing Bradypus pygmaeus

as a subspecies of Bradypus griseus, we hope

not to hinder conservation of this unique is-

land population currently considered as Crit-
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ically Endangered in the IUCN Red List. De-

spite this taxonomical change, this popula-

tion, distinguished by its remarkable size re-

duction due to insular dwarfism, remains

under severe threat due to its limited range

confined to the island Escudo de Veraguas

and ongoing habitat degradation (Voirin

2015).
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Table 2: IUCN Red List categories for xenarthran species.

Species IUCN Red List category
Choloepus didactylus Least concern
Choloepus hoffmanni Least concern
Bradypus torquatus Re-evaluation needs
Bradypus crinitus –
Bradypus griseus –
Bradypus tridactylus Least concern
Bradypus variegatus Least concern ≥ re-evaluation needs
Bradypus ephippiger –
Bradypus spp. –
Cyclopes catellus –
Cyclopes thomasi –
Cyclopes ida –
Cyclopes rufus –
Cyclopes xinguensis –
Cyclopes dorsalis –
Cyclopes didactylus Re-evaluation needs
Cyclopes sp. –
Myrmecophaga tridactyla Vulnerable
Tamandua mexicana Least concern
Tamandua tetradactyla Least concern
Dasypus kappleri Re-evaluation needs
Dasypus beniensis –
Dasypus pastasae –
Dasypus septemcinctus Least concern
Dasypus pilosus Data deficient
Dasypus sabanicola Near threatened
Dasypus mazzai Data deficient
Dasypus novemcinctus Re-evaluation needs
Dasypus guianensis –
Dasypus fenestratus –
Dasypus mexicanus –
Euphractus sexcinctus Least concern
Chaetophractus villosus Least concern
Zaedyus pichiy Near threatened
Chaetophractus vellerosus Least concern
Chlamyphorus truncatus Data deficient
Calyptophractus retusus Data deficient
Priodontes maximus Vulnerable
Tolypeutes matacus Near threatened
Tolypeutes tricinctus Vulnerable
Cabassous tatouay Least concern
Cabassous chacoensis Near threatened
Cabassous centralis Data deficient
Cabassous unicinctus Re-evaluation needs
Cabassous squamicaudis –
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Phylogenomic conflicts within xe-

narthrans

We reconstructed the more complete species

level phylogeny of Xenarthra representing 36

of the 42 currently recognized species plus

Cyclopes sp., Bradypus ephippiger and Brady-

pus griseus elevated as distinct species in this

study (Figure 7). This genome-wide frame-

work was concordant with previous mito-

chondrial reconstruction (Möller-Krull et al.

2007; Delsuc et al. 2012; Gibb et al. 2016) but

revealed multiple nodes with conflictual sig-

nals between genes and sites (Figure 7, Fig-

ure S11). Notably, conflictual resolution of

Tolypeutinae and Euphractinae highlighted

by Delsuc et al. (2003) that remained con-

troversial in later studies (Möller-Krull et al.

2007; Delsuc et al. 2012) appeared highly

discordant with nearly equivalent support

of the three topologies (Figure S11). Simi-

larly, the crown of Chlamyphoridae also sup-

ported almost equivalently the three topolo-

gies (Figure S11). Additional nodes within

Cyclopes spp., Bradypus spp. and Dasy-

pus spp. supported discordant signals de-

spite supporting preferentially a topology.

Such phylogenetic discordances are expected

when successive speciation events occur be-

fore complete lineage sorting, leading to

shared ancestral polymorphism by multiple

lineages (i.e incomplete lineage sorting; ILS)

that will be sorted independently in each lin-

eage, creating phylogenetic conflicts (Maddi-

son 1997). Discordances can also result from

gene flow (GF) when reproductive isolation

is not complete. Disentangling these two

processes in xenarthran nodes with highly

discordant signals revealed that both GF

and ILS had contributed to discordant genes

trees. Notably, between 9.5% and 30% of dis-

cordant signals were attributed to ILS, with

the highest values observed were within Cy-

clopes spp. and within Bradypus griseus and

other South American species. The faster the

successive speciation events and the larger

the ancestral effective population size, the

higher the values of ILS. Thus, it would be

interesting to evaluate if this proportion of

ILS corroborates differences between diver-

gence time estimates (Table 1) and effective

population size estimated by PSMC (Figure

6). Furthermore, nodes with highly discor-

dant signals also supported GF, from 9.8%

up to 50.9%. This corroborates evidence of

GF previously found in the Dasypus genus

(Barthe et al, in revision). In addition, the

excess of topologies atributed to ILS support-

ing ((Chlamyphorinae, Euphractinae), Cabas-

sous) suggest GF between Cabassous and a

ghost lineage (Tricou et al. 2022a, 2022b). To-

gether, this evidence for hybridization high-

lights the prevalence of post-speciation GF in

xenarthrans and suggests speciation events

that occurred with contact zones or sec-

ondary contacts. This is in line with other

studies that also reported GF during specia-

tion of mammalian species (Trigo et al. 2008,
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2013; Kumar et al. 2017; Ge et al. 2023).

Finally, considering gene flow can induce

underestimation of speciation time we esti-

mated divergence time based on genes min-

imizing topological conflict with the species

tree (Smith et al. 2018).

Biogeography

The Andean mountain range is the result

of multiple pulses of tectonic uplift that oc-

curred throughout the Cenozoic, which cre-

ated a physical barrier between populations

by reducing migration and also promoted

local adaptation by inducing habitat differ-

entiation notably along an altitudinal gradi-

ent (Hoorn et al. 2010). Its impact on spe-

ciation has been widely recognized in South

American mammals (Cortés-Ortiz et al. 2003;

Redondo et al. 2008), birds (Weir and Price

2011), and reptiles (Esquerré et al. 2019). The

northern Andes of Venezuela, Colombia, and

Ecuador delimit the distributions of several

xenarthran species pairs such as Tamandua

tetradactyla / T. mexicana (Moraes-Barros and

Arteaga 2015; Ruiz-Garcı́a et al. 2021), Cabas-

sous unicinctus / C. centralis (Moraes-Barros

and Arteaga 2015; Feijo and Anacleto 2021),

Cyclopes didactylus / C. dorsalis (Coimbra et

al. 2017; Miranda et al. 2018), and Dasy-

pus novemcinctus / D. fenestratus (Barthe et

al. accepted) or the two divergent mito-

chondrial lineages of Hoffmann’s two-toed

sloth (Choloepus hoffmanni; Moraes-Barros

and Arteaga 2015). Here we have also rec-

ognized a distinct three-toed sloth species

(Bradypus ephippiger) distributed north of the

Andes and separated from southern individ-

uals by this mountain range. These numer-

ous cases of xenarthran species separated by

the Andes suggest that this biogeographic

barrier has played an important role in their

speciation and in the maintenance of their

genetic differentiation.

The Guiana Shield is an ancient craton

located in northern South America that in-

cludes parts of eastern Venezuela, Guyana,

Suriname, French Guiana, and northeast-

ern Brazil, bounded by the Amazon to the

south and the Orinoco to the west (Ham-

mond 2005; Lujan et al. 2011). Its ancient

rock formations have been eroded over mil-

lions of years, creating a landscape of moun-

tains and plateaus that supports among the

most extensive tracts of relatively pristine

lowland tropical rainforests. Its ancient his-

tory, relative geographic isolation, and eco-

logical singularity make it an area of high

biodiversity in South America with numer-

ous endemic species of plants, birds, am-

phibians and mammals (Kelloff and Funk

2004; Hollowell and Reynolds 2005; Fou-

quet et al. 2012). The Guiana Shield seems

to have influenced the distribution of sev-

eral xenarthran species, including the pale-

throated three-toed sloth (Bradypus tridacty-

lus), the greater long-nosed armadillo (Dasy-
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pus kappleri; Feijo and Cordeiro-Estrela 2016;

Feijó et al. 2019) and the guianan long-nosed

armadillo (Dasypus guianensis; Barthe et al.

accepted). In this study, we have also rec-

ognized the common silky anteater (Cyclopes

didactylus) as being restricted to the Guiana

Shield. This growing body of evidence of

xenarthran species with a restricted distri-

bution in the Guiana Shield suggests that

this biogeographic region could have signif-

icantly influenced xenarthran diversification.

The presence of similar distributions

among the three major xenarthran orders

suggests the existence of common biogeo-

graphic barriers that have influenced their

speciation. Thus, it provides important in-

sights to better understand the factors that

promote and maintain the biodiversity of

this clade endemic to the Neotropics. Our re-

vision of their taxonomy including genome-

wide markers will allow performing more

accurate diversification analyses to charac-

terize the potential drivers of speciation

within xenarthran species complexes. Pre-

vious studies have successfully addressed

these aspects in other neotropical mammals,

such as South American felids (Trigo et al.

2013; Figueiró et al. 2017; Trindade et al.

2021; Ramirez et al. 2022), canids (Chavez et

al. 2022), marsupials (Giarla and Jansa 2014),

and rodents (Vallejos-Garrido et al. 2023).

Future genomic studies of this kind are re-

quired to fully understand the dynamics of

the speciation process in xenarthrans.

Conclusion

This study encompasses a nearly exhaus-

tive whole-genome sequencing dataset of Xe-

narthra which has allowed to conduct the

most comprehensive molecular revision of

their species diversity. To be consistent with

the current taxonomy, we performed a com-

parison of genomic differentiation between

all xenarthran species that revalidate B. ephip-

piger and B. griseus, lump the Critically En-

dangered B. pygmaeus with B. griseus and

suggests the description of a new species of

anteater, Cyclopes sp., that requires a formal

morphological description to assert its valid-

ity. This raises the number of xenarthran

species to 44, but four species (D. mazzai,

D. sabanicolas, B. variegatus and C. unicinctus)

still require further investigation. In addi-

tion, species of Ephractinae should all belong

to the Euphractus genus. Based on this taxo-

nomic revision, this study provided a com-

prehensive assessment of the evolutionary

history of Xenarthra notably by evaluating

demographic history and genomic diversity,

disentangling factors that have induced phy-

logenetic discordances and providing a time

scale reference phylogenetic framework.
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Materials and Methods

Biological sampling

Tissues samples of 103 xenarthran individ-

uals were collected for this study. Thirty-

one of them were sampled as dried skin

pieces from museum specimens in the British

Museum of Natural History (BMNH). Tis-

sue samples of the 72 other individuals were

obtained over the years through multiple

sources (F. Delsuc, pers. comm.)

DNA extractions and sequencing

Genomic DNA extractions were carried out

using fresh tissue biopsies preserved in 95%

ethanol using the DNeasy Blood & Tissue

Kit from QIAGEN, following the manufac-

turer’s instructions. For museum dried skin

samples, a meticulous process was adopted:

each sample was handled sequentially un-

der a UV hood, with thorough cleaning

in between to prevent any potential cross-

contamination. DNA extractions were then

conducted in batches of 12 samples, includ-

ing a blank extraction control, utilizing the

same DNeasy Blood & Tissue Kit in a clean

room environment under UV. A minor ad-

justment was made to the elution volume,

reducing it to 70 µl from the standard 100

µl. Subsequently, Illumina libraries were

prepared from the DNA extracts, employ-

ing a cost-effective adaptation of the Meyer

and Kircher (2010) protocol as suggested by

Tilak et al. (2015). Shotgun Illumina se-

quencing was employed to obtain the mi-

togenomes by sequencing 10 million paired-

end reads of 150 bp by Novogene for each

sample. Among these individuals, addi-

tional sequencing was performed for 72 of

them to obtain the whole genome at targeted

depth of coverage of 15x.

Mitochondrial dataset

We gathered the raw reads of the 103 individ-

uals obtained by shotgun sequencing with

raw reads of 98 publicly available genomes

(including 22 sequences as whole genomes).

For the 94 individuals sequenced as whole

genomes, we used seqtk sample v1.3 to ob-

tain a sub-sample of reads representing at

least 15X of mitochondrial depth coverage.

FastP v0.21.0 (Chen et al. 2018) was used to

clean these 201 raw data. The reference mi-

togenome of Cyclopes dorsalis, C. ida and C.

thomasi (MVZ190355) were generated using

Mitofinder v1.4 (Allio et al. 2020). These ref-

erence mitogenomes and those already avail-

able (detailed in Table S3), were used to

map reads of each individual with bwa mem

v.0.7.17 (Li 2013) with default parameters ac-

cording to the type of data (single-end or

paired-end). Mapping files were converted,

ordered and indexed according to their posi-

tion on the reference mitogenome using Sam-

tools v1.9 (Li et al. 2009) and Picard v2.25.5

(Picard Toolkit 2019). Duplicate reads were
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marked using MarkDuplicates v2.25.5 (Pi-

card Toolkit 2019). Freebayes v1.3.1 (Gar-

rison and Marth 2012) had performed vari-

ant calling with adequate options for haploid

data. The depth coverage was estimated by

Samtools depth v1.9 (Li et al. 2009) with a

mapping quality threshold of 30, a base qual-

ity threshold of 30 and the option ≪ -a ≫.

Thus, positions with less than 5x depth cov-

erage were masked. In addition, we used

bcftools filter to mask positions that were

not of type “snp” or “ref”, and also “com-

plex” positions that induce a frame shift. Fi-

nally, bcftools consensus v1.14 (Danecek et

al. 2021) converted the vcf file to fasta format

using haploid parameters and masking po-

sitions that did not pass our thresholds. We

complete this dataset with 60 publicly avail-

able mitochondrial sequences (see Table S1

for details) downloaded using eDirect tools.

Mitochondrial phylogenetic recon-

struction

For each reference mitogenomes, we defined

a partition file corresponding to the 15 mito-

chondrial CDS and rRNA. Using AMAS split

(Borowiec 2016) we extracted these regions

from the mitochondrial sequences. These

genes were aligned separately with mafft

(Katoh and Standley 2013) with default pa-

rameters. Finally, for the 261 individuals,

these 15 aligned genes were concatenated

with AMAS concat (Borowiec 2016) and the

mitogenomic tree was reconstructed by max-

imum likelihood (ML) with IQ-TREE v2.1.4

(Minh et al. 2020) with a partitioned model

(“-spp” option) and using ModelFinder (“-m

TESTNEW” option; Kalyaanamoorthy et al.

2017) to identified the best-fitting model.

Mitochondrial phylogenetic delimi-

tation

We reconstructed the ML tree for 222 in-

dividuals (excluding fossiles, unverified se-

quences from GenBank and 3 individuals

(NMB3, PAP76 and NMB11) that are sus-

pected to have been contaminated) to con-

duct species delimitation based on substitu-

tion rates using the Bayesian version of PTP

(bPTP-ML) v0.51 (Zhang et al. 2013). Then

we reconstruct an ultrametric tree by cali-

brating the tree using IQ-TREE with the “–

date-tip 0” option and the same other options

previously used, and setting the calibrated

nodes (“–date” option) to 67.7 Myr for the

crown of Xenarthra, 58.4 Myr for the crown

of Pilosa, 29.9Myr for the crown of Folivora,

and 37.8 Myr for Vermilingua following Gibb

et al.(2016). The Generalized Mixed Yule Co-

alescent method (GMYC; Pons et al. 2006)

from the R package splits v1 (Ezard et al.

2009) was used with default parameters.
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Whole genomes sequencing dataset

For the 72 individuals sequenced as whole

genome plus the 22 publicly available whole

genome, we used FastP v0.21.0 (Chen et al.

2018) to clean the raw data. We mapped

reads with bwa mem v0.7.17 (Li 2013) on ref-

erence genomes (detailed in Table S3) using

adequate parameters for paired-end data,

and all the others parameters as default. We

converted, ordered and indexed mapping

files according to their position on the ref-

erence genome using Samtools v1.9 (Li et

al. 2009) and Picard v2.25.5 (Picard Toolkit

2019). Duplicate reads were marked us-

ing MarkDuplicates v2.25.5 (Picard Toolkit

2019). We performed variant calling for

diploid data using Freebayes v1.3.1(Garrison

and Marth 2012). Samtools depth v1.9 (Li

et al. 2009) with a mapping quality thresh-

old of 30, a base quality threshold of 30 and

the option ≪ -a ≫ estimated depth coverage

in order to mask position with less than 6x

depth coverage. VCF2FastaFreebayes was

used to generate diploid fasta sequences and

masked additional positions with quality in-

ferior as 300 and heterozygous positions with

a read frequency of the minor allele inferior

to 0.3 (deviating from the 0.5 expectation).

Nineteen individuals with less than 5X depth

coverage plus individual PAP76, suspected

to have been contaminated, have been dis-

carded from downstream analyses.

Extraction of BUSCO regions - We iden-

tified the orthologous regions of the Mam-

malia OrthoDB10 BUSCO gene set of our

14 reference genomes using Benchmarking

Universal Single-Copy Orthologs (BUSCO)

v5.4.7 (Waterhouse et al., 2018). For each

reference genome, numbers of genes found

are summarized in the Figure S5. We ex-

tracted those genes in the diploid fasta se-

quences for the 74 individuals using exon

coordinates provided by BUSCO analysis.

Diploid sequences were converted in IUPAC

format. Sequences with more than 50% of

missing data were excluded. This dataset

is referred as Busco dataset Forty individuals

with the lower rate of missing data were se-

lected to represent all Xenarthrans species or

lineages (Table S5). Then, 2006 BUSCO genes

shared by at least 37 individuals (out of the

40 best representatives) were selected (see Ta-

bles S6, S7). These sequences were aligned

using OMM Macse V12.01 with the option

“no prefiltering”.

Extract Random regions - To exclude

potential contaminant scaffold of reference

genome we focussed on those assigned

as Chordata by the blastn v2.12.0+ and

BlobTools v1.1.1 analyses (Supplementary

files). We also excluded sexual chro-

mosomes identified as scaffold with at

least 50% aligning with the sexual chromo-

somes of Choloepus didactylus (NC 051334.1,

NC 051335.1) using Lastz v1.04.22 and the

script sum seq lastz chrX.py. We sampled,

with shuf, 100 regions of 100kb generated
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by fasta generate regions.py and replicate

this operation 10 times for each reference

genome. These regions were extracted for all

individuals using a home made script to con-

stitute the Random dataset.

Phylogenetic reconstruction

The 2006 Busco genes from the Busco dataset

were aligned separately with OMM Macse

V12.01 and the option “no prefiltering”.

Gene trees were reconstructed by ML with

IQ-TREE v2.2.0. Phylter v0.9.11 identified

98 gene trees containing anormal branch

length that we filtered out from the dataset.

Then aligned sequences of the 1908 Busco

genes were concatenated using Amas and

the species tree was reconstructed by ML-

with IQ-TREE v2.2.0 (Minh et al. 2020)

with a partitioned model (“-spp” option) us-

ing ModelFinder (“-m TESTNEW” option;

Kalyaanamoorthy et al. 2017) to identify the

best-fitting based on the Bayesian Informa-

tion Criteria (BIC). Node support was esti-

mated using 1000 ultrafast bootstrap repli-

cates and gene- and site-concordance factors

(Minh et al. 2020).

Divergence time estimation

We performed a Bayesian inference of diver-

gence time with the MCMCTree program im-

plemented in PAML v.4.10.7 (Yang 2007), us-

ing a Markov Chain Monte Carlo (MCMC)

to generate the posterior distribution of di-

vergence times. This method is time and

computationally expensive when applied on

large datasets (Smith et al. 2018). For this

reason, we used the SortaDate approach to

select 100 genes based on three criteria :

i) clock-likeness estimated from the root-to-

tip variance, ii) reasonable tree length, and

iii) minimizing topological conflict with the

species tree. A partition by codon positions

was used given the higher likelihood value

estimated by IQ-Tree for this tree rather than

for the tree with no partition. The topol-

ogy for MCMCTrees inferences was fixed ac-

cording to the species tree obtained with the

dataset composed by 1908 BUSCO genes.

The phylogeny was constrained by six cali-

bration points : i) for the node between Lox-

odonta and Dugong the minimum age was

set to 72.3 Myr and maximum to 59.2 Myr,

ii) between Dasypus and Bradypus to < 66

Myr and >47.8 Myr iii) between Cyclopes and

Tamandua to < 56 Myr and > 15.97 Myr, iv)

between Bradypus and Choloepus to < 40.6

Myr and > 15.97 Myr v) between Cyclopes

and Bradypus to > 66 Myr and > 31.5 Myr

v) between Cabassous and Priodontes to < 36

Myr and < 26 Myr (Gibb et al., 2016; Foley et

al. 2023). Finally, the root was constrained by

an upper bound set at 131.5 Myr (Foley et al.

2023).

Approximate likelihood estimation -

First, the maximum likelihood estimate of

branch lengths were approximated by the

Taylor expansion proposed by Thorne et al
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and implemented in MCMCTree to improve

the speed of the MCMC. Thus, the gradi-

ents (g) and the Hessian matrices (H) for

the branch length were estimated (usedata

= 2) using the HKY + Γ substitution model

of sequence evolution (HKY85, model =4).

Prior distribution for the node ages with-

out calibration constraints were uniformly

distributed (BDparas = 1 1 0.1). The prior

of the substitution rates followed a discrete

gamma distribution with alpha set to 0.5

and the number of categories in discrete

gamma to 4. Following Gibb et al. (2016)

we used a relaxed clock with autocorrelated-

rate (the geometric Brownian motion model;

GBM)(Rannala and Yang, 2007). In the sec-

ond place, the branch lengths estimation

were used to start the MCMC analysis to es-

timate divergence times (usedata=2). The

MCMC chain ran for 5,000,000 generations

and sampled every 100 generations. The first

500,000 generations were discarded as burn-

in. This analysis was run twice to verify the

MCMC had successfully converged.

Species delimitations

Species discovery methods based on ge-

netic variation of species complexes (i.e

Bradypus, Cyclopes, Dasypus) was performed

through a principal component analysis

(PCA) on the randomly selected diploid se-

quences from the Random dataset using the

program popPhyl PCA (https://github.

com/popgenomics/popPhyl_PCA). Individu-

als with a high rate of missing data were

excluded from this analysis to increase the

number of SNPs represented by all indi-

viduals. Thus, 4,502, 66,687, and 100,850

SNPs shared by the individuals of Brady-

pus, Cyclopes, Dasypus respectively. Popu-

lation statistics - We used the script ABC-

stat global.txt from the DILSmcsnp program

(last accessed 1st October 2022; Fraı̈sse et

al. 2021) to estimate multiple population ge-

nomics statistics. Thus, the mean pairwise

divergence (Dxy) and net divergence (com-

puted as c, where Pi1 and Pi2 are the pair-

wise nucleotide diversity of populations 1

and 2, respectively) were evaluated between

lineages or close relative species. We also

used the script seq stat 2pop 2N to estimate

complementary population genetic statistics

based on two diploid genomes (Allio et al.

2021). For each of the two individuals

(Pi1, Pi2), the heterozygosity was assessed

and the total nucleotide diversity was com-

puted as the mean pairwise divergence be-

tween all chromosomes, within and between

individuals (PiTot) (https://github.com/

benoitnabholz/seq_stat_2pop). Finally, a

FST-like statistic, the Genetic Differentiation

Index (Allio et al. 2021), was estimated as

1 − (Pi1,Pi2)/2
PiTot .
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Genetic diversity and inbreeding

The genetic diversity of the 94 individuals

was estimated using two metrics : i) het-

erozygocsity (He) and ii) Run of Homozy-

gosity (RoHs). The mean He was calcu-

lated as the rate of heterozygous position es-

timated from the random regions dataset us-

ing a homemade script. Then, RoHs were es-

timated with bcftools v.1.14 using the option

“roh” with the allele frequency fixed at 0.1 as

there is only one sample in the vcf file and the

option “-M” set to 1e-3. Then RoH were gath-

ered into three size categories in order to es-

timate the cumulative size of fragments from

i) > 1 and < 5Mb, ii) > 5 and < 10Mb and

iii)>10Mb.

Demographic analysis

The effective population size (Ne) trajectory

of 74 individuals was estimated using the

Pairwise Sequentially Markovian Coalescent

(PSMC v.0.6.5-r67; Li and Durbin 2011) ap-

proach. We converted whole genome fasta

sequences in PSMC format using the script

Fasta2PSMCFasta. Then PSMC ran for 30 it-

erations, using a maximum 2N0 coalescent

time of 15 and an initial theta/rho ratio of 4.

We test different pattern of parameters ‘4 +

30 × 2 + 4 + 6 + 10’ (Nadachowska-Brzyska

et al., 2013) and −p ‘4 + 25 × 2 + 4 + 6’ (Kim

et al., 2016) but also −p ‘4 + 10 × 3 + 4’, −p

‘4 + 20 × 2 + 4 + 6 + 10’. Finally, PSMC were

scaled with the mammalian mutation rate

of µ = 10−5 mutation/site/generation (Ek-

blom et al., 2018; Gopalakrishnan et al., 2017)

and a generation time (g) detailed in Table

S4). Plots were generated using psmc.results’

(Liu and Hansen, 2017) via R v. 4.1.2 (R Core

Team 2018) and packages ggplot2 (Wickham

2016) and cowplot (Wilke 2019).
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Kaplow I.M., Lawler A.J., Schäffer D.E., Srinivasan C., Sestili H.H., Wirthlin M.E., Phan

B.N., Prasad K., Brown A.R., Zhang X. 2023. Relating enhancer genetic variation across

mammals to complex phenotypes using machine learning. Science. 380:eabm7993.

Katoh K., Standley D.M. 2013. MAFFT multiple sequence alignment software version 7:

improvements in performance and usability. Mol. Biol. Evol. 30:772–780.

Kelloff C.L., Funk V.A. 2004. Phytogeography of the Kaieteur Falls, Potaro Plateau,

Guyana: floral distributions and affinities. J. Biogeogr. 31:501–513.

Kuderna L.F., Gao H., Janiak M.C., Kuhlwilm M., Orkin J.D., Bataillon T., Manu S., Valen-

zuela A., Bergman J., Rousselle M. 2023. A global catalog of whole-genome diversity

from 233 primate species. Science. 380:906–913.

Kumar V., Lammers F., Bidon T., Pfenninger M., Kolter L., Nilsson M.A., Janke A. 2017.

The evolutionary history of bears is characterized by gene flow across species. Sci.

Rep. 7:46487.

162



Chapter II

Larsen P.A., Matocq M.D. 2019. Emerging genomic applications in mammalian ecology,

evolution, and conservation. J. Mammal. 100:786–801.

Lee H., Gurtowski J., Yoo S., Nattestad M., Marcus S., Goodwin S., Richard McCom-

bie W., Schatz M.C. 2016. Third-generation sequencing and the future of genomics.

BioRxiv.:048603.

Li H. 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-

MEM. ArXiv Prepr. ArXiv13033997.

Li H., Durbin R. 2011. Inference of human population history from individual whole-

genome sequences. Nature. 475:493–496.

Li H., Handsaker B., Wysoker A., Fennell T., Ruan J., Homer N., Marth G., Abecasis G.,

Durbin R. 2009. The sequence alignment/map format and SAMtools. Bioinformatics.

25:2078–2079.

Lujan N.K., Armbruster J.W., Albert J.S., Reis R.E. 2011. The guiana shield. Hist. Biogeogr.

Neotropical Freshw. Fishes. 211:224.

Maddison W.P. 1997. Gene trees in species trees. Syst. Biol. 46:523–536.

McKenna M.C., Bell S.K. 1997. Classification of mammals: above the species level.

Columbia University Press.

Meyer M., Kircher M. 2010. Illumina sequencing library preparation for highly multiplexed

target capture and sequencing. Cold Spring Harb. Protoc. 2010:pdb. prot5448.

Minh B.Q., Schmidt H.A., Chernomor O., Schrempf D., Woodhams M.D., Von Haeseler

A., Lanfear R. 2020. IQ-TREE 2: new models and efficient methods for phylogenetic

inference in the genomic era. Mol. Biol. Evol. 37:1530–1534.

Miranda F.R., Casali D.M., Perini F.A., Machado F.A., Santos F.R. 2018. Taxonomic review

of the genus Cyclopes Gray, 1821 (Xenarthra: Pilosa), with the revalidation and descrip-

tion of new species. Zool. J. Linn. Soc. 183:687–721.

Miranda F.R., Garbino G.S., Machado F.A., Perini F.A., Santos F.R., Casali D.M. 2023. Taxo-

nomic revision of maned sloths, subgenus Bradypus (Scaeopus), Pilosa, Bradypodidae,

with revalidation of Bradypus crinitus Gray, 1850. J. Mammal. 104:86–103.

163



Chapter II

Mitchell K.J., Scanferla A., Soibelzon E., Bonini R., Ochoa J., Cooper A. 2016. Ancient

DNA from the extinct South American giant glyptodont Doedicurus sp.(Xenarthra:

Glyptodontidae) reveals that glyptodonts evolved from Eocene armadillos. Mol. Ecol.

25:3499–3508.
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Figure S1: Phylogenetic relationships reconstructed by maximum likelihood for the 15 mi-
tochondrial genes partitioned of 261 xenarthran individuals covering 37 extant species and
7 extinct species (highlight in brown). Node circles indicate bootstrap support (BS), the red-
der the color the higher the BS. Three potential contaminated samples are in bold.
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Figure S1: Continued.
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Figure S2: Species delimitation estimated by bPTP-h. The species tree reconstructed from
the 15 concatenated mitochondrial genes using IQ-TREE and ModelFinder illustrates the
most supported partition found by bPTP. The 52 red clades represent taxa identified as dis-
tinct species by bPTP.
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Figure S2: Continued.
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Figure S3: Species delimitation estimated using GMYC. A) Number of lineages (N) through
time. The red line corresponds to the threshold estimated by GMYC. B) Likelihood profile
through time. C) Ultrametric reconstruction of the concatenated 15 mitochondrial genes for
222 individuals using IQ-TREE. The 48 clades in red represent taxa supported as distinct
species by GMYC.
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Figure S3: Continued.
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Table S2: List of whole genome sequences used, detailing information on the depth of
coverage, proportion of missing data, type of tissue sampled, and reference. Individuals
highlighted in red have been excluded because of their depth of coverage < 5X, only Calyp-
tophractus retusus, in bold in this table, has been kept despite its low depth of coverage.

Species ID Depth of Proportion of Tissue type Reference

coverage missing data

Choloepus hoffmanni DNAZoo 13.6 0.17 Fresh GenBank

Choloepus didactylus mchoDid1 12.95 0.12 Fresh GenBank

Choloepus didactylus ChoDid,v1 10.48 0.17 Fresh Genbank

Bradypus crinitus L41 12.13 0.2 Fresh This study

Bradypus torquatus BMNH39498 8.4 0.31 Museum This study

Bradypus variegatus BraVar.v1 9.77 0.44 Fresh Genbank

Bradypus tridactylus T7029 17.3 0.05 Fresh (Allio 2021)

Bradypus variegatus KU317 0.17 1 Museum This study

Bradypus variegatus NMB3 3.57 0.72 Fresh This study

Bradypus tridactylus NMB1 7.07 0.5 Fresh This study

Bradypus variegatus BVA2 3.25 0.8 Fresh This study

Bradypus variegatus BMNH805683 5.66 0.53 Museum This study

Bradypus variegatus BVACal7 9.59 0.26 Museum This study

Bradypus variegatus BVA4 10.72 0.21 Fresh This study

Bradypus variegatus BMNH4242920 6.65 0.43 Museum This study

Bradypus variegatus NMB2 3.5 0.73 Fresh This study

Bradypus variegatus BMNH805655 5.98 0.49 Museum This study

Bradypus variegatus KU357 3.64 0.74 Museum This study

Bradypus pygmaeus BPY171 6.63 0.54 Fresh This study

Bradypus variegatus KU190 5.57 0.6 Museum This study

Bradypus pygmaeus L32 18.24 0.11 Fresh This study

Bradypus variegatus NMB7 9.74 0.2 Fresh This study

Bradypus variegatus BVA5 10.6 0.2 Fresh This study

Bradypus variegatus BVA853 9.74 0.24 Fresh This study

Bradypus variegatus BVA420 7.8 0.32 Fresh This study

Bradypus variegatus BVA379 8.68 0.28 Fresh This study

Bradypus variegatus NMB8 8.5 0.31 Fresh This study

Bradypus variegatus BVA544 9.92 0.25 Fresh This study

Bradypus variegatus BVA417 10.16 0.23 Fresh This study

Bradypus variegatus BVA525 2.47 0.89 Fresh This study
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Bradypus variegatus BVA850 1.71 0.95 Fresh This study

Bradypus variegatus BVA166 3.93 0.74 Fresh This study

Myrmecophaga tridactyla MyrTri.v1 19.51 0.03 Fresh Genbank

Myrmecophaga tridactyla M3023 17.07 0.03 Fresh (Allio 2021)

Tamandua mexicana TAM5430 14.53 0.09 Fresh (Allio 2021)

Tamandua tetradactyla M3075 21.12 0.05 Fresh (Allio 2021)

Tamandua tetradactyla mTamTet1 30.55 0.06 Fresh GenBank

Tamandua tetradactyla TamTet.V1 21.01 0.06 Fresh Genbank

Cyclopes didactylus BMNH310180 2.98 0.83 Museum This study

Cyclopes didactylus BMNH261213 3.34 0.8 Museum This study

Cyclopes thomasi MVZ190355 19.62 0.14 Fresh (Allio 2021)

Cyclopes catellus BMNH261522 6.78 0.49 Museum This study

Cyclopes catellus BMNH2611217 4.47 0.7 Museum This study

Cyclopes ida MVZ157801 22.66 0.09 Fresh (Allio 2021)

Cyclopes ida BMNH241084 4.98 0.6 Museum This study

Cyclopes dorsalis FMNH156654 19.97 0.09 Fresh (Allio 2021)

Cyclopes dorsalis BMNH90146 3.08 0.79 Museum This study

Cyclopes dorsalis BMNH805686 4.33 0.66 Museum This study

Cyclopes didactylus T1724 10.54 0.14 Fresh This study

Cyclopes didactylus M2300 21.21 0.05 Fresh (Allio 2021)

Cyclopes didactylus BMNH811187 6.17 0.47 Museum This study

Cyclopes didactylus BMNH105447 5.25 0.58 Museum This study

Dasypus kappleri T3365 10.85 0.2 Fresh This study

Dasypus kappleri T1941 12.42 0.19 Fresh This study

Dasypus kappleri M3462 29.05 0.22 Fresh This study

Dasypus septemcinctus PAP74 13.84 0.15 Fresh This study

Dasypus septemcinctus PAP43 13.58 0.15 Fresh This study

Dasypus hybridus T3002 15.05 0.19 Fresh This study

Dasypus hybridus L38 4.74 0.59 Museum This study

Dasypus pilosus L29 7.99 0.34 Museum This study

Dasypus pilosus L30 0.41 0.99 Museum This study

Dasypus fenestratus MC257 6.49 0.45 Fresh This study

Dasypus mexicanus T2631 10.82 0.13 Fresh This study

Dasypus mexicanus NP276 10.95 0.13 Fresh This study

Dasypus mexicanus MVZ192698 11.31 0.11 Fresh This study

Dasypus mexicanus AJR1 10.18 0.15 Fresh This study
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Dasypus novemcinctus AM78 9.87 0.23 Fresh This study

Dasypus guianensis M1766 69.5 0.11 Fresh This study

Dasypus guianensis M1752 23.1 0.23 Fresh This study

Dasypus sabanicola L33 8.96 0.28 Museum This study

Dasypus novemcinctus T3380 10.43 0.17 Fresh This study

Dasypus mazzai L24 2.71 0.84 Museum This study

Dasypus novemcinctus MSB2 10.67 0.17 Fresh This study

Euphractus sexcinctus PAP76 5.32 0.59 Fresh This study

Euphractus sexcinctus ESE1 44.63 0.04 Fresh (Allio 2021)

Chaetophractus villosus NP390 9.36 0.22 Fresh This study

Chaetophractus villosus CHA5373 9.78 0.2 Fresh This study

Zaedyus pichiy ZP67 8.98 0.4 Fresh This study

Zaedyus pichiy ZP55 9.79 0.31 Fresh This study

Chaetophractus vellerosus ChaVel.v1 12.17 0.22 Fresh Genbank

Chaetophractus nationi L23 10.53 0.31 Fresh This study

Chlamyphorus truncatus CT1 19.98 0.03 Fresh (Allio 2021)

Calyptophractus retusus ZSM 4.41 0.67 Museum (Allio 2021)

Tolypeutes tricinctus L42 9.01 0.45 Fresh This study

Tolypeutes matacus TolMat.v1 12.93 0.1 Fresh Genbank

Tolypeutes matacus T2348 9.79 0.16 Fresh This study

Priodontes maximus M844 13.58 0.13 Fresh (Allio 2021)

Priodontes maximus L13 1.95 0.93 Fresh This study

Cabassous centralis L28 1.91 0.91 Museum This study

Cabassous unicinctus T2291 7.29 0.34 Fresh This study

Cabassous unicinctus MVZ155190 29.44 0 Fresh (Allio 2021)

Cabassous chacoensis L12 5.37 0.62 Fresh This study

Cabassous tatouay PAP78 7.59 0.36 Fresh This study

Cabassous tatouay PAP77 7.69 0.36 Fresh This study
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Table S3: List and details of the reference genome used to mapped resequenced individuals.
VGP: Vertebrate Genomes Project, BI: Broad Institute.

Species ID Accession Reference
Dugong dugon mDugDug1.hap1 GCA 030035585.1 VGP
Orycteropus afer OryAfe1.0 GCF 000298275.1 BI
Loxodonta africana mLoxAfr1.hap1 GCA 030020305.1 VGP
Choloepus didactylus mchoDid1.pri GCF 015220235.1 VGP
Bradypus tridactylus ISEM T7029 MaSuRCA Allio 2021
Cyclopes didactylus ISEM M2300 MaSuRCA Allio 2021
Myrmecophaga tridactyla ISEM M3023 MaSuRCA HiC Allio 2021
Tamandua tetradactyla ISEM M3075 MaSuRCA HiC Allio 2021
Dasypus novemcinctus mDasNov1.hap2 GCF 030445035.1 VGP
Euphractus sexcinctus ISEM ESE1 MaSuRCA Allio 2021
Chlamyphorus truncatus ISEM CT1 MaSuRCA Allio 2021
Priodontes maximus ISEM M844 MaSuRCA Allio 2021
Tolypeutes matacus TolMat v1 BIUU GCA 004025125.1 BI
Cabassous unicinctus ISEM MVZ155190 Discovar Allio 2021
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Figure S4: Genome-wide depth of coverage estimated from the Random dataset for the 94
individuals used in this study. The black line corresponds to a 5x depth of coverage. Except
for the unique representative of Calyptophractus retusus, individuals with a depth coverage
below this 5X threshold have been excluded.
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Figure S5: Completeness of orthologous genes of the Mammalia OrthoDB10 BUSCO gene
set extracted for 14 reference genome assemblies. Bars represent the percentage of complete
single-copy (light blue), complete duplicated (dark blue), fragmented (yellow), and missing
(red) genes. The number of genes are detailed for all these categories according to these
abbreviations : C : complete genes, S: complete single-copy, D: complete duplicated, F: frag-
mented, M: missing (red) and n: total.

Figure S6: Principal Component Analysis of genetic variance (PCA) conducted on 102,079
SNPs shared by 5 Cyclopes spp. individuals from 400 nuclear loci. A) PC1 and PC2 B) PC1
and PC3.
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Figure S7: Pairwise genetic divergence (Dxy). Each point represents the mean Dxy esti-
mated from 10 regions of 100kb randomly sampled in the genome of a pair of individuals.
The mean Dxy value is indicated below the graph.
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Figure S8: Pairwise genetic divergence (Da). Each point represents the mean Da estimated
from 10 regions of 100kb randomly sampled in the genome of a pair of individuals. The
mean Dxy value is indicated below the graph.
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Figure S9: Genome-wide heterozygosity (He) estimated for 274 mammalian species. Blue
points have been taken from the Zoonomia project (Wilder et al. 2023), green points have
been estimated in this study.
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Figure S9: Continued.
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Table S4: Generation time of xenarthran species used in PSMC analysis and estimated by
Pacifici et al. (2013). For the 8 species in bold generation time were not available, so the
value of the closest species have been used.

Species Generation time (years)
Choloepus didactylus 12.8
Choloepus hoffmanni 14
Bradypus pygmaeus 10.6
Bradypus torquatus 10.6
Bradypus crinitus 10.6
Bradypus tridactylus 10.6
Bradypus variegatus 10.6
Cyclopes didactylus 10.8
Cyclopes ida 10.8
Cyclopes dorsalis 10.8
Cyclopes thomasi 10.8
Cyclopes catellus 10.8
Myrmecophaga tridactyla 11.3
Tamandua mexicana 5.1
Tamandua tetradactyla 5.1
Dasypus kappleri 4.5
Dasypus septemcinctus septemcinctus 4.5
Dasypus septemcinctus hybridus 4
Dasypus novemcinctus 5
Dasypus guianensis 5
Dasypus mexicanus 5
Dasypus fenestratus 5
Dasypus pilosus 4.5
Dasypus sabanicola 4.5
Dasypus mazzai 4.5
Euphractus sexcinctus 5
Chaetophractus vellerosus nationi 4
Chaetophractus vellerosus vellerosus 4
Chaetophractus villosus 4
Zaedyus pichiy 4
Calyptophractus retusus 4
Chlamyphorus truncatus 5
Priodontes maximus 5.4
Tolypeutes matacus 11.7
Tolypeutes tricinctus 3
Cabassous chacoensis 5.1
Cabassous tatouay 5.1
Cabassous unicinctus 5.1
Cabassous centralis 5.1
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Table S5: Completeness of Busco sequences for the 94 xenarthran individuals.

Genus Species ID Rate of missing data
Bradypus ephippiger BMNH805683 0.43
Bradypus ephippiger BVA2 0.80
Bradypus Exclude BMNH4242920 0.30
Bradypus Exclude BraVar 0.12
Bradypus Exclude BVACal7 0.27
Bradypus Exclude NMB3 0.87
Bradypus pygmaeus BPY171 0.80
Bradypus pygmaeus L32 0.01
Bradypus torquatusA BMNH39498 0.26
Bradypus torquatusB L41 0.06
Bradypus tridactylus NMB1 0.77
Bradypus tridactylus T7029 0.01
Bradypus variegatusC BVA166 0.76
Bradypus variegatusC BVA379 0.30
Bradypus variegatusC BVA417 0.33
Bradypus variegatusC BVA420 0.38
Bradypus variegatusC BVA5 0.18
Bradypus variegatusC BVA525 0.86
Bradypus variegatusC BVA544 0.35
Bradypus variegatusC BVA853 0.28
Bradypus variegatusC KU190 0.82
Bradypus variegatusC KU317 0.99
Bradypus variegatusC KU357 0.74
Bradypus variegatusC NMB7 0.11
Bradypus variegatusC NMB8 0.50
Bradypus variegatusS BMNH805655 0.48
Bradypus variegatusS BVA4 0.30
Bradypus variegatusS NMB2 0.90
Cabassous chacoensis L12 0.39
Cabassous Exclude L28 0.98
Cabassous tatouay PAP77 0.23
Cabassous tatouay PAP78 0.14
Cabassous unicinctus MVZ155190 0.00
Cabassous unicinctus T2291 0.24
Calyptophractus retusus ZSM 0.42
Chaetophractus nationi L23 0.23
Chaetophractus vellerosus ChaVel 0.19
Chaetophractus villosus CHA5373 0.05
Chaetophractus villosus NP390 0.09
Chlamyphorus truncatus CT1 0.01
Choloepus didactylus ChoDid 0.10
Choloepus didactylus mchoDid1 0.06
Choloepus hoffmanni DNAZoo 0.24
Cyclopes catellus BMNH2611217 0.74
Cyclopes catellus BMNH261522 0.45
Cyclopes didactylusG BMNH105447 0.67
Cyclopes didactylusG M2300 0.02
Cyclopes didactylusG T1724 0.08
Cyclopes didactylusS BMNH811187 0.41
Cyclopes dorsalis BMNH805686 0.68
Cyclopes dorsalis BMNH90146 0.88

192



Chapter II

Cyclopes dorsalis FMNH156654 0.01
Cyclopes Exclude BMNH261213 0.98
Cyclopes Exclude BMNH310180 0.88
Cyclopes ida BMNH241084 0.66
Cyclopes ida MVZ157801 0.01
Cyclopes thomasi MVZ190355 0.02
Dasypus Exclude AJR1 0.04
Dasypus Exclude AM78 0.09
Dasypus Exclude L24 0.83
Dasypus fenestratus MC257 0.39
Dasypus guianensis M1752 0.11
Dasypus guianensis M1766 0.01
Dasypus hybridus L38 0.49
Dasypus hybridus T3002 0.03
Dasypus kappleri M3462 0.05
Dasypus kappleri T1941 0.02
Dasypus kappleri T3365 0.03
Dasypus mexicanus MVZ192698 0.03
Dasypus mexicanus NP276 0.02
Dasypus mexicanus T2631 0.03
Dasypus novemcinctus MSB2 0.03
Dasypus novemcinctus T3380 0.05
Dasypus pilosus L29 0.45
Dasypus sabanicola L33 0.18
Dasypus septemcinctus PAP43 0.01
Dasypus septemcinctus PAP74 0.06
Euphractus sexcinctus ESE 0.01
Euphractus sexcinctus PAP76 0.09
Myrmecophaga tridactyla M3023 0.01
Myrmecophaga tridactyla MyrTri 0.02
Priodontes maximus L13 0.97
Priodontes maximus M844 0.19
Tamandua mexicana TAM5430 0.01
Tamandua tetradactyla M3075 0.01
Tamandua tetradactyla mTamTet1 0.01
Tamandua tetradactyla TamTet 0.01
Tolypeutes matacus T2348 0.08
Tolypeutes matacus TolMat 0.04
Tolypeutes tricinctus L42 0.32
Zaedyus pichiy ZP55 0.34
Zaedyus pichiy ZP67 0.46
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Table S6: Quality of the 40 best xenarthran representatives for the 2006 Busco genes. For
each individual, its mean sequence completeness and its frequency of Busco genes repre-
sented are detailed.

ID Genus Species Rate of missing data Rate of Busco genes

BMNH261522 Cyclopes catellus 0.37 83.80

BMNH39498 Bradypus torquatus 0.17 99.50

BMNH805683 Bradypus ephippiger 0.35 88.93

BMNH811187 Cyclopes didactylus 0.33 92.47

BVA4 Bradypus variegatusS 0.20 98.31

CHA5373 Chaetophractus villosus 0.04 100.00

ChaVel Chaetophractus vellerosus 0.16 97.86

CT1 Chlamyphorus truncatus 0.00 97.51

DNAZoo Choloepus hoffmanni 0.13 97.01

ESE Euphractus sexcinctus 0.00 100.00

FMNH156654 Cyclopes dorsalis 0.00 100.00

L12 Cabassous chacoensis 0.32 67.15

L23 Chaetophractus nationi 0.16 97.76

L29 Dasypus pilosus 0.27 64.31

L32 Bradypus pygmaeus 0.01 100.00

L33 Dasypus sabanicola 0.13 99.80

L41 Bradypus crinitus 0.04 100.00

L42 Tolypeutes tricinctus 0.29 94.52

M1766 Dasypus guianensis 0.00 100.00

M2300 Cyclopes didactylus 0.01 100.00

M3023 Myrmecophaga tridactyla 0.00 99.30

M3075 Tamandua tetradactyla 0.00 99.30

M844 Priodontes maximus 0.16 96.76

MC257 Dasypus fenestratus 0.29 87.54

mchoDid1 Choloepus didactylus 0.04 99.05

MSB2 Dasypus novemcinctus 0.02 100.00

MVZ155190 Cabassous unicinctus 0.00 84.75

MVZ157801 Cyclopes ida 0.00 100.00

MVZ190355 Cyclopes thomasi 0.01 100.00

NMB7 Bradypus variegatusC 0.08 99.95

NP276 Dasypus mexicanus 0.02 100.00

PAP43 Dasypus septemcinctus 0.00 100.00
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PAP78 Cabassous tatouay 0.12 83.75

T1941 Dasypus kappleri 0.01 100.00

T3002 Dasypus hybridus 0.01 99.95

T7029 Bradypus tridactylus 0.00 100.00

TAM5430 Tamandua mexicana 0.01 99.30

TolMat Tolypeutes matacus 0.04 98.80

ZP55 Zaedyus pichiy 0.28 82.45

ZSM Calyptophractus retusus 0.34 84.15

Table S7: Extract of the quality for 9 of the 2006 Busco genes represented by at least 37
individuals. For each gene the mean sequences completeness and the number of individuals
are detailed.

Busco genes Rate of missing data Number of individuals
1000at40674 0.11 37
100137at40674 0.09 37
10017at40674 0.11 38
100265at40674 0.13 40
100296at40674 0.09 37
10035at40674 0.08 37
100716at40674 0.10 40
100721at40674 0.12 40
100812at40674 0.09 39
... ... ...
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Figure S10: Phylogenetic relationships of the 40 best representatives of xenarthran species
plus 3 outgroup (Dugong dugon, Orycteropus afer, Loxodonta africana) obtained using As-
tral on the 1908 Busco gene trees reconstructed with IQ-Tree and ModelFinder. Node circles
are coloured according to the local posterior probabilities (LPP).
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Figure S11: Topological conflicts estimated from 1908 Busco sequences and gene trees. For
each node, numbered in the phylogenetic reconstruction (a), the concordance factor is esti-
mated by comparing the proportion of genes supporting the species tree (gCF), the first or
second alternative topology (gDF1, gDF2 respectively) or a paraphyletic topology (gDFP).
Bar plots (b) illustrate relative frequency of gCF, gDF1, gDF2, gDFP. Similarly, the propor-
tion of sites supporting the species tree (sCF), the first or the second alternative topology
(sDF1, sDF2 respectively) are estimated and illustrated by the bar plots (c).
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Figure S12: Disentangling incomplete lineage sorting (ILS) in red and gene flow (GF) in
green using Aphid for nodes with topological conflicts: a) Bradypus spp. b) Cyclopes spp., c)
Euphractinae, d) Dasypus spp., e) Tolypeutinae, f) Chlamyphoridae. Dot size represents the
proportion of ILS and GF in phylogenetic conflicts (labels details these values) and the posi-
tion on the Y-axis illustrates the imbalance proportion of one discordant topology (((A,C),B)
or ((B,C),A)). Node numbers are illustrated in Figure S11 a.
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Figure S13: Posterior mean times of the different runs of approximations analyses. Similar
posterior distributions between run 1 and 2 means the two approximations analyses suc-
cessfully converged.
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Figure S14: Distribution of 23 Cyclopes spp. evaluated in this study symbolized by dots
and 33 from Coimbra et al (2017) symbolized by stars. Colors represent different species
or lineages. The phylogenetics relationship within this genus is detailed by the cladogram;
dotted line represent the uncertain position of C. rufus.
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Figure S15: Distribution of 48 Bradypus spp. Colors represent different species or lineages.
The phylogenetics relationship within this genus is detailed by the cladogram.
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DISCUSSION AND PERSPECTIVES

Throughout this thesis, we have delved into the taxonomic conundrum of xenarthrans and unraveled

some complex phylogenetic relationships. Chapters 1 and 2 shed new light on the species diversity

and evolutionary history of this mammalian group. In this final section, I would like to further dis-

cuss the implications and perspectives of these findings for understanding xenarthran evolution. I

will start by discussing a more general topic: sampling strategies for species delimitation, empha-

sizing methods that minimize the impact on wild populations while addressing the challenges we

encountered with such roadkill and museum samples. Subsequently, I will synthesize the taxonomic

revisions made within xenarthrans as highlighted in this thesis, suggesting future directions for tax-

onomic investigations, and discussing the conservation implications of these results. In addition, I

will discuss how genome-based phylogenies have enhanced our comprehension of xenarthran evo-

lution. Finally, in the last section, I will raise two broader questions: i) What factors (biogeography,

local adaptation, demography) have contributed to speciation and diversification in this mammalian

group?; and ii) Is the species taxonomic status characterized by homogeneous genetic differentia-

tion among mammals? Preliminary results further expanded in the Appendix are also presented in

support of this discussion and perspectives section.

Sampling and sequencing strategies for species delimitation:

dealing with non-invasive samples

In this phase of declining biodiversity, describing living organisms and understanding the drivers of

their speciation is a key to designing adequate conservation measures. In this context, minimizing

the impact on populations is a crucial element in producing ethical science, and even more when

focussing on threatened species (Winker et al., 2010). However, providing an accurate species de-
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limitation hypothesis is often based on population genetics methods that require sampling of a large

number of individuals. For this reason, non invasive methods such as roadkill or museum specimens

hosted in natural history collections offer great potential.

Unfortunately, several practical issues complicate the use of these types of samples, which have

generally been stored or found in non-optimal conditions for preserving DNA (e.g. ambient tempera-

ture, formalin (Camacho-Sanchez et al., 2013; Raxworthy and Smith, 2021). Indeed, after the death of

the organism, DNA repair mechanisms cease working and damage caused by enzymes that are nat-

urally present in cells, microbial activity, or environmental factors (e.g. UV radiations) induce DNA

fragmentation and postmortem mutations (Eglinton and Logan, 1991; Lindahl, 1993). For roadkill

samples, their storage at the adequate temperature (e.g. cryopreservation) and/or buffers (e.g. 95%

ethanol, NAP buffer, RNAlater) is key to preserve DNA integrity by limiting biological and chemical

pathways (Camacho-Sanchez et al., 2013; Wong et al., 2012). As degradation after death increases

over time (Johnson and Ferris, 2002), the faster the sample is stored the better the DNA. For museum

samples, storage techniques initially intended to preserve specimens, could have detrimental effects

on DNA (Do and Dobrovic, 2015; Hykin et al., 2015; Zimmermann et al., 2008). The highly degraded

nature of DNA from museum samples generally yields to restricted quantities of endogenous DNA

contributing to a high failure rate in sequencing (Ewart et al., 2019). In addition, there is higher sus-

ceptibility to contamination especially when museum/old samples are treated simultaneously with

more recent samples containing high amounts of DNA, which generates additional sequencing costs

to obtain enough endogenous DNA reads.

So, even if museum specimens and roadkill samples provide a great biodiversity source for gen-

erating genomic data, the difficulty associated with sequencing, contamination, and DNA damage

that could prevent accurate downstream analyses, may have restricted their more widespread use.

This highlights the need to find adequate sequencing and bioinformatic solutions to treat those

samples. During my PhD project, I have extracted DNA from 11 roadkill and 68 museum specimens

and attempted to face the challenges inherent to these samples. In this section, I wanted to share our

experience through our successes but also our failures.

Extraction & libraries - Contrary to roadkill, museum samples do not always contain the DNA

quantity required for sequencing. Indeed, we mainly used dried skin pieces, sometimes no larger

than a few millimeters to minimize damage to collections. Thus, five out of the 68 museum samples

extracted during my thesis had too low DNA content to construct libraries. Factors influencing

DNA preservation of museum specimens (e.g. time in collection, tissue type, storage technique

employed) are still poorly understood but could provide precious information to select tissues or

specimens as optimal sources of DNA. For example, Casas-Marce et al. (2010) and McDonough

et al. (2018) evaluated the quality of different types of tissue sampled from museum specimens and
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found a greater DNA quality of keratinous tissues such as claws. However, a recent special issue on

museomic advances published by Frontiers in Ecology and Evolution, regrouping multiple articles

that evaluated DNA preservation of museum samples, found contrasting results on the effect of

taxon, tissue type, age, and preservation history (but see Fong et al. (2023) and references therein).

This highlights our need to further explore DNA preservation factors to increase sequencing success.

Short reads versus long reads - With their highly fragmented DNA, roadkill and museum samples

are well adapted to short read sequencing. In our case, we used both paired-end (PE) and single-end

(SE) sequencing through various reads sizes (i.e 75pb SE, 100pb SE, 100pb PE, 150pb PE). We also

tried the fastidious experience of sequencing roadkill with long reads. Not less than 11 individuals

were extracted. The four least fragmented individuals with enough material were sequenced using

Oxford Nanopore Technology on a GridION device. Despite this selection, we encountered two

main problems. First, the sequenced fragments were very small. In the first flow cell we ran, the

N50 value was of only 1.3kb (good quality samples could have N50 ten times higher). Second,

the flow cell lost many pores (clogged or dead) and therefore generated a very small amount of

data. We supposed this was due to the poor purity of our samples. In our case, the best solution

was to perform beads purification that fixed the longest DNA fragments to magnetic beads. Using

a magnetic support, the beads are plated on one side of the tube allowing to clean the eluent

and shortest fragments of DNA. Using this technique, we reached a N50 of 2.1kb for the Dasypus

guianensis M1752 individual (Figure 1).

Figure 1: Mean size of the long reads fragments for the nine flow cells (FC) used.
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Shotgun versus capture - Shotgun sequencing and sequencing targeted regions by capture meth-

ods are both technically feasible with these samples. However, capture presents the considerable

advantage of targeting specific regions and thus limits sequencing of potential contaminant DNA

from divergent organisms (e.g., fungi, bacteria). For this reason, when we used shotgun sequencing

to obtain the whole genome of museum samples, we first performed an initial sequencing of 10

million reads to estimate the proportion of endogenous reads (Figure 2). We then performed a

megablast against the nt database using blastn v2.11.0 to identify reads attributed to xenarthran

species (Chen et al., 2015). Indeed, sequencing highly contaminated samples increases the cost as

more sequenced reads are required to produce enough data to reconstruct endogenous genomes. In

our case, four individuals had less than 10% reads associated with xenarthrans and have thus been

excluded from our selection of individuals for whole-genome sequencing (Figure 2).

Figure 2: Percentage of reads corresponding to xenarthran species estimated by blast from
10 million reads sequenced for 30 individuals of Bradypus spp. and Cyclopes spp.

Mapping versus assembly - Mapping sequencing reads to a reference genome presents many

advantages for these degraded of samples. First, it eliminates reads too far from the reference that

can be attributed to contamination. Second, it allows reconstructing more contiguous genomes from

these fragmented samples than de novo assembly. The problems with mapping are that: 1) reads

can be excluded due to high error rate caused by postmortem mutations, and 2) it requires high-
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quality genome assembly of a close relative to serve as reference genome. Even though numerous

xenarthran reference genomes were already available, for Dasypus, only a moderate quality (46,379

scaffolds) reference genome of D. novemcinctus (Dasnov3.2) was published at the beginning of my

PhD project. Therefore, we wanted to fill this gap by generating de novo assembly using long reads

from roadkill samples of D. guianensis and D. kappleri collected in French Guiana. However, both

hybrid assemblers (MaSuRCA v.4.1.0 (Zimin et al., 2013), HASLR v.0.8a1 (Haghshenas et al., 2020))

and long read assemblers (Flye v.2.9.1-b1781 (Kolmogorov et al., 2019), NextDenovo v.2.5.2 (Hu

et al., 2023)) failed to assemble their 3.6 Gb genomes. We also tried using long reads to scaffold the

short read assembly reconstructed with Megahit v.1.2.9 (Li et al., 2016) using SAMBA (Zimin and

Salzberg, 2022). Despite our efforts to sequence the longest fragments (see previous section “Short

reads versus long reads”), the distribution of read length was too small to assemble the repeat-reach

genomes of these two long-nosed armadillo species.

Errors versus biological signals - Even though captured loci and mapping approaches limit contam-

ination from divergent DNA sources, sequencing reads contaminated from close relatives will not be

excluded by these techniques. In our case, we sequenced multiple individuals of the same species

complexes, so potential cross-contamination could really be problematic. Indeed, as discussed in the

first chapter, cross-contamination can artefactually be called as heterozygous positions, thus mim-

icking gene flow. Identifying contamination from close relatives and disentangling these errors from

biological signals is still really difficult (Irestedt et al., 2022). For this reason, the best practice is min-

imizing contamination risk upstream of sequencing. In our case, we performed DNA extractions in

controlled conditions suitable for degraded DNA: we manipulated samples one by one under a hood,

cleaning with UV between each new sample. Despite these precautionary measures, we estimated

individual supports for multiple mitochondrial haplotypes corresponding to those of the distinct lin-

eages of our species complex. This method was really similar to the one employed by Green et al.

(2008, 2010) who used mitochondrial diagnostic markers, which were attributed to extant human or

Neanderthal and examined their support in mitochondrial alignments. This method allowed us to

identify two samples with evidence of cross-contamination.

When working with degraded DNA such as museum or roadkill samples, every step is chal-

lenging and requires effort to optimize the chances of success, so what could be more frustrating

than finding evidence for cross-contamination? In many studies, samples that have been cross-

contaminated are discarded from subsequent analyses despite the loss of data that is induced.

However, during my project, we employed filters on heterozygous positions based on read

frequency. Indeed, both alleles of heterozygous SNPs are expected to be supported by ˜50% of

reads covering the position contrary to contaminated reads that could be expected at lower read

frequency than endogenous DNA. Museum samples are also more prone to genotyping errors than
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fresh tissues (e.g. postmortem mutations, sequencing errors, etc. . . ; Ewart et al., 2019). Multiple

approaches allowed estimating the proportion of genotyping, but here, by filtering out SNPs with

low read frequency, we also minimized their potential bias for genotyping errors.

Even though improvements are still required to maximize the success of extraction, sequencing,

bioinformatics, and cleaning (Raxworthy and Smith, 2021), these types of degraded DNA samples

have already allowed successful species delimitation (Helgen et al., 2013; Mason et al., 2016). My

thesis project has contributed to illustrate the power of non-invasive methods to delimit non-model

species, and also proposed a cross-contamination detection approach and some filters to minimize

genotyping errors that can increase accuracy of results based on museum and roadkill samples.

Systematic revision of xenarthran species

Taxonomic revision

During my PhD project, we analyzed 261 individual mitogenomes, 71 individuals with genome-

wide exon capture data, and 93 individuals with whole genome sequences. Together, this represents

34 distinct xenarthran species out of the 39 described at the beginning of my project. In Chapter 1, we

mainly employed population genetics analyses to delimit species within the long-nosed armadillo

complex (Dasypus spp.) as 56 individuals were representing the four morpho-groups identified

by Hautier et al. (2017) and Billet et al. (2017). Phylogenetic delimitation methods and gene flow

analyses support these four lineages as distinct species. In addition, we also compared pairwise

genetic differentiation between individuals of these lineages with a taxon that we defined as the

reference for the taxonomic status of species (D. pilosus). In our case, employing this approach suc-

cessfully corroborated results obtained with other species delimitation methods and thus supported

the revalidation of D. mexicanus, D. fenestratus and the description of a new species endemic to the

Guiana Shield, D. guianensis. This comparative approach has been proposed by Galtier (2019) and

allows delimitation based on a more objective threshold of genome-wide divergence and encourages

homogeneous delimitation between taxa. In addition, this method can be applied even with a

single individual representative of each lineage. Indeed, in a panmictic population, the two alleles

constituting an individual are inherited from non-related parents and thus, the heterozygosity

estimated from these alleles should reflect the genetic diversity of the population. In addition,

as a result of recombination, different regions of the genome are expected to be independent and

thus could serve as replicates for the estimation of genetic diversity. Considering this, we used

this method at the xenarthran scale in Chapter 2 by considering whole genomes of 36 out of the

updated 42 xenarthran species with a restricted number of individuals by species. Species with a
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consensual taxonomic status were used as references and provided a comparative framework to

delimit the three-toed sloth (Bradypus spp). and pygmy anteater (Cyclopes spp.) species complexes.

This allowed the revalidation of Bradypus griseus and B. eppiphiger as distinct species and suggested

the existence of an additional new species of pygmy anteater in Northeast Brazil which have to be

describe. Moreover, other potentially distinct lineages of Bradypus (in South America), and Cabassous

(in Peru) require further exploration, notably to determine their exact geographical distribution

and taxonomic status. Indeed, by evaluating taxonomic rank based on a unique representative of

each lineage, the comparative method provided only restricted information on the geographical

distribution of these lineages. Thus, even though this approach can make use of limited sampling

of individuals from wild populations, some cases require a more representative sampling across

their geographical distribution. On the other hand, for three species, Bradypus pygmaeus, Dasypus

sabanicola, and Dasypus mazzai, our results suggest little genetic differentiation with Bradypus griseus

in Central America and Dasypus novemcinctus in South America, respectively. For the pygmy sloth

(B. pygmaeus), we directly used the species holotype and a paratype, so validity of these samples

as representants of the species cannot be questioned, contrary to Dasypus sabanicola and Dasypus

mazzai. Holotypes must be evaluated to potentially confirm these species as junior synonyms of

D. novemcinctus. Together, Chapter 1 and 2 have contributed to improve our understanding of the

species richness in Xenarthra by increasing the number of xenarthran species from 39 to 43 with

five species requiring further investigations (Dasypus sabanicola, Dasypus mazzai, Bradypus variegatus,

Cyclopes didactylus and Cabassous unicinctus).

Furthermore, taxonomic revision significantly influences conservation status, particularly in the

case of splitting widely distributed species. For this reason, in Chapter 2, we have evaluated the

genetic diversity based on genome-wide heterozygosity and runs of homozygosity (ROH). These re-

sults suggest prioritizing the evaluation of the conservation status of Choloepus hoffmanni, Dasypus

pilosus, Chlamyphorus truncatus, and Bradypus ephippiger considering their low genetic diversity. In-

deed, many xenarthran species lack crucial information to evaluate adequate conservation measures

such as their main threats or precise geographic distributions. This is mainly due to their peculiar

and sometimes elusive ecology (e.g. fossorial, arboreal), which makes them difficult to study in the

field. Thus, such genetic diversity information as performed can helpfully contribute and guide con-

servation reassessments. In addition, the insular population of the pygmy three-toed sloth (Bradypus

pygmaeus) considered as Critically Endangered in the IUCN Red List has been recognized in Chap-

ter 2 as an insular subspecies of Bradypus griseus. We hope this taxonomical change will not hinder

its conservation as its occurrence in the island Escudo de Veraguas is severely threatened due to its

limited range and ongoing habitat degradation (Voirin, 2015).
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Phylogenetic reconstruction

Following these taxonomic revisions, this thesis encompassed the most complete genome-wide

datasets assembled for Dasypus spp. (Chapter 1) and Xenarthra (Chapter 2), which allowed us to

provide comprehensive phylogenetic reconstructions of their species diversity. Our results mainly

corroborate previous studies based on mitochondrial markers (Gibb et al., 2016) and/or some

nuclear markers (Abba et al., 2015; Delsuc et al., 2003, 2002, 2012; Möller-Krull et al., 2007), but

they also allowed deciphering remaining uncertainties on the evolutionary history of this major

placental clade. Notably, in Chapter 1, we clarified a case of mitochondrial introgression in a western

Mexico population of Dasypus with a mitochondrial genome corresponding to D. fenestratus and a

nuclear genome to D. mexicanus, which had previously misled the interpretation of the distribution

of these populations. In addition, our whole genome-based phylogenetic framework highlighted

cases of topological conflicts between nuclear genes and sites reconstructions at the xenarthran

scale (Chapter 2). Notably, the relationships within Tolypeutinae and Euphractinae revealed highly

supported alternative topologies (Chapter 2), which explains why previous studies had great diffi-

culty in resolving their internal relationships (Abba et al., 2015; Delsuc et al., 2003). Moreover, the

inter-relationships of Euphractinae, Tolypeutinae, and Chlamyphorinae showed almost equivalent

support for the three possible alternative topologies, therefore representing this node by a strict

bifurcation would be misleading and a polytomy might better reflect their evolutionary history.

This situation is similar to Paenungulata, where the inter-relationships of elephants (Proboscidea),

hyraxes (Hyracoidea), and sea cows (Sirenia) showed an equivalent support for the three possible

alternative topologies, which must be considered as a real polytomy (Bowman et al., 2023; but see

Liu et al., 2024). Further disentangling factors that have led to the discordant signals at these nodes

but also within Cyclopes spp., Bradypus spp. and Dasypus spp. revealed that both gene flow and

incomplete lineage sorting have contributed to these discordant signals. In many cases, gene flow

was almost well balanced between lineages, thus it would have been impossible to detect based on

classical ABBA/BABA-like tests that only consider deviation from balanced support for alternative

topologies (expected in case of ILS) as evidence of GF. Here, we used the recently proposed Aphid

method that takes advantage of differences in coalescence times of gene trees (Galtier, 2023), as GF

is expected to produce shorter genealogies than ILS, which successfully allowed detecting balanced

GF between xenarthran lineages. Consequently, this evidence for GF suggests that for multiple

xenarthran species, speciation has occurred through contact zone or secondary contact.

Even though our genome-wide phylogenetic reconstruction at the species level provided a bet-

ter understanding of the evolutionary history of extant xenarthran species, this is just the tip of the

iceberg, as extant species represent only a fraction of the diversity of xenarthrans during their evolu-
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tionary history. Indeed, the extinction event that happened during the Pleistocene led to the disap-

pearance of numerous species from the megafauna and notably 90% of sloth diversity (Lyons et al.,

2004; Steadman et al., 2005). The recent extinction of this past diversity has eroded our capacity to

understand the evolutionary history of xenarthrans using molecular data from extant species. No-

tably, estimating the paleodiversity of xenarthrans using such a restricted number of extant species

provided unrealistic estimations (Appendix 1). Nevertheless, studying gene discordances in Chapter

2 suggested at least a case of gene flow from a ghost lineage within the Cabassous genus. In addition,

unprecedented advances in ancient DNA sequencing have recently made it possible to decipher their

relationships including extinct species that morphology alone did not clearly establish. Notably, Del-

suc et al. (2019) completely revisited the phylogenetic relationships of six extinct sloth species using

ancient mitogenomics and highlighted important disagreements with previous morphological recon-

struction. Furthermore, including extinct species have important implications in our understanding

of phenotypic evolution of this clade. For example, the extinct giant ground sloth, Mylodon darwinii,

was recovered as the sister-group of extant two-fingered sloths (Choloepus spp.), implying the conver-

gent evolution of arboreality in the extant Bradypus and Choloepus genera from a terrestrial ancestor

(Delsuc et al., 2018, 2019). More recently, combining morphological and molecular characters, Te-

jada et al. (2023) reconstructed the phylogenetic relationships of both extant and extinct sloth species

through a total-evidence method. This allowed them to infer more precise ancestral states, diver-

sification dynamics, and historical biogeography but also revealed an important influence of taxon

sampling due to a bias in fossil preservation in different regions. Therefore, despite considerable

progress made in our understanding of xenarthran evolutionary history in the last decades, there is

still much to be done, notably by including their past diversity.

Environment, demography, adaptation: what factors have

driven speciation in xenarthran species?

As exposed in the Introduction of this PhD thesis, environmental heterogeneity is a crucial driver of

speciation by directly reducing gene flow (through isolation mechanisms that reduce the probability

of matting) or indirectly reducing gene flow (by allowing fixation of neutral or adaptative genetic

barriers for reproductive isolation). For this reason, biogeography, by exploring the distribution of

the biodiversity and associated environmental patterns, is essential to understanding factors that

have promoted speciation or contributed to the maintenance of species. In Chapter 2, we have

notably discussed the potential impact of the Andean mountain range on speciation and mainte-

nance of some xenarthran species barriers, as it delimits the distributions of Tamandua tetradactyla

/ T. mexicana (Moraes-Barros and Arteaga, 2015; Ruiz-Garcı́a et al., 2021), Cabassous unicinctus / C.
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centralis (Feijo and Anacleto, 2021; Moraes-Barros and Arteaga, 2015), Cyclopes didactylus / C. dorsalis

(Coimbra et al., 2017; Miranda et al., 2018), Dasypus novemcinctus / D. fenestratus (Chapter 1; Barthe

et al., n.d. ), Bradypus ephippiger / B. variegatus (Chapter 2) and the two divergent mitochondrial

lineages of Hoffmann’s two-toed sloth (Choloepus hoffmanni). To further explore this, we evaluated

if the Andean elevation throughout the Cenozoic has influenced xenarthran diversification through

diversification models and notably environmental dependent models (Appendix 1). These results

suggest that northern and north-central Andes (as defined in Boschman and Condamine (2022))

did not significantly influence xenarthran diversification. However, the elevation of Colombian and

Venezuelan Andes was positively correlated with the speciation rate of xenarthrans (Appendix 1). In

these two regions, the Andes elevated more recently, starting during the Miocene and their build-up

could have interrupted gene flow between populations on both sides therefore favoring speciation

of the aforementioned species pairs. It should thus be interesting to evaluate if Andean elevation

has increased speciation by reducing mating probability (i.e. geographic isolation) or by creating a

new local environment (i.e. reproductive isolation).

Evaluating factors that have influenced the diversification of a clade (e.g. environment, temper-

ature, diversity, etc. . . ) can reveal potential drivers of speciation. However, as these diversification

analyses seem restricted to correlations, a microevolutionary scale can allow evaluating molecular

mechanisms that have led to the divergence of lineages. Notably, two main scenarios are gen-

erally proposed to explain how environmental changes influence divergence: i) heterogeneous

environments favor local adaptation, and ii) environmental barriers split ancestral populations into

smaller ones that are then more sensitive to drift. Understanding the relative implications of both

these forces (i.e. adaptation and drift) in the speciation process remains challenging and has to be

assessed. In this context, the case of the insular population of the pygmy three-toed sloth (Bradypus

griseus pygmaeus) is particularly interesting (Appendix 2). Indeed, this population is significantly

smaller in body size than the continental population (Bradypus griseus). This morphological change

is frequently described for insular species, thus, this convergent insular dwarfism has been included

as part of the island syndrome (Adler and Levins, 1994). Since Van Valen (1965) and Lomolino

(1985), insular dwarfism has been explained by adaptive forces as a compromise between resource

availability and predation pressures. However, restricted effective population size on islands (here,

the population of Bradypus griseus pygmaeus is estimated at about 500 individuals) suggests an

important effect of drift. We tried to disentangle the relative implication of adaptation and drift in

this morphological change, unfortunately, our results, based on only two individuals of Bradypus

griseus pygmaeus, are ambiguous (Appendix 2). Sequencing additional individuals will be key to

properly assess this question.

211



General Discussion

Is genetic differentiation between species homogeneous

across mammals?

During the speciation process, geneflow progressively descreases and genetic differantiation

increases. In the absence of a consensus for a species delimitation threshold, it has been proposed to

use the genetic differentiation between recognized taxa as a threshold that would be less arbitrary

(Galtier, 2019). Thus, in Chapters 1 and 2, we have evaluated genetic differentiation between pairs

of individuals from different xenarthran species to serve as a taxonomic reference. This comparative

approach provided a remarkable framework to delimit lineages with uncertain taxonomic status.

Applying this method to a restricted number of individuals per lineages in Chapter 2 allowed to

successfully corroborate results obtained with other species delimitation methods conducted at the

population scale (Chapter 1) or by previous studies based on morphology (Billet et al., 2017; Hautier

et al., 2017; Miranda et al., 2018; Miranda et al., 2023).

However, this comparative approach relies on two assumptions: i) taxa used as references must

represent true species, and ii) their genetic differentiation (divergence, genetic structure) must be a

good proxy for taxonomic status that can then be transposed to an independent species complex.

The first assumption is still difficult to evaluate since we have no consensual species concept. To

evaluate the veracity of the second assumption, it is necessary to examine how genetic differentiation

(divergence, genetic structure) varies with taxonomic status. Rosel et al. (2017) have explored this

question through populations, subspecies, and species pairs of cetaceans. Overall, their results

suggest an overlapping distribution of different population genomic measures (Fst, fixed differences,

ϕST) between taxonomic status, the only exception was for the Da (i.e. net synonymous divergence),

which allowed discerning the taxonomic rank: a value above 2% corresponds to distinct species,

while a value below 0.05% indicates populations. Even though these results suggest the Da as a

good predictor of taxonomic rank, their results are restricted to mitochondrial data representing

only cetaceans species/populations. Thus, it is still required to assess the distribution of this genetic

differentiation at a broader taxonomic scale and also to estimate the potential influence of the genetic

regions used (i.e. coding and non-coding) using whole genome data. We explored this with Matthieu

Chombart, a master student by gathering 69 publicly available whole genomes representing height

mammalian genera. Following the same pipeline as in Chapter 2, we estimated pairwise divergence

(i.e. Da and Dxy) and genomic differentiation (Genomic Differentiation Index, GDI sensu Allio et al.,

2021).

Preliminary results revealed lower values of divergence (Da and Dxy) for coding regions than

randomly sampled regions (Figure A3.2, A3.3 in Appendix 3). This result is expected considering
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that purifying selection acting on coding sequences reduces genetic diversity at these loci by counter

selecting non-synonymous mutations with deleterious effect. This reduced within-population

diversity has induced Cruickshank and Hahn (2014) to argue for higher FST values in these coding

regions than randomly sampled regions. However, our results do not support this hypothesis as

GDI estimations (i.e. FST (Nei and Chesser, 1983) applied to two diploid individuals) obtained for

coding regions were similar to those of randomly sampled genomic regions (Figure A3.1 Appendix

3). These results are rather in line with those of Matthey-Doret and Whitlock (2019) who found

no effect of background selection on FST estimations contrary to genetic diversity or Dxy. The

variation in divergence estimates between the genetic regions used (i.e. coding or random) calls

for caution when comparing studies based on coding or genome-wide data, unlike GDI whose

estimates seem more equivalent. In addition, these preliminary results revealed higher values

of GDI, Da, and Dxy for pairs of species than for pairs of lower taxonomic rank (Figure A3.4

Appendix 3). This suggests these metrics could approximate the taxonomic rank and usefully

contribute to delimit species. However, we unfortunately have not yet been able to conduct a

regression analysis (e.g. linear model) to properly evaluate the effects of all these parameters on

genetic differentiation. Indeed, the genetic differentiation estimation (i.e. the response variable) does

not satisfy the assumption of statistical independence due to our pairwise comparison approach.

To correct for this non-independence, we plan to follow (Monnet, 2023) who faced a similar

issue of non-independence since pairs can have individuals in common. To figure it out, they

included two family effects to account for the possible covariance induced by each member of a pair

and sampled pairs making sure an individual is not in the two distinct family effects at the same time.

Despite this, based on general tendency, we observed variations between different clades, for ex-

ample the two species of gorilla (i.e. Gorilla gorilla and Gorilla beringei; GDI = 0.44, Da = 0.0023, Dxy

= 0.003) have genetic differentiation estimates comparable to the two subspecies of white rhinoceros

(Ceratotherium simum simum and Ceratotherium simum cottoni; GDI = 0.42, Da = 0.0016, Dxy = 0.0019;

(Figure A3.1, A3.2, A3.3 Appendix 3). This difference could be biological (i.e. some lineage pairs can

no longer interbreed at a certain value of genetic differentiation when others still can) if similar repro-

ductive isolation is associated with different values of genetic differentiation. However, Roux et al.

(2016) identified an interruption of gene flow above 2% of net synonymous divergence between var-

ious metazoan pairs of populations/species, this shared threshold rather suggesting homogeneous

species boundaries between taxa. This raises two questions: i) do we want taxonomy to reflect homo-

geneous divergence between taxa?, and ii) do we want the taxonomic rank of species to correspond

to a complete cessation of gene flow?
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Personal reflection on taxonomy

To end on a more reflective note, I wanted to share a few lines on my personal point of view con-

cerning the discrete vision of taxonomy. This aspect has long seemed paradoxical to me, given that

the process of speciation is continuous. Taxonomy was developed at a time when we really thought

living organisms as discrete and fixed entities. Even if we no longer have this vision, we still conserve

this discrete framework today. The main reason is that it simplifies the complexity of the living world,

facilitating scientific communication and the mathematical modeling of biodiversity. Unfortunately,

retaining this framework, which does not formally reflect evolution, has a considerable impact on the

way we think about the living world, and contributes to the difficulty of understanding evolution by

students (Manikas et al., 2023). I believe that the comparative approach proposed by Galtier (2019)

brings more nuance to species delimitation, which could contribute to a better representation of the

ongoing process of speciation.

General conclusion

This thesis has conducted the most comprehensive molecular systematic study of xenarthrans il-

lustrating the power of genomics to reveal cryptic species diversity. Encompassing a nearly ex-

haustive whole genome dataset of Xenarthra, we suggest revalidated the species Dasypus mexicanus,

Dasypus fenestratus, Bradypus ephippiger, and Bradypus griseus, synonymise the Critically Endangered

B. pygmaeus with B. griseus, and reveal new species of long-nosed armadillo (Dasypus guianensis)

and pygmy anteater which require to be described. Through this revised taxonomic framework,

we reconstructed the most comprehensive time-calibrated phylogeny of Xenarthra based on whole

genome data that shed light on their evolutionary history. By disentangling the respective contri-

bution of incomplete lineage sorting and gene flow in discordant topological signals across the xe-

narthran phylogeny, we highlighted multiple events of gene flow suggesting speciation with con-

tacts between lineages. Further exploring factors influencing speciation in xenarthrans suggested

that Colombian and Venezuelan Andes have promoted their speciation by separating several species

pairs. Finally, our results have contributed to identifying future directions for further taxonomic

investigations and conservation status assessment of xenarthran species.
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APPENDIX 1 - EXPLORING THE INFLUENCE OF ANDEAN

ELEVATION ON XENARTHRAN DIVERSIFICATION

Introduction

The Neotropics, comprising South America and Central America, is a region of high diversity whose

biogeographic history has long been considered a determining factor in the diversification of species

that underlies its unique biodiversity (Antonelli et al., 2018; Hoorn et al., 2010; Meseguer et al., 2022).

After splitting from the supercontinent Pangea in the Late Cretaceous (˜90 Mya; Simpson 1980; Figure

A1.1), South America experienced progressive Andean uplift. The elevation started during Late

Cretaceous (˜70 Mya) in: i) the northern Andes, in Ecuador (Montes et al., 2019), and ii) in the central

Andes along the Pacific coast (Horton 2018). During the Paleogene (˜50 to ˜30 Mya), the uplift of

these two regions has notably extended eastward and northward to Ecuador (Figure A1.1). In the

middle Miocene (˜10 Mya), the elevation spread further eastward, reaching Venezuela in the northern

part and covering a bigger part of Bolivia and Argentina (but see Boschman (2021), Boschman and

Condamine (2022) and references therein). This Venezuelan Andean uplift induced hydrological

rearrangements by shifting from the lacustrine Pebas system to the fluvial Amazonian river system

˜9 Mya (Hoorn et al., 2010, 2017; Figure A1.1). Overall, the Andean elevation had a major impact

throughout South American landscapes and climate by acting as a barrier to westward air masses.

By cooling down, these air masses cause heavy precipitations (Garreaud et al., 2009). In addition,

this last northward elevation generated the closure of the Isthmus of Panama (3.5 Myr;Antonelli and

Sanmartı́n, 2011; Hoorn et al., 2010), which promoted migration of numerous taxa known as the

Great American Biotic Interchange (GABI) and led to the extinction of numerous species endemic

to South America (Carrillo et al. 2020). Finally, the Quaternary was characterized by glacial cycles
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that influenced the distribution of the Amazon landscape (Cheng et al., 2013) and the sea level (Val

et al., 2021). All these factors influenced habitat fragmentation and have been invoked to explain

the numerous speciation events that make the Neotropics a highly diverse region (Hoorn et al., 2022,

2010; Rull, 2011). As an ancient South American endemic clade, xenarthrans have evolved in isolation

for most of the Cenozoic until the Great American Biological Interchange, and therefore represent a

perfect model for studying the effect of these paleoenvironmental changes on their diversification

(Delsuc et al., 2004; Gibb et al., 2016).

Figure A1.1: Paleogeographic maps of Earth (modified from Encyclopaedia Britannica and
Meseguer and Condamine (2017)) along the geological timescale back to 150 Mya. Evolution
of the South America landscape elevation is represented back to 80 Mya (modified from
Boschman and Condamine (2022)). Marine incursions are colored in light blue and lakes
and wetlands in gray-blue.

Materials & Methods

Estimating xenarthran diversification rates

Diversification rates of xenarthrans on the timescale phylogeny reconstructed in Chapter 2 have been

estimated using Morlon et al. (2011)’s model automatized by Mazet et al. (2023) in the R package

RPANDA 2.0 (Morlon et al., 2016)). This method supports heterogeneous diversification rates along

the phylogeny by allowing subclades to follow distinct birth-death models (i.e. diversification shifts).

The sampling fractions of five subclades (Bradypus, Cyclopes, Dasypus, Euphractinae, and Tolypeuti-

nae) have been evaluated using the function get.sampling.fraction. Thirty-two combinations of these

subclades were estimated by comb.shift function and were compared to a clade with no shift. For

all these combinations, five diversification models were evaluated: i) BCST, constant speciation rate

with no extinction rate corresponding to a Yule model; ii) BCST DCST, constant speciation and extinc-

tion rates, corresponding to a constant birth-death model; iii) BVAR, variable speciation rate through

time, with no extinction rate; iv) BVAR DCST, variable speciation rate through time with a con-
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stant extinction rate; and v) BCST DVAR, constant speciation rate with variable extinction rate. The

shift.estimate function estimated the best fitting model for all subclades and backbones and allowed

to identify the best shift combination based on the AICc criterion. We compared diversification rates

estimated without constraints, or constrained by the maximum rate set to 2 (rmax=2) or by the max-

imum number of species set to 10000 (nmax=10000). Finally, according to the best shift combination

and diversification model, we estimated the paleodiversity dynamics of xenarthrans using the func-

tion apply prob dtt, which estimates a confidence interval using a probabilistic approach (Billaud

et al., 2020).

Environment-dependent models

The effect of Andean elevation was evaluated on a clade homogeneous (i.e. without diversifi-

cation rate shifts) by comparing eight models using the function div.models. The eight mod-

els evaluated correspond to the five listed in the previous section (i.e. BCST, BCST DCST,

BVAR, BVAR DCST, BCST DVAR), plus three environment-dependent diversification models (i.e.

BenvVAR, BenvVAR DCST, BCST DenvVAR). For the environment-dependent models, speciation

or extinction rates followed an exponential dependency to the environmental factor. Here, we evalu-

ated the effect of Andean elevation corresponding to three regions: i) the mean northern and central

north Andes elevation estimated by Boschman and Condamine (2022), ii) the mean elevation of lo-

cations Santa Marta massif, Maracaibo, Garzon, Perija Santander, middle Magdalena valley basin,

and iii) the mean elevation of Venezuelan coastal ranges and Merida venezuelan. For these three

regions, the corresponding curve of elevation was estimated using a spline interpolation with degree

of freedom of 3.67, 40, and 40 respectively. Finally, the best fitting model was selected using the AICc

criterion.

Results & Discussion

Diversification rates and paleodiversity of xenarthrans

Phylogenetic birth-death models can be employed to determine whether a clade is most likely to

have evolved with a constant or variable diversification rate over time. Thus, Gibb et al. (2016)

reconstructed a molecular timescale phylogenetic tree at the species level based on their complete

mitogenomes to further explore how xenarthrans diversification had evolved through time. They

found a constant diversification rate through the Cenozoic (speciation rate (λ) and extinction rate (µ)

were both constant). However, these results are not concordant with paleontological data indicating

that the late Pleistocene extinction event affected many xenarthran species (Lyons et al., 2004).
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Since the work of Gibb et al. (2016), xenarthran taxonomy has been revised leading to an increased

in the number of species from 31 in 2016 to 39 in 2023 (Feijo and Anacleto, 2021; Feijó et al., 2018, 2019;

Gibb et al., 2016; Miranda et al., 2018; Miranda et al., 2023). In addition, considering the revisions

conducted during this PhD project, we now enumerate 46 species. Taxon sampling is known to

influence diversification estimation, for this reason, we actualised these diversification analyses using

the time calibrated tree based on the whole genome of 40 xenarthran species (sampling fraction of

87%) estimated in Chapter 2. In addition, important technical improvements have emerged in the

macroevolutionary field as Mazet et al. (2023) allowed the automatisation of Morlon et al. (2011)

model and implemented it in the RPANDA 2.0 R package (Morlon et al., 2016). Indeed, this model

allows diversification rates to vary not just over time but also across clades. This method works

by evaluating different changes in diversification rates along the phylogeny (shifts) and estimates

the birth-death model that fits the best for each subclade and backbone identified. In our case, we

evaluated 32 different combinations of shifts and the best combination included five shifts located on

the ancestral branches of Bradypus, Cyclopes, Dasypus, Euphractinae, and Tolypeutinae (Table A1.1,

Figure A1.2). The best diversification model for the backbone included a constant speciation rate

and a variable extinction rate increasing over time (as specified by the negative Beta value of -0.256;

Table A1.2; Figure A1.2). For all subclades, the best model was a constant speciation rate (Figure

A1.2). These results differ from those obtained by Gibb et al. (2016) and appear more congruent with

the late Pleistocene extinction event during which numerous species from the megafauna became

extinct, and notably 90% of sloth diversity (Lyons et al., 2004; Steadman et al., 2005). However, this

estimation is anterior to this extinction event estimated to be of Pleistocene age by paleontological

records.

In addition, paleodiversity dynamics reconstructed from this diversification rate estimate pro-

duces an estimation of the ancestral diversity of xenarthran that reached a peak of diversity higher

than 230 000 species (Figure A1.3). Even though this clade is known to have been more diverse in

the past, this estimation is far too unrealistic. Unfortunately, constraining these rates by maximum

rate value (rate.max=2) or maximum number of species (n.max=10000) did not allow us to identify

more realistic estimates, as rates reached the constraint values. Estimating xenarthran paleodiversity

based only on molecular data seems challenging considering the restricted number of extant species

in this clade, and even more considering that the diversification rates of the backbone were estimated

from only seven species in our case. Thus, it should be more appropriate to include fossils to more

accurately estimate their diversification.
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Table A1.1: Support for the five best shift combinations estimated from the shift.estimate
function detailing the number of parameters, the log likelihood, the AICc and the ∆AICc.
Numbers in the Combination column correspond to the crown or subclades with 53 for
Bradypus; 46: Cyclopes; 60: Dasypus; 69: EUPHRACTINAE; 75: TOLYPEUTINAE

Combination Parameters logL AICc ∆AICc
46.53.60.69.75 13 -109.24 271.48 0.00
whole tree 2 -135.28 274.89 3.41
60 4 -132.77 275.97 4.49
75 4 -131.84 276.07 4.60
60.75 7 -127.83 276.81 5.33

Table A1.2: Diversification models evaluated for the backbone of xenarthrans (see Mate-
rials & Methods for details on models). For each model, this table details the number of
parameters in the model (Param.), the estimated log-likelihood (logL), the corrected Akaike
information criterion (AICc), the difference with the lower AICc (∆AICc). Estimations of
model parameters are also detailed with Lambda corresponding to the speciation rate at
present, Alpha the dependency of speciation rate on time, Mu the extinction rate at present,
and Beta the dependency of extinction rate on time.

Models Param. logL AICc Lambda Alpha Mu Beta ∆AICc
BCST DVAR 3 -27.35 68.70 0.26 – 3.54 -0.26 0.00
BVAR DCST 3 -35.28 84.56 0.96 0.01 1.17 – 15.86
BCST DCST 2 -42.87 92.74 0.21 – 0.21 – 24.05
BCST 1 -45.64 94.08 0.03 – – – 25.38
BVAR 2 -45.61 98.22 0.03 0.01 – – 29.52
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Figure A1.2: Diversification rates estimated for the xenarthran clade following the hetero-
geneous diversification rate model proposed by Morlon et al. (2011) and Mazet et al. (2023).
A) Phylogeny of Xenarthra, with the five colored subclades corresponding to the best shift
model. The red circles represent nodes tested for crown shift. For each subclade, the legend
indicates the best model between parentheses. B) Estimation of diversification rates over
time. The continuous line represents speciation rate, the dotted line represents extinction
rate, and colors correspond to each subclade.
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Figure A1.3: Paleodiversity reconstructions of the backbone of the xenarthran clade using
the probabilistic approach. Dotted lines indicate the 95% confidence interval.
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Environmental factors driving diversification

Andean mountain range, resulting from multiple pulses of tectonic uplift throughout the Cenozoic,

is a biogeographic barrier delimiting the distribution of multiple xenarthran species (e.g. Dasypus

fenestratus and D. novemcinctus; Bradypus ephippiger and B. variegatus; Cyclopes dorsalis and C. ida).

For this reason, Moraes-Barros and Arteaga (2015) and this Chapter 2 suggested that Andean

uplift could have driven the diversification and distribution of extant xenarthran species. To

evaluate if indeed Andean elevation has influenced xenarthran diversification, we estimated the

likelihoods and the corrected Akaike information criterion (AICc) for different models, including

environment-dependent models (i.e. varying according to an environmental variable, here Andean

elevation) using the function div.models (Mazet, pers. comm., Condamine et al., 2013). First,

we evaluated the impact of the northern and north-central Andes as defined in Boschman and

Condamine (2022) on xenarthran diversification and on three subclades for which the Andes delimit

the distribution of species pairs (i.e. Dasypus, Bradypus, Cyclopes). Despite close AICc values, the

Andean elevation dependent model obtained lower support than the model with constant speciation

and extinction rates (AICc(BCST DCST) = 274.9; AICc(BAndesVAR) = 276.5; Table A1.3). However, this

Andean region includes three geomorphologic domains with distinct elevation histories (Boschman

and Condamine, 2022). The first domain corresponds to the western part of the central and northern

Andes (see Figure A1.4, and Boschman and Condamine (2022) for the original figure) and started its

elevation in the central part during the Paleogene, progressively reaching the north and east. The

domain 2 corresponds to the Eastern Cordillera and Garzon Massif (eastern part of the Columbian

Andes), and domain 3 to the Merida Andes (a part of Venezuelan Andes). For these two domains,

their elevation occurred more recently, starting during the Miocene. Thus, their elevation could have

interrupted gene flow between populations on both sides and favored speciation. We evaluated

this hypothesis, using the same methods based on the mean elevation of these domains (Figure

A1.4). The domains 2 and 3 elevation dependent models best fitted xenarthran diversification,

and revealed a positive correlation between their elevation and the speciation rate of the whole

xenarthran phylogeny (Tables A1.4, A1.5). However, when evaluating subclades, only Dasypus

revealed a significant effect of domain 3 elevation on its speciation, as for all other subclades, the

constant speciation rate model offered the best fitting to their diversification.

Despite restricted statistical power due to the low number of species in this clade, xenarthran

diversification appears to be correlated to the northern east elevation of the Andes. It would thus

be interesting to evaluate if the Andean elevation can be a direct cause of increasing speciation as

an environmental barrier reducing mating probability or by creating new local environments. Note-

worthy, this environmental variable can have no influence on speciation and only be correlated to
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another variable directly driving speciation. In addition, multiple factors can influence speciation,

and it would be interesting to evaluate other environment-dependent, temperature-dependent, or

diversity-dependent models on xenarthran diversification.

Figure A1.4: A) Map of South America with the seven geomorphological domains from
Boschman and Condamine (2022). Paleoelevation of B) the northern and central Andes (red
domains 1-3), C) the domain 2 (corresponding to the Santa Marta massif, Maracaibo, Garzon,
Perija Santander, middle Magdalena valley basin locations), and D) domain 3 (correspond-
ing to Venezuelan coastal ranges and Merida). Dots represent multiple locations and the
curve corresponds to mean elevation estimated by the spline interpolation with degree of
freedom of 3.67, 40 and 40 respectively.
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Table A1.3: Diversification models including three environment-dependent models evalu-
ated for xenarthrans, Dasypus, Cyclopes and Bradypus genera (see Materials & Methods for
details on models). Environment-dependent models include an exponential dependency
to the northern and central Andes elevation estimated by Boschman and Condamine, 2022
(see Figure A1.4 a-b). For each model, this table details the number of parameters in the
model (Param.), the estimated log-likelihood (logL), the corrected Akaike information crite-
rion (AICc), the difference with the lower AICc (∆AICc). Estimations of model parameters
are also detailed with Lambda corresponding to the speciation rate at present, Alpha the
dependency of speciation rate on time, Mu the extinction rate at present, and Beta the de-
pendency of extinction rate on time.

Models Param. logL AICc Lambda Alpha Mu Beta ∆AICc
Xenarthra
BCST DCST 2 -135.28 274.89 0.18 – 0.16 – 0.00
BAndesVAR 2 -136.08 276.48 0.01 0.00 – – 1.59
BVAR DCST 3 -134.99 276.64 0.20 0.01 0.22 – 1.75
BCST DVAR 3 -134.99 276.65 0.20 – 0.22 -0.01 1.77
BAndesVAR DCST 3 -135.00 276.67 0.30 0.00 0.22 – 1.78
BCST DAndesVAR 3 -135.02 276.70 0.20 – 0.14 0.00 1.82
BVAR 2 -136.85 278.03 0.13 -0.04 – – 3.14
BCST 1 -142.50 287.10 0.07 – – – 12.22

Dasypus
BCST 1 -19.08 40.73 0.22 – – – 0.00
BVAR 2 -17.95 41.90 0.41 -0.21 – – 1.17
BAndesVAR 2 -17.96 41.92 0.00 0.01 – – 1.18
BCST DCST 2 -18.46 42.93 0.39 – 0.37 – 2.20
BVAR DCST 3 -17.95 46.70 0.41 -0.21 0.00 – 5.97
BAndesVAR DCST 3 -18.04 46.87 0.00 0.01 0.16 – 6.14
BCST DVAR 3 -18.33 47.46 0.34 – 0.21 0.05 6.73
BCST DAndesVAR 3 -19.08 48.96 0.22 – -0.01 -0.12 8.23

Cyclopes
BCST 1 -12.73 28.47 0.14 – – – 0.00
BVAR 2 -12.43 32.86 0.22 -0.13 – – 4.39
BAndesVAR 2 -12.44 32.87 0.00 0.01 – – 4.41
BCST DCST 2 -12.62 33.24 0.20 – 0.15 – 4.77
BVAR DCST 3 -12.43 42.86 0.22 -0.13 0.00 – 14.39
BAndesVAR DCST 3 -12.44 42.88 0.00 0.01 0.00 – 14.41
BCST DVAR 3 -12.50 43.00 0.18 – 0.06 0.10 14.53
BCST DAndesVAR 3 -12.73 43.47 0.14 – 0.01 -0.05 15.00

Bradypus
BCST 1 -14.76 32.32 0.17 – – – 0.00
BVAR 2 -13.72 34.44 0.37 -0.24 – – 2.11
BAndesVAR 2 -13.72 34.45 0.00 0.01 – – 2.13
BCST DCST 2 -14.05 35.11 0.35 – 0.35 – 2.79
BVAR DCST 3 -13.72 41.44 0.37 -0.24 0.00 – 9.11
BAndesVAR DCST 3 -13.73 41.46 0.00 0.01 0.05 – 9.14
BCST DVAR 3 -14.05 42.10 0.33 – 0.31 0.01 9.78
BCST DAndesVAR 3 -14.76 43.52 0.17 – -0.04 -0.03 11.20
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Table A1.4: Diversification models including three environment-dependent models evalu-
ated for xenarthrans, Dasypus, Cyclopes and Bradypus genera (see Materials & Methods for
details on models). Environment-dependent models include an exponential dependency to
the domain 2 elevation of the Andes estimated by Boschman and Condamine, 2022 (see Fig-
ure A1.4 a-c). For each model, this table details the number of parameters in the model
(Param.), the estimated log-likelihood (logL), the corrected Akaike information criterion
(AICc), the difference with the lower AICc (∆AICc). Estimations of model parameters are
also detailed with Lambda corresponding to the speciation rate at present, Alpha the depen-
dency of speciation rate on time, Mu the extinction rate at present, and Beta the dependency
of extinction rate on time.

Models Param. logL AICc Lambda Alpha Mu Beta ∆AICc
Xenarthra
BAndesVAR 2 -135.17 274.66 0.01 0.00 – – 0.00
BCST DCST 2 -135.28 274.89 0.18 – 0.16 – 0.23
BVAR DCST 3 -134.99 276.64 0.20 0.01 0.22 – 1.98
BCST DVAR 3 -134.99 276.65 0.20 – 0.22 -0.01 1.99
BAndesVAR DCST 3 -135.03 276.72 0.29 0.00 0.23 – 2.06
BCST DAndesVAR 3 -135.05 276.76 0.20 – 0.15 0.00 2.10
BVAR 2 -136.85 278.03 0.13 -0.04 – – 3.36
BCST 1 -142.50 287.10 0.07 – – – 12.44

Dasypus
BCST 1 -19.08 40.73 0.22 – – – 0.00
BVAR 2 -17.95 41.90 0.41 -0.21 – – 1.17
BAndesVAR 2 -18.19 42.38 0.00 0.01 – – 1.65
BCST DCST 2 -18.46 42.93 0.39 – 0.37 – 2.20
BVAR DCST 3 -17.95 46.70 0.41 -0.21 0.00 – 5.97
BAndesVAR DCST 3 -17.98 46.76 0.00 0.01 0.02 – 6.03
BCST DVAR 3 -18.33 47.46 0.34 – 0.21 0.05 6.73
BCST DAndesVAR 3 -19.08 48.96 0.22 – -0.06 -0.05 8.23

Cyclopes
BCST 1 -12.73 28.47 0.14 – – – 0.00
BVAR 2 -12.43 32.86 0.22 -0.13 – – 4.39
BAndesVAR 2 -12.54 33.07 0.01 0.00 – – 4.61
BCST DCST 2 -12.62 33.24 0.20 – 0.15 – 4.77
BVAR DCST 3 -12.43 42.86 0.22 -0.13 0.00 – 14.39
BAndesVAR DCST 3 -12.44 42.88 0.00 0.01 0.00 – 14.42
BCST DVAR 3 -12.50 43.00 0.18 – 0.06 0.10 14.53
BCST DAndesVAR 3 -12.73 43.47 0.14 – 0.01 -0.05 15.00

Bradypus
BCST 1 -14.76 32.32 0.17 – – – 0.00
BVAR 2 -13.72 34.44 0.37 -0.24 – – 2.11
BAndesVAR 2 -13.85 34.69 0.00 0.01 – – 2.37
BCST DCST 2 -14.05 35.11 0.35 – 0.35 – 2.79
BVAR DCST 3 -13.72 41.44 0.37 -0.24 0.00 – 9.11
BAndesVAR DCST 3 -13.74 41.48 0.00 0.01 0.05 – 9.16
BCST DVAR 3 -14.05 42.10 0.33 – 0.31 0.01 9.78
BCST DAndesVAR 3 -14.76 43.52 0.17 – -0.04 -0.03 11.20
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Table A1.5: Diversification models including three environment-dependent models evalu-
ated for xenarthrans, Dasypus, Cyclopes and Bradypus genera (see Materials & Methods for
details on models). Environment-dependent models include an exponential dependency to
the domain 3 elevation of the Andes estimated by Boschman and Condamine, 2022 (see Fig-
ure A1.4 a-d). For each model, this table details the number of parameters in the model
(Param.), the estimated log-likelihood (logL), the corrected Akaike information criterion
(AICc), the difference with the lower AICc (∆AICc). Estimations of model parameters are
also detailed with Lambda corresponding to the speciation rate at present, Alpha the depen-
dency of speciation rate on time, Mu the extinction rate at present, and Beta the dependency
of extinction rate on time.

Models Param. logL AICc Lambda Alpha Mu Beta ∆AICc
Xenarthra
BAndesVAR 2 -134.13 272.59 0.02 0.00 – – 0.00
BCST DCST 2 -135.28 274.89 0.18 – 0.16 – 2.30
BAndesVAR DCST 3 -134.53 275.72 0.03 0.00 0.00 – 3.13
BVAR DCST 3 -134.99 276.64 0.20 0.01 0.22 – 4.05
BCST DVAR 3 -134.99 276.65 0.20 – 0.22 -0.01 4.07
BCST DAndesVAR 3 -135.15 276.96 0.20 – 0.17 0.00 4.38
BVAR 2 -136.85 278.03 0.13 -0.04 – – 5.44
BCST 1 -142.50 287.10 0.07 – – – 14.52

Dasypus
BAndesVAR 2 -17.12 40.24 0.00 0.01 – – 0.00
BCST 1 -19.08 40.73 0.22 – – – 0.50
BVAR 2 -17.95 41.90 0.41 -0.21 – – 1.66
BCST DCST 2 -18.46 42.93 0.39 – 0.37 – 2.69
BVAR DCST 3 -17.95 46.70 0.41 -0.21 0.00 – 6.46
BAndesVAR DCST 3 -17.96 46.71 0.00 0.01 0.00 – 6.47
BCST DVAR 3 -18.33 47.46 0.34 – 0.21 0.05 7.23
BCST DAndesVAR 3 -19.08 48.96 0.22 – -0.01 -0.12 8.72

Cyclopes
BCST 1 -12.73 28.47 0.14 – – – 0.00
BAndesVAR 2 -11.88 31.76 0.00 0.01 – – 3.29
BVAR 2 -12.43 32.86 0.22 -0.13 – – 4.39
BCST DCST 2 -12.62 33.24 0.20 – 0.15 – 4.77
BVAR DCST 3 -12.43 42.86 0.22 -0.13 0.00 – 14.39
BAndesVAR DCST 3 -12.44 42.87 0.01 0.00 0.00 – 14.40
BCST DVAR 3 -12.50 43.00 0.18 – 0.06 0.10 14.53
BCST DAndesVAR 3 -12.73 43.47 0.14 – 0.01 -0.05 15.00

Bradypus
BCST 1 -14.76 32.32 0.17 – – – 0.00
BAndesVAR 2 -13.16 33.33 0.00 0.01 – – 1.01
BVAR 2 -13.72 34.44 0.37 -0.24 – – 2.11
BCST DCST 2 -14.05 35.11 0.35 – 0.35 – 2.79
BVAR DCST 3 -13.72 41.44 0.37 -0.24 0.00 – 9.11
BAndesVAR DCST 3 -13.72 41.45 0.00 0.01 0.00 – 9.12
BCST DVAR 3 -14.05 42.10 0.33 – 0.31 0.01 9.78
BCST DAndesVAR 3 -14.76 43.52 0.17 – -0.04 -0.03 11.20
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APPENDIX 2 - IS ISLAND SPECIES DIVERGENCE DRIVEN BY

LOCAL ADAPTATION OR DEMOGRAPHY?

Introduction

The Bocas del Toro archipelago, off the coast of Panama, is made up of several islands formed by

rising sea levels during the Holocene (Anderson and Handley, 2001; Summers et al., 1997). A total

of four isolation events from the mainland have been described, leading to the formation of islands

over the last 10,000 years: i) Escudo de Veraguas Island, 8,900 years ago, ii) Colon Island, 5,200 years

ago, iii) Cayo Nancy and Bastimentos Islands, 4,700 years ago, and iv) Cayo Agua Island, 3,400

years ago (Figure A2.1; Anderson and Handley, 2001; Summers et al., 1997). Different populations

were isolated from mainland populations by vicariance, and they are characterized by major

morphological changes with their mainland close relatives. Of the nine mammal species present on

the oldest island, Escudo de Veraguas, there are four cases of island gigantism (Artibeus incomitatus,

Glossophaga soricina, Micronycteris megalotis, Hoplomys gymnurus), three cases of island dwarfism

(Caluromys derhianus, Carollia brevicauda, and Bradypus variegatus), and two species (Saccopteryx

leptura and Myotis riparius) show no morphological distinction from the mainland (Kalko, 1994).

Numerous cases of morphological changes in body size have been described for island species

around the world, and thus, these convergent phenotypic changes have been included as part of the

island syndrome (Adler and Levins, 1994).

Since Van Valen (1965) and Lomolino (1985), genetic changes leading to island dwarfism

have been mainly explained by adaptive forces. It has been argued that this reduced body size

corresponds to the adaptive optimum: a compromise between resource availability and predation
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pressures (Lomolino, 1985). However, the founder effect and reduced effective population size of

the insular population lead to a reduction in genetic diversity and an increase in genetic drift. These

demographic factors reduce the effectiveness of selection on islands (Kimura, 1962). Indeed, in a

work I performed during my Master 2 internship, we highlighted that reduced immune functions in

island passerine species could be explained by increased genetic burden due to increased drift on

islands (see Barthe et al., 2022 in Appendix 4).

Thus, if such morphological changes are adaptive, they should be characterized by a selection

coefficient sufficiently high to counteract these demographic factors (Ohta, 1992). Faced with this

paradox, Biddick and Burns (2021a) proposed an alternative model in which drift would be at the

origin of body size changes on islands (see also Biddick and Burns, 2021b; Diniz-Filho et al., 2021).

To our knowledge, only Prentice et al. (2017) have attempted to characterize the forces (adaptive and

demographic) driving island dwarfism in lynxes. Unfortunately, their study is based on a single

growth factor gene, so their results could be impacted by a very small number of SNPs.

The three-toed sloths from Escudo de Veraguas are significantly smaller than the mainland

species, Bradypus griseus (previously Bradypus variegatus; mean size 50.5 cm (±1.1) vs. 60.8 cm (±1.6)).

This convinced Anderson and Handley (2001) to elevate this insular population to the species

taxonomic rank under the name Bradypus pygmaeus. However, our results obtained in Chapter 2

based on the whole genome of nine individuals of Bradypus griseus and two Bradypus pygmaeus,

revealed a strong genetic similarity (Da = 0.0008; Dxy = 0.0018, as a comparison the two subspecies

of Dayspus septemcinctus septemcinctus and D. sept. hybridus were more divergent with Da = 0.032 and

Dxy = 0.0048; see Chapter 2). These molecular results thus suggest that these island and mainland

populations may still belong to the same species, despite their morphological distinction as discussed

in Chapter 2. Considering their low genomic divergence, morphological differentiation appears

very fast and despite their restricted population size (actually estimated at about 500 individuals).

A question remains though: what evolutionary force(s) led to this fast morphological differentiation?

To explore demographic and adaptive factors that may underlie the morphological differentiation

of Bradypus pygmaeus, we gathered whole genome sequencing for eight Bradypus griseus individuals,

the mainland species including islands close to the coast, and for two Bradypus pygmaeus individuals

(Figure A2.1). We assessed the effect of drift through randomly selected genes by comparing Pn/Ps

between insular and mainland populations. These genes are not expected to have been involved

in adaptation and thus can serve as control. Then, genes linked with dwarfism, as listed in the

platform GeneCard, have been used to compare Pn/Ps between insular and mainland populations.

A higher Pn/Ps difference between mainland and island population for genes involved in dwarfism

than control genes might be attributed to a change in selection pressure (Figure A2.3).
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Figure A2.1: Location of the eight individuals of B. griseus griseus (in orange) and the two
individuals of B. griseus pygmaeus (red) sampled.
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Figure A2.2: Conceptual diagram illustrating the expected effect of evolutionary forces (i.e.
drift, blue arrow and selection, green arrow) on Pn/Ps of two populations with different ef-
fective population sizes, Ne (i.e. mainland, with large population size in orange, and island
with reduced population size in red). Control genes randomly sampled in the genome are
generally under purifying selection inducing a low Pn/Ps. For populations with a lower
Ne, drift must reduce the efficacy of selection, inducing the fixation of weakly deleterious
mutations increasing the Pn/Ps. Thus, the difference of Pn/Ps between mainland and is-
land populations would allow us to quantify the effect of drift. Then, if genes involved
in dwarfism underwent positive selection, beneficial mutations will contribute to increase
Pn/Ps. Thus, a higher Pn/Ps difference between mainland and island populations for genes
involved in dwarfism will evidence positive selection.

Materials & Methods

Dataset assembly

The raw Illumina reads of 16 individuals of Bradypus griseus, including two Bradypus griseus pyg-

maeus, analyzed in Chapter 2 were reemployed for this study. Raw reads obtained by 150PE Illumina

sequencing were cleaned using FastP v0.21.0 (Chen et al., 2018). The genome of Bradypus tridactylus

V3450 served as a reference to map reads of each individual using bwa mem v.0.7.17 (Li, 2013) with

default parameters. Mapping files were converted, then reads were ordered according to their posi-

tion on the reference genome, and finally mapping files were indexed using Samtools v1.9 (Li et al.,

2009) and Picard v2.25.5 (Toolkit, 2019). Duplicate reads were marked with MarkDuplicates v2.25.5

(Toolkit, 2019). Variants were called using Freebayes v1.3.1 (Garrison and Marth, 2012) with ade-

quate options for diploid data. Depth of coverage was estimated with Samtools depth v1.9 (Li et al.,

2009) by setting parameters to a mapping quality threshold of 30, a base quality threshold of 30, and

the option “-a”. Diploid fasta sequences were generated using VCF2FastaFreebayes and positions
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with less than 6x depth of coverage were masked, as well as positions with a quality less than300 and

heterozygous positions with a read frequency of the minor allele less than 0.3 (deviating from the

0.5 expectation). Six individuals with less than 6x depth of coverage were excluded (KU190, KU317,

BVA850, BVA525, KU357, BVA166).

Extracting dwarfism and random genes

Genes potentially involved in dwarfism were identified by screening the GeneCard database with the

search terms “short stature” OR “growth impairment” OR “height” OR “dwarfism” OR “dwarf” OR

“growth restriction” OR “growth retardation” (search performed on the 31/08/2023). The 1000 genes

with the highest functionality score were then selected. The exon coordinates of these genes were

extracted from the annotation file of the reference genome Bradypus tridactylus V3450. In addition,

the exon coordinates of 1000 randomly sampled genes were also extracted from the annotation file

of the reference genome Bradypus tridactylus V3450 to serve as control. These coordinates enabled

the extraction of the corresponding regions in the 11 mapped individuals using a custom script. For

each gene, sequences were aligned, cleaned, based reading frames with the OMM Macse V12.01

pipeline (Ranwez et al., 2021) using the option “no prefiltering”. Finally, stop codons were excluded.

Respectively, 81 control genes and 54 dwarfism genes including a heterozygous position shared by at

least 75% of individuals were excluded as this deviation from Hardy-Weiberg equilibrium can reflect

the mapping of paralogs.

Pn/Ps estimation and statistical analysis

We estimated synonymous (Ps) and non-synonymous (Pn) nucleotide diversities using the script

seq stat coding based on the Bio++ library (Guéguen et al., 2013). The mean Pn/Ps was calculated as

the sum of Pn over the sum of Ps (Wolf et al., 2009) for the concatenation of 60 genes, and replicated

100 times. The Pn/Ps ratio was used as the dependent variable of a linear mixed model with the

mainland or insular origin and the category of genes (control or involved in dwarfism) as explanatory

variables. This linear model analysis was conducted with packages lme4 and lmerTest (Bates et al.,

2012; Kuznetsova et al., 2017). We evaluated five linear mixed models: i) model including origin

and gene category parameters and also the interaction effect, ii) model using both origin and gene

category parameters, iii) model with only the gene category parameter, iv) model with only the origin

parameter, and finally v) null model. To select the best fitting model we used two distinct approaches:

i) the difference in corrected Akaike Information Criterion (AICc) estimated using the qpcR package

(Spiess and Spiess, 2018), and ii) an ANOVA test between models following a model simplification

approach.
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Results & Discussion

First, we evaluated the effect of the number of individuals on Pn/Ps estimations, considering the

distinct number of individuals constituting these two subspecies. Based on control genes of the eight

mainland individuals of B. griseus, we detected bias on the mean Pn/Ps estimated from a reduced

number of alleles (Figure A2.3). A similar pattern has been identified in Gayral et al. (2013), but

the reason was unclear. Unfortunately, as only two individuals of insular B. griseus pygmaeus have

been sequenced, we randomly sampled four alleles of mainland individuals of B. griseus to perform

comparisons. As expected, the insular population had a lower genetic diversity than the mainland

population (Ps(island) = 0.001, Ps(mainland) = 0.002; Figure A2.4). The Pn/Ps estimated from control

genes showed higher values for the mainland (mean Pn/Ps = 0.33) than the island population (mean

Pn/Ps = 0.29; Figure A2.4). This surprising result is the opposite of our expectations as higher drift on

the island should increase the load of weakly deleterious mutations (Barthe et al., 2022; Leroy et al.,

2021). Similarly for genes involved in dwarfism, the Pn/Ps of the mainland population was higher

than the island population (mean Pn/Ps = 0.22 > 0.10). Model selection based on AICc as well as on

model simplification with ANOVA identified the model with interaction (Pn/Ps ˜1+ category +ori-

gin+category *origin) as the best fitting model (Table A2.1). This model includes an effect of the gene

category with dwarfism associated with a lower Pn/Ps of -0.13 than control genes (p < 0.001). In

addition, island populations were associated with a reduction in Pn/Ps of -0.05 (p < 0.001), however

this effect is the opposite of our expectation. This could be due to sampling bias as this analysis only

relies on two individuals per population. Finally, an additional reduction was attributed to genes

involved in dwarfism on the island population (estimate = -0.04, p < 0.001). Considering the uncer-

tainty of these results, we plan on sequencing five additional individuals from the B. griseus pygmaeus

island population to explore the effect of sampling bias on Pn/Ps more accurately. Furthermore, eval-

uating adaptation through the McDonald–Kreitman test could provide complementary information

by taking into account divergence. Finally, performing genome scans would also contribute to iden-

tify highly differentiated genetic regions between the mainland and island populations in order to

further understand what drove their morphological divergence.
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Figure A2.3: Effect of the number of alleles on Pn/Ps estimations. Each point corresponds
to the Pn/Ps value estimated from the concatenation of 60 control genes based on randomly
sampled alleles. For each category of allele, 100 replicates (N= 100) have been performed
and the mean Pn/Ps was estimated.

Figure A2.4: A) Pn/Ps and A) Ps of the mainland population (B. griseus) in orange and
island population (B. griseus pygmaeus) in red for control genes (left panel) and genes
involved in dwarfism (right panel). The distribution of Pn/Ps is based on 100 replicates
(N=100) each based on the concatenation of 60 genes.
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Table A2.1: Statistical model explaining the Pn/Ps variation. For each model, this table
details the corrected Akaike information criterion (AICc), the difference with the lower AICc
(∆AICc), the estimated Likelihood, and ANOVA test. For the ANOVA test only p-values of
comparisons with model n°1 are presented as the more complex model (n°1) explains a
larger proportion of the variance.

Models Model selection by AIC ANOVA test
n° Details AICc ∆AICc Likelihood n°1
1 Pn/Ps˜1+ category +origin+ -1,187.28 0.00 1.00E+00

category *origin
2 Pn/Ps˜1+ category +origin -1,168.67 18.61 9.08E-05 6.21E-06
3 Pn/Ps˜1+ category -1,014.47 172.81 2.98E-38 2.20E-16
4 Pn/Ps˜1+ origin -721.59 465.70 7.51E-102 2.20E-16
5 Pn/Ps˜1 -665.80 521.48 5.78E-114

Table A2.2: Summary of model n°1, best statistical model selected using AICc and ANOVA
test. * indicates significant values : * < 0.05; ** < 0.01; *** < 0.001

Model Parameters

Origine Category Estimate p.value
Pn/Ps ˜1 + category +
origin + category*origin Intercept Mainland Control genes 0.34 <2E-016 ***

Island -0.05 5.55E-11 ***
Dwarfism -0.14 <2E-016 ***

Island Dwarfism -0.05 6.21E-06 ***
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Figure A3.1: Pairwise genetic differentiation between mammalian species from eight genera
estimated with the Genetic Differentiation Index (GDI; Allio et al., 2021). Blue points rep-
resent the mean GDI estimated from 10 regions of 100kb randomly sampled in the genome
of a pair of individuals. Red points represent the mean GDI estimated from 10 replicates of
50 BUSCO genes (˜100kb). The mean GDI value is indicated above each graph in the cor-
responding color. The higher the GDI, the greater the genetic differentiation. Each panel
corresponds to a genus: A) Acomys, B) Lepus, C) Ursus, D) Balaenoptera, E) Manis, F) Homo,
G) Gorilla, and H) Ceratotherium. Silhouettes are from phylopic.org.
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Figure A3.1: Continued.
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Figure A3.2: Pairwise genetic differentiation between mammalian species from six genera
estimated with the net synonymous divergence (Da). Blue points represent the mean Da
estimated from 10 regions of 100kb randomly sampled in the genome of a pair of individ-
uals. Red points represent the mean Da estimated from 10 replicates of 50 BUSCO genes
(˜100kb). The mean Da value is indicated above each graph in the corresponding color. Each
panel corresponds to a genus: A) Lepus, B) Ursus, C) Balaenoptera, D) Homo, E) Gorilla, and F)
Ceratotherium. Silhouettes are from phylopic.org.
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Figure A3.3: Pairwise genetic divergence (Dxy) between mammalian species from six gen-
era. Blue points represent the mean Dxy estimated from 10 regions of 100kb randomly sam-
pled in the genome of a pair of individuals. Red points represent the mean Dxy estimated
from 10 replicates of 50 BUSCO genes (˜100kb). The mean Dxy value is indicated above each
graph in the corresponding color. Each panel corresponds to a genus: A) Lepus, B) Ursus, C)
Balaenoptera, D) Homo, E) Gorilla, and F) Ceratotherium. Silhouettes are from phylopic.org.
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Figure A3.4: Distribution of the genomic differentiation of randomly sampled genetic re-
gions between pairs of mammal individuals belonging to eight genera according to their
taxonomic status. A) Distribution of GDI for each genus. B, C, D) Points represent the mean
GDI (B), Da (C), and Dxy (D) as estimated from 10 regions of 100kb randomly sampled in
the genome of a pair of individuals.
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Introduction

Island colonizers face new communities of competitors, predators and parasites in a small area with
limited resources, which generally results in high extinction rates of colonizers (Losos and Ricklefs, 2009).
Oceanic island faunas are characterized by a low species richness, coupled with high population densities
for each species (MacArthur and Wilson, 1967; Warren et al., 2015) - which translates into communities
with, on average, lower levels of inter-specific interactions and higher levels of intra-specific competition
(but see Rando et al., 2010 for an example of character displacement due to competition among island
finch species). These shared island characteristics are thought to underlie the evolution of convergent
phenotypes, in what is called the ‘island syndrome’ (Baeckens and Van Damme, 2020). Convergence has
been documented in multiple traits, such as size modification (dwarfism or gigantism; Lomolino, 2005),
reduction of dispersal (Baeckens and Van Damme, 2020), shift towards K life-history strategies (Boyce,
1984; Covas, 2012; MacArthur and Wilson, 1967), evolution of generalist traits (Blondel, 2000; Warren et
al., 2015), or changes in color and acoustic signals (Doutrelant et al., 2016; Grant, 1965).

Reduced immune function has also been hypothesized to be an island syndrome trait, directly linked
to reduced parasite pressure on islands (Lobato et al., 2017; Matson and Beadell, 2010; Wikelski et al.,
2004). Island parasite communities are i) less diverse (Beadell et al., 2006; Illera et al., 2015; Loiseau et al.,
2017; Maria et al., 2009; Pérez-Rodríguez et al., 2013), and ii) could be less virulent due to the expansion
of the ecological niche expected by the theory of island biogeography. In fact, island parasites are often
more generalist than their mainland counterparts, which could lead to a reduced virulence due to the
trade-off between replication capacity and resistance against host immune defenses (Garamszegi, 2006;
Hochberg and Møller, 2001; Pérez-Rodríguez et al., 2013). Overall, a reduction of parasitic pressure should
lead to a weakening of the immune system due to the costs of maintaining efficient immune functions
(Lindström et al., 2004; Matson and Beadell, 2010; Wikelski et al., 2004). Such reduction may have
important implications for the ability of these populations to resist or tolerate novel pathogens. The
introduction of avian malaria in the Hawaiian archipelago, and the subsequent extinctions and population
declines of many endemic species is the most emblematic example (Van Riper III et al., 1986; Wikelski et
al., 2004).

Immunological parameters, such as blood leukocyte concentration, antibodies or other immune
proteins (e.g. haptoglobin), hemolysis, and hemagglutination (Lee et al., 2006; Matson and Beadell, 2010)
may serve as proxies to determine population immune functions. To date, the majority of studies that
focused on island avifauna have found ambiguous results, with either no support for a reduced immune
response on island species (Beadell et al., 2007; Matson, 2006), or contrasting results, such as a lower
humoral component (total immunoglobulins) on islands, but a similar innate component (haptoglobin
levels) between island and mainland species (Lobato et al., 2017). The use of immune parameters as
proxies of immune function is fraught with difficulties (Lobato et al., 2017). The study of molecular
evolution of immune genes therefore represents an alternative strategy to tackle this question. However,
it is necessary to distinguish neutral effects (i.e. the demographic effects resulting from island
colonization) from selective ones, the potential relaxation of selection pressures due to the changes in the
pathogen community.

The bottleneck experienced by species during island colonization leads to a decrease in genetic
variability (Frankham, 1997). A reduced genetic diversity at loci involved in immunity should have a direct
implication on immune functions (Hale and Briskie, 2007 but see ; Hawley et al., 2005; Spurgin et al.,
2011). Also, small population sizes increase genetic drift, which may counteract the effect of natural
selection on weakly deleterious mutations (Ohta, 1992). Several recent studies found a greater load of
deleterious mutations in island species (Kutschera et al., 2020; Leroy et al., 2021b; Loire et al., 2013;
Robinson et al., 2016; Rogers and Slatkin, 2017). Finally, it is necessary to differentiate genes involved in
the innate versus the acquired immune response. The innate immune response is the first line of defense
and is composed of phagocytes, macrophages and dendritic cells. These cells allow non-specific
recognition of pathogens (Akira, 2003; Alberts et al., 2002). For example, Toll-Like Receptors (TLR;
transmembrane proteins) trigger a chain reaction leading to the production of various substances,
including antimicrobial peptides such as beta-defensins (BD) that have active properties in pathogen cell
lysis (Velová et al., 2018). On the other hand, the acquired immune system allows a specific response,
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characterized by immune memory. Major Histocompatibility Complex (MHC) genes code for surface
glycoproteins that bind to antigenic peptides, and present them to the cells of the immune system; class I
and II genes ensure the presentation of a broad spectrum of intra- and extracellular-derived peptides,
respectively (Klein, 1986). Although all these genes are directly involved in the identification and
neutralization of pathogens, previous studies found that they evolve under different selection regimes:
TLRs and BDs are under purifying selection which usually results in the selective removal of deleterious
alleles and stabilizing selection (Grueber et al., 2014; van Dijk et al., 2008), whereas MHC genes are under
balancing selection (Bernatchez and Landry, 2003).

Recent studies on birds (Gonzalez-Quevedo et al., 2015a, 2015b), amphibians (Belasen et al., 2019),
and lizards (Santonastaso et al., 2017) found that the demographic history of island populations led to the
loss of genetic variants at immune genes involved in pathogen recognition, such as TLRs and MHC. For
example, Santonastaso et al., (2017) revealed that the polymorphism pattern in MHC genes and
microsatellites covary positively with island area in Podarcis lizards, suggesting a dominant role for genetic
drift in driving the evolution of the MHC. Gonzalez-Quevedo, et al. (2015a) found a similar pattern
comparing TLR and microsatellite polymorphism in the Berthelot pipit, Anthus berthelotii, an endemic
species from Macaronesia, supporting a predominant role of genetic drift in TLR evolution. However,
these studies did not explicitly test the hypothesis of a relaxed selection pressure on islands imposed by
an impoverished parasite community. All other things being equal, it is expected that the polymorphism
of a coding sequence decreases with population size (Buffalo, 2021; Leroy et al., 2021b). Therefore, a
decrease in polymorphism with population size could not be taken as a proof of a relaxation in the
selection pressure.

To be able to demonstrate a change in natural selection, a traditional approach is to contrast
polymorphism of synonymous sites (Ps) with polymorphism of non-synonymous sites (Pn). Synonymous
mutations do not change amino acid sequences, whereas non-synonymous mutations do. Thus,
synonymous mutations are expected to be neutral while non-synonymous could be subject to selection.

Following population genetic theory, in a diploid population, Ps = 4 Ne µ and Pn = 4 Ne µ f, where Ne is
the effective population size, µ is the mutation rate and f is a function that integrates the probability of an
allele to segregate at a given frequency. f depends on the distribution of the fitness effect (DFE) of
mutations (Eyre-Walker and Keightley, 2007). This distribution scales with Ne as the fitness effect is
dependent on Ne multiplied by the coefficient of selection s (Kimura, 1962). The nearly-neutral theory
predicts that the DFE includes a large proportion of mutations with a Ne*s close to 0 (Ohta, 1992). As a
consequence, an increase of Ne will lead to an increase of the fitness effect of weakly deleterious
mutations, in such a way that these mutations will be more easily removed from the population by
natural selection, therefore reducing Pn relative to Ps, leading to a negative correlation between Pn/Ps
and Ps (through Ne; Welch et al., 2008). The presence of linked mutations, that are positively selected,
does not change this relationship qualitatively (Castellano et al., 2018; Chen et al., 2020 and our
simulations below).

Shifts in the parasitic community on islands are expected to have an impact on the Pn/Ps ratio of
immune genes. However, the fixation probability depends on the product Ne*s, and variation in Ne is also
expected to impact the efficacy of selection and thus the Pn/Ps ratio across the entire transcriptome,
particularly in the presence of slightly deleterious mutations (Charlesworth and Eyre-Walker, 2008; Leroy
et al., 2021b; Loire et al., 2013; Ohta, 1992). In addition, due to their lower population sizes, island birds
compared to continental species exhibit a genome-wide reduction in genetic diversity and efficacy of
selection (Kutschera et al., 2020; Leroy et al., 2021b). Therefore, we expect a similar reduction in immune
genes' diversity even without any change in the parasite pressure.

To disentangle the effect of population size from a change in parasite pressure and estimate the
impact of demography on the efficacy of selection, we studied a dataset of 34 bird species (20 insular and
14 mainland species; Figure 1) combining the 24 species of Leroy et al. (2021b) and 10 newly generated
by targeted-capture sequencing (Table 1). We randomly selected protein-coding genes (i.e., control genes)
involved in various biological functions (Fijarczyk et al., 2016; Leroy et al., 2021b). The selection pressure
acting on the randomly selected control genes is expected to be similar between island and mainland bird
species. Therefore, the variation of Pn/Ps of the control genes is only dependent on the variation of Ne. In
contrast, if a reduced parasite pressure on islands directly impacts the evolution of immune genes, the
Pn/Ps of immune genes is expected to show a larger variation between island and continental species
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than the control genes. More specifically, for genes under purifying selection, non-synonymous weakly
deleterious mutations, normally eliminated under strong selection, would be maintained, leading to an
increase of Pn/Ps. By contrast, for genes under balancing selection, non-synonymous advantageous
mutations, normally maintained in the polymorphism under strong selection, would be fixed or
eliminated leading to a decrease of Pn/Ps (Figure 2).

Figure 1: Phylogeny based on mitochondrial genes of species from the dataset reconstructed by
maximum likelihood method (IQTREE model GTR+Gamma). Species names in yellow indicate island

species, and in green, mainland species. Ultrafast bootstrap values are provided in the supplementary
methods. Some relationships are poorly supported. Bird representations are not to scale. Photos from top

to bottom : P. major, C. caeruleus, P. trochilus, Z. borbonicus, T. pelios, F. albicollis, C. olivacea, P.
acuticauda, P. grandis, F. coelebs, C. fusca, G. conirostris. Photo credits: A. Chudý, F. Desmoulins, E.

Giacone, G. Lasley, Lianaj, Y. Lyubchenko, B. Nabholz, J.D. Reynolds, K. Samodurov, A. Sarkisyan, Wimvz,
Birdpics, T. Aronson, G. Lasley, P. Vos (iNaturalist.org); M. Gabrielli (Zosterops borbonicus).
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Figure 2: Conceptual diagram showing the expected results under the hypothesis of a relaxation in the
selection pressure of the immune genes in island species due to a change in the parasitic community. A)

Genes evolving under purifying selection where control genes are randomly selected protein-coding
genes. B) Genes evolving under balancing selection where controls are obtained from SLiM simulations of
genes evolving under the same balancing selection but different population size. Under the hypothesis of

a relaxed selection as a consequence of the reduced diversity of pathogens on island ecosystems, the
difference in Pn/Ps between categories (ΔPn/Ps) is expected to be different between species’ origin,

leading to a statistical interaction between gene categories and origin.

Methods

Dataset
Alignments of Coding DNA Sequences (CDS) of individuals from 24 species were obtained from Leroy

et al. (2021b). In addition, data for ten other species (six and four from islands and mainland, respectively)
were newly generated for this study by targeted-capture sequencing. Blood samples and subsequent DNA
extractions were performed by different research teams. The complete dataset consisted of 34 bird
species (20 and 14 insular and mainland species respectively; Table 1; Figure 1). We filtered alignments in
order to retain only files containing a minimum of five diploid individuals per site (Table 1).

Sequence enrichment was performed using MYBaits Custom Target Capture Kit targeting 21 immune
genes: 10 Toll-Like receptors (TLR), 9 Beta Defensins (BD), 2 Major Histocompatibility Complex (MHC) and
97 control genes (see below). We followed the manufacturer’s protocol (Rohland and Reich, 2012).
Illumina high-throughput sequencing, using a paired-end 150 bp strategy, was performed by Novogene
(Cambridge, UK).

Table 1: List of species and sampling localities, along with the type of data obtained and the number of
individuals (N).

Species Origin Island/Country N Reference genome
Reference for

population genomics
data

Type of data

Cyanistes teneriffae palmae Island La Palma 15
Cyanistes caeruleus

(This study)
(Mueller et al., 2016) CaptureCyanistes teneriffae teneriffae Island Tenerife 14

Cyanistes caeruleus Mainland France 15

Parus major Mainland Europe 10
Parus major

(Laine et al., 2016)
(Corcoran et al.,

2017)
Whole genome

Phylloscopus trochilus Mainland Europe 9
Phylloscopus trochilus
(Lundberg et al., 2017)

(Lundberg et al.,
2017)

Whole genome

Zosterops virens Mainland South Africa 7

Zosterops borbonicus
(Leroy et al., 2021a)

(Leroy et al., 2021b) Whole genome
Zosterops olivaceus Island Réunion 15

Zosterops mauritianus Island Mauritius 9

Zosterops borbonicus Island Réunion 25
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Ficedula semitorquata Mainland Europe 20

Ficedula albicollis
(Ellegren et al., 2012)

(Ellegren et al., 2012) Whole genome
Ficedula albicollis Mainland Europe 20

Ficedula speculigera Mainland Nord Africa 20

Ficedula hypoleuca Mainland Europe 20

Turdus olivaceofuscus Island São Tomé 15 Turdus pelios
(This study)

This study Capture
Turdus pelios Mainland Gabon 15

Cyanomitra olivacea Island Príncipe 15 Cyanomitra olivacea
(This study)

This study Capture
Cyanomitra olivacea Mainland Gabon 15

Ploceus grandis Island São Tomé 13
Ploceus cucullatus

(This study)
This study CapturePloceus princeps Island Príncipe 13

Ploceus nigerrimus Mainland Cameroon Gabon 14

Poephila acuticauda acuticauda Mainland Australia 10 Taeniopygia guttata
(Warren et al., 2010)

(Singhal et al., 2015) Whole genome
Taeniopygia guttata castanotis Mainland Australia 19

Fringilla teydea Island Tenerife 10
Fringilla coelebs

(Recuerda et al., 2021)
(Leroy et al., 2021b) Whole genomeFringilla canariensis palmae Island La Palma 15

Fringilla coelebs Mainland Spain 9

Certhidea olivacea Island Santiago (Galápagos) 5

Geospiza fortis
(Zhang et al., 2012)

(Lamichhaney et al.,
2015)

Whole genome

Certhidea fusca Island
San Cristobal
(Galápagos)

10

Certhidea fusca Island Española (Galápagos) 10

Geospiza difficilis Island Pinta(Galápagos) 10

Platyspiza crassirostris Island Santa Cruz (Galápagos) 5

Pinaroloxias inornata Island Coco (Galápagos) 8

Camarhynchus pallidus Island Santa Cruz (Galápagos) 5

Geospiza difficilis Island Wolf (Galápagos) 8

Geospiza conirostris Island Española (Galápagos) 10

Newly generated draft genome sequence
We generated whole genome sequences at moderate coverage (~40X) for Turdus pelios, Ploceus

cucullatus and Cyanomitra olivacea (from Gabon). Library preparation from blood DNA samples and
Illumina high-throughput sequencing using a paired-end 150 bp strategy were performed at Novogene
(Cambridge, UK). Raw reads were cleaned using FastP (vers. 0.20.0; Chen et al., 2018). Genomes
assemblies were performed using SOAPdenovo (vers. 2.04) and Gapcloser (v1.10) (Luo et al., 2012) with
parameters “-d 1 -D 2” and a kmers size of 33. Protein annotation was performed by homology detection
using genBlastG (She et al., 2011; http://genome.sfu.ca/genblast/download.html) and the transcriptome
of the collared flycatcher (Ficedula albicollis; assembly FicAlb1.5; Ellegren et al., 2012) as reference.

Capture data processing
Reads from targeted-capture sequencing were cleaned with FastP (vers. 0.20.0; Chen et al., 2018).

Reads of each individual were mapped respectively to the nearest available reference genomes using bwa
mem (vers. 0.7.17; Li, 2013; Table 1), with default parameters. Samtools (vers. 1.3.1; Li et al., 2009) and
Picard (vers. 1.4.2; Picard Toolkit 2019) were used to convert the mapping files, order and index reads
according to their position on the chromosomes (or scaffolds) of the reference genomes or on the draft
genomes generated in this study for Ploceus, Cyanomitra and Turdus. Duplicate reads were marked using
MarkDuplicates (vers. 1.140; Picard Toolkit 2019). SNP calling was performed with Freebayes (vers. 1.3.1;
Garrison and Marth, 2012). Freebayes output file (VCF file) was converted to a fasta file by filtering out
sites with a minimum quality of 40 and a sequencing depth between 10 and 1000X (sites outside these
thresholds were treated as missing data, i.e., ‘N’). CDS were then extracted from the alignments using the
coordinates of the annotations (gff files). CDS were aligned using MACSE (vers. 2.03; Ranwez et al., 2011)
to prevent frameshift mutation errors and GNU-parallel (Tange, 2018) was used to parallelise the
computation.

Selection and identification of immune and control genes
We defined several groups of immune genes to compare with the control genes. The control group

consisted of 97 protein-coding genes randomly selected in the genome of Zosterops borbonicus (Leroy et
al., 2021a). These control genes allowed the estimation of the average selection pressure that a gene, not
involved in the immune response, undergoes in the genome under a given effective population size.
These genes were single copy (absence of paralogue) and had a variable GC content representative of the
whole transcriptome.
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For the immune genes, we selected three sets of genes from i) a limited set of genes (Core Group)
where functions are unambiguously related to immunity, and ii) two larger sets of genes (Database-group
& Sma3s-group), obtained through an automatic annotation pipeline.

The Core Group included MHC class I and class II genes, 10 Toll-Like Receptors (TLRs; Velová et al.,
2018) and 9 Beta Defensins (BD; Chapman et al., 2016). The Database group included genes identified by
Immunome Knowledge Base (Ortutay and Vihinen, 2009, http://structure.bmc.lu.se/idbase/IKB/; last
access 04/02/2020) and InnateDB (Breuer et al., 2013, http://www.innatedb.com ; last access
04/02/2020). We also added a set of genes for which the genetic ontology indicated a role in immune
functions. To do so, we used the chicken (Gallus gallus) annotation (assembly GRCg6a downloaded from
Ensembl database in March 2020; https://www.ensembl.org/). We identified genes with the terms
"immun*" or "pathogen*" in their Gene Ontology identifiers description (directory obtained from
http://geneontology.org/). This set included 2605 genes considered to be involved in immunity, although
some may be only indirectly involved in immunity or have a small impact on immune functions. Finally,
the third set of genes (Sma3s-group) has been built up through the Sma3s-group program (vers. 2;
Munoz-Mérida et al., 2014). This program annotated sequences in order to be associated with biological
functions through gene ontology identifiers. The annotation of the genome of F. albicollis allowed us to
identify 3136 genes associated with the genetic ontology "immune system processes''. Like for the
Database group, this set may include genes with various functions in the immune response. It should be
noted that Sma3s-group and Database-group were not mutually exclusive, and some genes were present
in both groups. An analysis was performed to identify and exclude genes under balancing selection from
Database-group and Sma3s-group sets using BetaScan (vers. 2; Siewert and Voight, 2020), due to the
potentially antagonistic responses of these genes. Very few genes (only 2 and 3 genes from
Database-group and Sma3s-group sets) were identified and removed from the analysis (see Detection of
genes under balancing selection in Supplementary Methods).

Test for contamination and population structure
We used the program CroCo (vers. 1.1; Simion et al., 2018) to identify candidates for cross-species

contamination (see supplementary materials for details). Overall, we did not detect a clear case of
cross-species contamination in our dataset (Figure S1; Barthe and Nabholz, 2022). Contigs identified as
potential contamination always involve a pair of species belonging to the same genus. In this case,
contamination could be difficult to identify due to the low genetic divergence between species.

For the newly sequenced species, we also performed PCA analyses using allele frequencies of control
genes. We used the function dudi.pca of adegenet R package (Jombart and Ahmed, 2011). This analysis
aims to check for population structure and to detect potentially problematic individuals (i.e.,
contaminated individuals). This analysis led to the exclusion of 4 individuals (Ploceus princeps P6-174; P.
grandis ST10_094; P. nigerrimus G3_016; C. teneriffae TF57) for which we suspected contamination.
Otherwise, no extra population structure was detected (Figure S2-S4; Barthe and Nabholz, 2022).

Hidden paralogy
We computed the statistic FIS = 1-H0/He where H0 is the average number of heterozygous individuals

observed (H0 = #heterozygous / n ; where n is the sample size) and He is the expected number of
heterozygous individuals at Hardy-Weinberg (HW) equilibrium (He = (n/(n-1) 2 * p * (1-p))*n where n is
the sample size and p the allele frequency of a randomly chosen allele). FIS varies between -1 and 1 with
positive value representing excess of homozygous individuals and negative value representing excess of
heterozygous individuals compared to the HW proportions. Gene with high value of nucleotide diversity
(Pi) and negative value of FIS could represent a potential case where hidden paralogous sequences have
not been separated and where all the individuals present heterozygous sites in the positions where a
substitution occurred between the paralogous copies. Five sequences corresponding to the TLR21 genes
appeared problematic (Pi > 0.01 and FIS < -0.5; Figure S5; Barthe and Nabholz, 2022) and were excluded
from further analyses.

The MHC genes were more difficult to analyse. Indeed, heterozygosity could be comparable to
divergence under balancing selection. This made the identification of orthologs very difficult. We
identified a variable number of genes among species (from 1 to 10 genes for MHC class I and MHC class
II). We checked the sequence similarity for the 10 copies of the MHC class II in F. albicollis and the 7
copies of the MHC class I genes in C. caeruleus using cd-hit (Fu et al., 2012). For MHC class II, sequence
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divergences were always higher than 15% indicating that reads were likely correctly assigned to their
corresponding gene copy. For MHC class I, sequence similarity could be as high as 95%. In this case, we
relied on the fact that the reads from very similar paralogous copies were not be confidently assigned to a
gene copy sequence by the mapping software. This should lead to a low mapping score quality and were
likely to be discarded during the genotype calling procedure. For example, 3 out of 7 of the Cyanistes
MHC class I genes were not correctly genotyped and were missing from our final dataset.

Data Analysis

SLiM simulations
We used SLiM (vers. 3.3.2; Haller and Messer, 2017) to estimate the impact of demographic changes

on polymorphism patterns under various selection regimes. The following parameters were used in all
simulations. Sequences of 30kb with a mutation rate of 4.6e-9 substitutions/site/generation were
simulated (Smeds et al., 2016). Recombination was set to be equal to mutation rate. Introns/exons
pattern was reproduced by simulating fragments of 3kb separated by one bp with a very high
recombination rate of 0.1 rec./site/generation. We chose 3kb because TLR CDS were typically single-exon
sequences of 2-3kb (Velová et al., 2018). Five types of mutations were possible: i) neutral synonymous
mutations, ii) codominant non-synonymous mutations with a Distribution of Fitness Effect (DFE) following
a gamma law of mean = -0.025 and shape = 0.3, which corresponds to the DFE estimated in Passerines by
Rousselle et al. (2020), iii) codominant non-synonymous mutations positively selected with s = 0.1, iv)
non-synonymous mutations under balancing selection with an effect on fitness initially set at 0.01 but
re-estimated by the program at each generation according to the mutation frequency in the population,
thus including a frequency-dependent effect and v) non-synonymous mutations under overdominance
with a dominance coefficient of 1.2.

We simulated a coding sequence organization where positions one and two of the codons were
considered as non-degenerated sites, with the non-synonymous types of mutations previously described
were possible in various proportions. The third position was considered as completely neutral where only
synonymous mutations could appear.

In the absence of control genes evolving under balancing selection, we used SLiM to generate a set of
control genes for this category. We simulated two populations of 270,000 and 110,000 individuals,
representing mainland and island effective population size respectively.

We also explored the effect of positive and balancing selection on the pattern of Ps and Pn/Ps in a
population of size 50,000, 110,000, 270,000 and 500,000. In order to speed up the computational time,
we reduced the population size by a factor 100 and rescaled mutation rate, recombination rate and
selection coefficient accordingly running 10 replicates per simulation.

All the details of the simulation parameters, calculations of non-synonymous polymorphism rate (Pn)
and synonymous polymorphism rate (Ps) of simulated sequences, as well as SLiM command lines are
provided in Supplementary Methods and Materials.

Polymorphism analyses
Synonymous (Ps) and non-synonymous (Pn) nucleotide diversities were estimated from

seq_stat_coding written from the Bio++ library (Available as Supplementary data; Guéguen et al., 2013).
The mean Pn/Ps was computed as the sum of Pn over the sum of Ps (Wolf et al., 2009). Ps of
concatenated sequences of control genes were estimated for each species of our dataset. For the
whole-genome sequenced species, we compared the Pn/Ps and Ps estimated from the 97 control genes
with the values from Leroy et al., (2021b; ~5000 genes used in their study). Pn/Ps and Ps correlations
showed a R² of 0.6 and 0.95 respectively (Figure S6; Barthe and Nabholz, 2022). Thus, the 97 control
genes used in our study were representative of the larger set of genes from Leroy et al (2021b). This
allowed us to identify Phylloscopus trochilus as an outlier. Unlike for all other species (e.g. Fringilla
coelebs, Figure S7; Barthe and Nabholz, 2022), synonymous polymorphism level was correlated to the
amount of missing data in P. trochilus alignments (Figure S7; Barthe and Nabholz, 2022). As such, we
excluded P. trochilus from further analysis.

The mean Pn/Ps, calculated from the concatenated sequences of genes from the same gene class
(control genes; BD; TLR; MHC I; MHC II; Database-group; Sma3s-group), was estimated for each bird
species. Alternative transcripts were identified based on the genomic position in the GFF file. If several
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transcripts were available, one transcript was randomly selected. Pn/Ps estimates based on less than four
polymorphic sites were excluded from the analysis, as were those with no polymorphic non-synonymous
sites.

Statistical analyses
To estimate the impact of demographic history on genome-wide polymorphism of island species and

the potentially reduced constraints on their immune genes, we computed the ratio of non-synonymous
nucleotide diversity over synonymous nucleotide diversity (Pn/Ps). A linear mixed model was performed,
using the Pn/Ps ratio as dependent variable and, as explanatory variables, the mainland or insular origin
of species as well as the category of genes (packages lme4 and lmerTest (Bates et al., 2012; Kuznetsova et
al., 2017)). In order to take into account the phylogenetic effect, the taxonomic rank “family” was
included as a random effect in the model. We also used a generalized linear mixed model (using the
function glmer of the package lme4) with the family “Gamma(link="log")” which led to the same results
(Figure S15 to S24; Barthe and Nabholz, 2022). Five linear mixed models were defined i) model including
origin and gene category parameters and also the interaction effect ii) model using both origin and gene
category parameters, iii) model with only the gene category parameter, iv) model with only the origin
parameter, and finally v) null model. In some cases, the phylogenetic effect was difficult to estimate
because the number of species per family was reduced to one. In that case, we choose to reduce the
number of families by grouping Turdidae with Muscicapidae, Nectariniidae, and Estrildidae with Ploceidae
and Fringillidae within Thraupidae. The results obtained with these family groupings were similar to the
original model (Table S1; Barthe and Nabholz, 2022), except when stated. The categories Database-group
and Sma3s-group were tested separately from the Core group because they contained hundreds of genes
annotated using the automatic pipeline that were only available for species with genome wide data.
Database-group and Sma3s-group were not analysed simultaneously because they contained a partially
overlapping set of genes. Finally, genes evolving under purifying selection and genes evolving under
balancing selection were also analysed separately. Model selection was based on two methods. First, we
used the difference in corrected Akaike Information Criterion (ΔAICc) calculated using the qpcR package
(Spiess and Spiess, 2018). Second, a model simplification using an ANOVA between models was also
performed.

We also tested an alternative model using the difference between Pn/Ps of immune genes and control
genes ( Pn/Ps) as dependent variable, and species origin as explanatory variable. Under the hypothesis of∆
a relaxation in selection pressure on islands due to a change in the parasite community, we expected the

Pn/Ps to be higher on island species compared to the mainland ones and, therefore, the species origin∆
(i.e., mainland or island) to be significant. In this model, we used the Phylogenetic Generalized Least
Squares model (PGLS; implemented in the “nlme” packages; Pinheiro et al., 2017). This model assumed
that the covariance between species follows a Brownian motion evolution process along the phylogeny
(implemented using the “corBrownian” function from the ‘“ape”’ package; Paradis and Schliep, 2019). The
species phylogeny was estimated using mitochondrial genes and a maximum likelihood inference
implemented in IQTREE (model GTR+Gamma and ultrafast bootstrap; Nguyen et al., 2014; median of
11,134 bp analysed per species). The phylogeny with the bootstrap support is provided as supplementary
material.

All the statistical analyses were performed using R (R Core Team, 2018), and dplyr package (Wickham,
2016). Graphical representations were done using ggplot2, ggrepel, ggpubr and ggpmisc (Aphalo, 2020;
Kassambara, 2018; Slowikowski et al., 2018; Wickham, 2016).

Results

For the 150 individuals (10 species with 15 individuals each) for which we generated new data by
targeted capture sequencing, an average of 3.3 million paired-ends reads per individual was generated
(Table S1; Barthe and Nabholz, 2022). Additionally, we generated three new draft assemblies using 40x
pair-end illumina data for the species for which no closely related reference genomes were available. N50
and total size were 1.11 Gb and 27.9 kb for Cyanomitra olivaceus; 1.10 Gb and 31.7 kb for Ploceus
cucullatus and 1.13 Gb and 14.3 kb for Turdus pelios. After mapping, genotyping and cleaning, we
analysed 86 control and 16 immune genes on average per species, out of the 141 targeted genes (120
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control and 21 immune related genes; Table S4; Barthe and Nabholz, 2022). For the species with
whole-genome sequences, we analysed 106 control and 20 immune genes on average per species, out of
the 141 targeted genes, and 875 and 688 genes on average in the Database-group and Sma3s-group
respectively (Table S4; Barthe and Nabholz, 2022).

For the species for which full genome sequences were available, the Ps and Pn/Ps estimated using the
control genes reflect the Ps and Pn/Ps of the whole transcriptome (Figure S6; Barthe and Nabholz, 2022).

Population genetics of BD and TLR immune genes
In order to characterize the selection regimes shaping the BD and TLR polymorphisms (Figure 3), we

first analyzed the variation of Pn/Ps ratios among gene categories using a linear mixed model.

Figure 3: Pn/Ps according to species origin (mainland in green and insular in orange) for different gene
categories under purifying selection. The number of species (N), and the mean Pn/Ps are shown for each

modality.

Model selection based on AICc as well as model selection approach based on simplification with
ANOVA identified the model n° 2, including the origin (i.e., mainland or island) and gene category without
interaction (Table 2). In this model, island origin of species is associated with a greater Pn/Ps (0.14 vs.
0.10; Table 3; p < 0.01). Gene categories corresponding to TLRs and BDs showed a significantly higher
Pn/Ps than control genes (Table 3; p < 0.001). Our statistical analysis confirmed that island birds have a
higher Pn/Ps ratio than mainland relatives, in agreement with the nearly-neutral theory of evolution. It
also reveals that immune genes have a higher Pn/Ps than randomly selected control genes suggesting that
BD and TLR evolve under a different selection regime than non-immune related genes.

Next, we investigated the cause of the higher Pn/Ps of immune genes by testing three hypotheses.
First, we excluded a bias due to a lower number of immune genes, and therefore higher variance in the
estimation of Pn/Ps in immune genes. Immune genes still had significantly higher Pn/Ps compared to a
random subsample of control genes of comparable size (Figure S8 & S9; Barthe and Nabholz, 2022).
Second, the Pn/Ps of immune genes could be inflated by positive selection. It is well known that immune
genes are subject to frequent adaptation due to arms race evolution with pathogens (Enard et al., 2016;
Shultz and Sackton, 2019; Velová et al., 2018). We evaluated the effect of positively selected genes on the
Pn/Ps using SLiM simulations with both positively and negatively selected mutations. The presence of
recurrent positive selection could increase the Pn/Ps leading to a higher Pn/Ps in immune genes if this
category was more prone to adaptive evolution (Figure 4A). However, positive selection always led to a
drastic decrease in Ps due to genetic sweep effect at linked sites (Figure 4B). BDs and TLRs had a slightly
higher or similar Ps than control genes (Figure S9, mean Ps = 0.007, 0.004 and 0.003 for BDs, TLRs and
control genes respectively, effect of gene category p < 0.1; Barthe and Nabholz, 2022) and, as a
consequence, even if positive selection is likely to have impacted the evolution of immune genes, it is not
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the cause of the higher Pn/Ps observed here. Third, balancing selection could be present, at least
temporarily, in the evolution of BDs and TLRs genes (Kloch et al., 2018; Levy et al., 2020). Simulation
analyses confirmed that balancing selection causes an increase of Ps and Pn/Ps (Figure 4C & 4D).
However, a change in effective population size had an opposite effect on the Pn/Ps according to whether
selection was negative or balancing. In the presence of slightly deleterious mutations, Pn/Ps decreases
with Ne whereas it increases in the presence of balancing selection. Island birds had higher Pn/Ps ratios
than mainland birds for BDs and TLRs. Therefore, we can rule out balancing selection as the main factor
explaining the high Pn/Ps of immune genes because, in this case, Pn/Ps of island birds should be lower.
Another possible explanation is a relaxed selection of immune genes. It is likely that immune genes are
overall less constrained than the control genes. It has been shown that evolutionary constraints are more
related to gene expression than to function (Drummond et al., 2005; Drummond and Wilke, 2008) and
therefore, functionally important genes could still have a high Pn/Ps.

Overall, our analyses do not support a strong impact of ongoing adaptive mutation or balancing
selection on BDs and TLRs. However, these immune genes do not evolve as random genes (not involved in
immune functions) and present a significantly higher Pn/Ps of 0.20 (p < 0.001 ; Table 3).

No evidence of a reduced impact of the parasite communities on the polymorphism pattern of
immunes genes in island birds

For BDs and TLRs, the best model selected includes the origin (i.e., mainland or island) and gene
category without interaction, corresponding to model n°2 (see above and Table 2). This model has no
interaction between origin and gene categories invalidating the hypothesis of a reduced parasite
communities on islands (Figure 2).

Figure 4: Neutral polymorphism (Ps) and ratio of selected over neutral polymorphism (Pn/Ps) estimated
from SLiM simulations. A) Pn/Ps as a function of population size, N and B) Ps as a function of N. In both A
and B, color indicates the frequency of positively selected mutations compared to deleterious mutations.
C) Pn/Ps as a function of N and D) Ps as a function of N. In both C and D, yellow indicates simulations with

overdominance mutation (h = 1.2) and negatively selected mutations and green indicates simulations
with only negatively selected mutations.
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Table 2: Statistical model explaining Pn/Ps variation of Toll-Like Receptors, Beta-Defensins genes, and
control genes. The p-values of ANOVA test between simpler models are not reported if a more complex

model explains a larger proportion of the variance.
Model Model selection by AIC ANOVA test

n° Details AICc ΔAICc Likelihood n° 1 2 3 4

1
Pn/Ps~ 1+ category +origin+

category *origin
-5.39 8.83 0.01 0.63

2 Pn/Ps~ 1+ category +origin -14.22 0 1 0.002
3.71E-0
5

3 Pn/Ps~1+ category -11.8 2.42 0.3
4 Pn/Ps~1+ origin -6.83 7.39 0.02
5 Pn/Ps~1 -6.44 7.78 0.02

Table 3: Summary of the model n°2, best statistical model selected using AICc explaining variation in
Pn/Ps in control genes, Toll-Like receptors and Beta-Defensins genes under purifying selection with origin,

gene category parameters. * indicates significant values : * < 0.05; ** < 0.01; *** < 0.001.

Model

Parameters

Estimate P.value
Origin Category

Origin and
Gene category

(n°2)

Intercept mainland Control genes 0.10 2.65E-02 *

island 0.14 4.56E-03 **

Toll-Like Receptors 0.20 7.43E-05 ***

Beta-Defensins genes 0.20 3.16E-04 ***

For larger sets of genes, identified using an automatic pipeline and gene annotation, model selection
based on AICc and simplification with ANOVA (Table S5, S8; Barthe and Nabholz, 2022) identified models
n°4 that included origine parameters which associated a higher Pn/Ps of at least 0.07 for island species (p
< 0.001; Table S6, S7, S9, S10; Barthe and Nabholz, 2022, Figure 5). Model selection by simplification with
ANOVA identified models n°1 with interaction effect between origin and gene category associated with a
reduced Pn/Ps for TLR and BD genes of island species that invalidate our hypothesis (Table S7, S10; Barthe
and Nabholz, 2022).

The alternative statistical approach using the difference between Pn/Ps of immune genes and control
genes ( Pn/Ps) as dependent variable, and species origin as explanatory variable under a PGLS framework∆
lead to similar results. Island was never associated to a statistically higher Pn/Ps (Table S2; Barthe and∆
Nabholz, 2022) providing no support for an increased relaxed selection of immune genes in island species.

Figure 5: Boxplot of Pn/Ps according to species origin (mainland in green and insular in orange) for
different gene categories under purifying selection. The number of individuals (N), and the mean Pn/Ps

are shown for each modality.
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Genes under balancing selection
First, we estimated the effect of population size variation on the Pn/Ps of the genes evolving under

balancing selection by simulating sequences under frequency dependent or overdominance selection
using SLiM (see Methods and Supplementary Methods). The simulation under frequency dependent
selection revealed an average Pn/Ps equal to 0.8 for island species and 1.2 for mainland species (Figure 6).
Under overdominance, simulated sequences from island and mainland populations respectively have an
average Pn/Ps equal to 0.54 and 1.03 (Figure 6).

Figure 6: Boxplot of Pn/Ps according to species origin (mainland in green and insular in orange) for
different gene categories under balancing selection. The number of species (N), and the mean Pn/Ps are

shown for each modality. The control groups correspond to the results obtained from simulated sequence
via SLiM (see Methods and Supplementary Methods Simulation of control genes under balancing

selection).

Using simulations under frequency dependent selection as well as simulations under the
overdominance, model selection by AIC identifies the model n°4 with origin, contrary to the method by
simplification with ANOVA which identified the full model (model n°1) therefore including significant
interaction between origin and genes category (Table 4). This interaction effect is significant for the MHC
II (p < 0.05, Table S12; Barthe and Nabholz, 2022) but not for MHC I. As expected, island species have a
significantly lower Pn/Ps in MHC genes compared to mainland species (p < 0.01; except for the full model
based on control genes evolving under overdominance Table S12; Barthe and Nabholz, 2022).

Table 4: Statistical model explaining Pn/Ps variation of genes under balancing selection (i.e MHC class I
and II), and simulated sequences under i) frequency dependent or ii) overdominance. The p-values of

ANOVA test between simpler models are not reported if a more complex model explains a larger
proportion of the variance.

Model Model selection by AIC ANOVA test

Type of balancing
selection

n° Details AICc ΔAICc Likelihood n°1 2 3 4

Frequency dependent

1 Pn/Ps~1+ category +origin+ category *origin 157.17 5.62 0.06 0.019
2 Pn/Ps~1+ category +origin 157.85 6.31 0.04
3 Pn/Ps~1+ category 187.58 36.04 0.00
4 Pn/Ps~1+ origin 151.54 0.00 1.00
5 Pn/Ps~1 180.52 28.97 0.00

Overdominance

1 Pn/Ps~1+ category +origin+ category *origin 140,56 8,50 0,01 0.024
2 Pn/Ps~1+ category +origin 140,56 8,50 0,01
3 Pn/Ps~1+ category 185,91 53,85 0,00
4 Pn/Ps~1+ origin 132,05 0,00 1,00
5 Pn/Ps~1 177,54 45,49 0,00
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Discussion

On oceanic islands, the depauperate parasite community is expected to lead to a relaxation of
selection on the immune system. In this study, we found support for such an effect, but only on MHC class
II genes and using simulated sequences under balancing selection as control. No effect was detected for
MHC class I genes nor for innate immune genes (TLRs and BDs), evolving under purifying selection. On
these sets of genes, increased drift effects on island populations limit the efficacy of selection in
accordance with the nearly-neutral theory (Ohta, 1992). The ability to distinguish between the selective
and nearly-neutral processes (relaxed selection due to environmental change vs. drift) could only be
achieved by our approach of using random genes (i.e., “control genes'') to estimate the genome-wide
effect of potential variation in effective population size between populations.

Effects of effective population size variation
Our results support the nearly-neutral theory of evolution for those genes under purifying selection,

whereby strong genetic drift acting on small island populations reduces the efficacy of natural selection,
leading to an increase in non-synonymous nucleotide diversity compared to the mostly neutral,
synonymous nucleotide diversity (i.e., Pn/Ps; Ohta, 1992). This is materialized by a genome-wide increase
in frequency of weakly deleterious mutations (Kutschera et al., 2020; Leroy et al., 2021b; Loire et al.,
2013; Robinson et al., 2016; Rogers and Slatkin, 2017).

For genes evolving under balancing selection, we performed simulations under the hypotheses of
overdominance (heterozygote advantage) or frequency-dependent (rare allele advantage). Our results
showed reduced Pn/Ps for smaller population sizes (Figure 6, S10, S11). This simulation confirmed our
expectations (Figure 2) that a reduction in the efficacy of selection results in a decrease in the frequency
of non-synonymous polymorphism, as, under normal circumstances, selection maintains those mutations
at intermediate frequencies. It also matches what we obtained for the empirical results, where both MHC
classes I and II had a reduced Pn/Ps in island birds. This result supports that the fitness effect of having
non-synonymous polymorphisms segregating at high frequencies is not strong enough to counteract
entirely the effect of genetic drift on islands.

Effects of selection on immune genes
For immune genes, we tried to characterize the nature of the selection acting on BDs and TLRs genes.

Comparing those genes with control genes and using simulations, we were able to rule out that
directional positive selection and balancing selection had a major impact shaping the polymorphism of
these immune genes. In contrast, the pattern of Pn/Ps between island and mainland populations is in line
with the effect of purifying selection in the presence of slightly deleterious mutations. However, no effect
was detected on insular species, beyond what could be attributed to genetic drift. This is in line with the
result of Gonzalez-Quevedo et al. (2015b) and Grueber et al. (2013) who found that TLR genetic diversity
was mostly influenced by genetic drift. At first sight, this result seems not in line with the fact that island
parasite communities are less diverse (Beadell et al., 2006; Loiseau et al., 2017; Maria et al., 2009;
Pérez-Rodríguez et al., 2013; but see Illera et al., 2015). However, a reduced number of pathogens has
also been found to be associated with a higher prevalence in birds and reptiles from the Macaronesian
archipelago (Illera and Perera, 2020). Therefore, these two patterns, i.e. a less diverse pathogen's
community on islands with a higher prevalence, could still imply a strong selection pressure on immune
genes.

In contrast, for MHC genes that unambiguously evolve under balancing selection, MHC class II genes
presented a reduction in non-synonymous polymorphism larger than the effects of drift alone, when
simulated sequences are used as control. This was the only case where a role for relaxed selection
pressures in the molecular evolution of immune genes could be invoked.

Our results are in accordance with the hypothesis of Lee (2006), which proposes that innate and
acquired immunity may exhibit distinct responses to changes in pressures due to different costs and
benefits. However, they contrast with the study of Santonastaso et al. (2017) that identified no change in
selection pressures on MHC II genes in a lizard species and concluded that their evolution was mostly
governed by drift. Similarly, Agudo et al. (2011) also found a prominent role for genetic drift over
selection in the evolution of MHC II genes in the Egyption vulture (Neophron percnopterus).
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Our results rely on simulations that may be affected by the choice of the parameter values. First, we
performed simulations using a fixed effective population size (Ne) estimated from the polymorphism data.
Using others values of Ne had a weak impact on the relative difference between island and mainland
species for the overdominance type of selection (Figure S10, S11; Barthe and Nabholz, 2022). Secondly,
we simulated two types of selection, namely overdominance (Doherty and Zinkernagel, 1975) and
frequency-dependent (Slade and McCallum, 1992), but it has been argued that the maintenance of MHC
polymorphism could be the result of fluctuating selection (Hill, 1991). Additionally, recombination has
also been put forward as a mechanism responsible for generating diversity (Spurgin et al., 2011).
Therefore, our results for the MHC II genes, which is based on the relative difference between Pn/Ps of
island and mainland species comparing empirical and simulated data, should be taken cautiously as their
significance can be dependent on the specific parameters that we used, although we did our best to
select a realistic range of parameters.

The observed difference between MHC class I and II could be explained by their different pathogen
targets: MHC class I genes are primarily involved in the recognition of intracellular pathogens (Kappes and
Strominger, 1988), while MHC class II genes are directly involved in the recognition of extracellular
pathogens (Bjorkman and Parham, 1990). These differences could lead to variable selection pressures
depending on the extracellular versus intracellular parasite communities present on islands. In addition,
the relaxed selection pressures on MHC II genes from adaptive immunity is in line with a reduction in
acquired immunity parameters found by Lobato et al. (2017).

Future work should take into account that there is an extensive variation in the number of MHC gene
copies across the avian phylogeny (Minias et al., 2019; O’Connor et al., 2020). Particularly, it was recently
discovered that Passerines have a very dynamic evolution of duplication/loss events compared to other
birds (Minias et al., 2019). Here, we used the two copies of MHC gene I and II currently annotated in the
collared flycatcher genome as target sequences for our targeted-capture sequencing. The future
improvement of genome assembly, resulting from the development of long-reads technology (Peona et
al., 2021, 2018), should help to annotate with increased precision all MHC copies and to study the whole
repertoire of MHC genes.

Consequences of drift and selection on immunity
The potential relaxation of the natural selection acting on immune genes in island species is expected

to reduce immune functions and increase susceptibility of island populations to pathogens. This is true
even if this relaxation is only the consequence of a reduction in the effective population size and not
caused by a reduction of the pressure exerted by the parasitic community. This is in line with the results
of Hawley et al. (2005) and Belasen et al. (2019) who showed that a decrease in diversity of immune loci
(MHC II or through immune proxy) was associated with a reduction in immune functions. It should be
noted that even if migration rate is reduced on islands, sedentary and endemic island species are not
completely free from the exposure of exogen pathogens through migratory birds (Levin et al., 2013).

As a final remark, we would like to stress that more research is needed (i) to ascertain both selection
pressures on innate and adaptive immune responses and the load of deleterious mutations due to drift,
also identified by an increasing body of work (Loire et al., 2013; Robinson et al., 2016; Rogers and Slatkin,
2017; Kutschera et al., 2020; Leroy et al., 2021b), and (ii) to better describe island parasite communities.
To date, most of the studies investigated intracellular parasite communities on islands, and more
specifically haemosporidian parasites, avian pox and coccidian parasites (Cornuault et al., 2012; Illera et
al., 2015, 2008; Ishtiaq et al., 2010; Loiseau et al., 2017; Martinez et al., 2015; Padilla et al., 2017;
Pérez-Rodríguez et al., 2013; Silva-Iturriza et al., 2012), whereas very few evaluated the extracellular
parasite diversity, such as helminths (Nieberding et al., 2006, but see the review of Illera and Perera 2020
for reptiles). Metabarcoding of parasites is a new technique to evaluate at the same time both
communities of intracellular and extracellular parasites (Bourret et al., 2021) and might therefore be a
promising approach to compare their communities in island and mainland populations.

Conclusion

Our comparative population genomics study has investigated the combined effects of drift and
selection on immune genes from island and mainland passerines. The study of synonymous and
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non-synonymous polymorphism of these genes confirmed that island species, with smaller population
sizes than their mainland counterparts, were more impacted by drift, which induces a load of weakly
deleterious mutations in their genome. Indeed most of the genes studied here involved in the immune
response do not show a statistically different pattern from control genes. Only MHC II genes, involved in
the recognition of extracellular pathogens, showed a reduction in their non-synonymous polymorphism in
island species. This response, which may be attributed to reduced selection pressures on these genes,
could be associated with the suspected reduced parasitic communities on islands. The increased load of
deleterious mutations as well as the potential relaxed selection pressures on MHC II support the reduced
immune functions of island species, which could be added to the list of other convergent responses of the
island syndrome.
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FRENCH SUMMARY

Contexte général de la thèse

Ma thèse s’inscrit dans un contexte où notre compréhension du processus de spéciation s’améliore,

mais où le concept d’espèce est encore débattu (Queiroz, 2007; Stankowski and Ravinet, 2021b).

Même si le processus de spéciation est continu (Stankowski and Ravinet, 2021a), la taxonomie a

hérité d’une vision discrète, et l’absence de consensus sur un seuil le long de ce continuum de

spéciation contribue à la difficulté de délimiter les espèces taxonomiques (Zachos, 2018). Malgré

cela, les espèces sont l’unité de base de la conservation et des études taxonomiques sont nécessaires

de toute urgence, en particulier pour les grands mammifères, qui sont plus sensibles à l’extinction

(Feijó and Brandão, 2022).

Les Xénarthres sont l’un des quatre principaux clades de mammifères placentaires, avec

Afrotheres, Laurasiatheres et Euarchontoglires (Murphy et al., 2001a,b). Ils se sont diversifiés lorsque

l’Amérique du Sud était géographiquement isolée des autres continents, et ont atteint plus de 200

genres décrits (Figure 1, McKenna and Bell, 1997). Au cours du pliocène, l’Amérique du Sud a

été reconnectée à l’Amérique du Nord par l’émergence de l’isthme de Panama. Cela a permis des

événements de dispersion entre les deux continents, connus sous le nom de Great American Biotic

Interchange (GABI) et, notamment, les xénarthres ont pu coloniser avec succès l’Amérique centrale

et l’Amérique du Nord (Figure 1, MacDonald et al., 2007; Patterson and Pascual, 1968. À la fin du

Pléistocène, il y a environ 11 000 ans, une extinction majeure a touché de nombreux groupes de

mammifères. La plupart des xénarthres se sont éteints, principalement les plus grandes formes ter-

restres (paresseux géants et glyptodontes ; Lyons et al., 2004). De cette grande diversité, il ne reste

aujourd’hui que 14 genres et 39 espèces vivantes (Abba et al., 2015; Feijó et al., 2018; Miranda et al.,
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2018; Wetzel et al., 2008).

Figure 1: Cartes paléogéographiques de la terre (modifiées d’après Encyclopaedia Bri-
tannica et Meseguer et Condamine (2017)) sur l’échelle des temps géologiques remontant
jusqu’au Jurassique il y a 150 Mya.

Ces 39 espèces, endémiques des régions néotropicales, sont le seul témoin vivant de la diversité

passée des xénarthrans. Certaines d’entre elles ont une large distribution, incluant des formations

géologiques ou des structures topologiques telles que les Andes, le bouclier guyanais ou l’Amérique

centrale. Ces formations ont été identifiées comme des barrières biogéographiques reproductives

pour de nombreuses espèces (Cortés-Ortiz et al., 2003; Esquerré et al., 2019; Fouquet et al., 2012;

Gutiérrez-Garcı́a and Vázquez-Domı́nguez, 2013; Redondo et al., 2008; Weir and Price, 2011), et

pourraient également avoir été impliquées dans le processus de spéciation au sein des xénarthres.

Certaines études ont notamment identifié des lignées divergentes au statut taxonomique incertain

séparées par de telles formations au sein des tatous à neuf bandes, Dasypus novemcinctus (Arteaga

et al., 2020; Billet et al., 2017; Feijó et al., 2018, 2019; Gibb et al., 2016; Hautier et al., 2017), paresseux

à gorge brune, Bradypus variegatus (Ruiz-Garcı́a et al., 2020), et les fourmiliers nains, Cyclopes

didactylus (Coimbra et al., 2017; Miranda et al., 2018). Cette potentielle diversité cryptique est

d’autant plus envisageable que 71,4 % des genres de xénarthres n’ont pas fait l’objet d’une étude

taxonomique depuis 50 ans (Feijó and Brandão, 2022). Feijó and Brandão, 2022 suggèrent que la

stabilité taxonomique pourrait s’expliquer par un manque d’études taxonomiques plutôt que par

une bonne compréhension de leur diversité. En effet, si l’on considère les genres récemment étudiés,

d’importants changements taxonomiques ont été mis en œuvre au niveau de la famille, du genre,

du sous-genre, de l’espèce et de la sous-espèce (Feijó et al., 2018, 2019; Gibb et al., 2016; Miranda

et al., 2018; Miranda et al., 2023). Cette activité taxonomique récente suggère qu’il reste beaucoup

de travail à faire dans ce clade. La perception erronée des limites taxonomiques au sein de ce clade

pourrait avoir induit une sous-estimation de la diversité actuelle de ce groupe, et de potentielles

mauvaises appréciations quant à leur statut de conservation.

Outre ces incertitudes taxonomiques, certaines relations phylogénétiques sont encore difficiles

à élucider. En effet, les relations phylogénétiques des xénarthres a longtemps été un défi en raison

de leur morphologie particulière (Delsuc and Douzery, 2008). L’émergence des études moléculaires

a permis une avancée sans précédent dans notre compréhension des relations entre les xénarthres.
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Notamment, dans leurs premières études phylogénétiques moléculaires, Delsuc et al. (2001, 2002,

2003) ont résolu les relations intra-ordinales et confirmé les résultats morphologiques antérieurs.

Möller-Krull et al., 2007 et Delsuc et al., 2012 ont inclus davantage d’espèces de xénarthres et ont

donc représenté tous les genres reconnus. Toutefois, comme l’ont souligné Delsuc et al., 2003,

les relations internes au sein des deux sous-familles Tolypeutinae et Euphractinae ne semblaient

toujours pas résolues (nœuds internes courts et faibles valeurs de soutien), même avec différents

types de données moléculaires (respectivement avec des séquences non codantes flanquantes de

rétrotransposons et la concaténation d’exons nucléaires et de deux gènes mitochondriaux). Ce

résultat était quelque peu attendu chez les Euphractinae, car les trois genres (Euphractus, Zaedyus,

Chaetophractus) semblent très similaires et des études morphologiques antérieures ont soutenu

plusieurs topologies possibles (Abrantes and Bergqvist, 2006; Engelmann, 1985; Gaudin and Wible,

2006; Patterson et al., 1989). Cependant, ceci est plus surprenant en ce qui concerne les Tolypeutinae

pour lesquels les analyses morphologiques soutiennent fortement le regroupement des Priodontes

et des Cabassous formant la tribu des Priodontini (Abrantes and Bergqvist, 2006; Cetica et al., 1998;

Engelmann, 1985; Gaudin and Wible, 2006; McKenna and Bell, 1997). Gibb et al., 2016 ont fourni la

première étude phylogénétique mitochondriale complète incluant toutes les espèces de xénarthres

décrites à l’époque. Cette étude mitogénomique a clairement soutenu la paraphylie des Priodontini

en regroupant Cabassous avec Tolypeutes, mais n’a pas permis de décrypter les relations au sein des

Euphractinae. Les discordances avec les études morphologiques et entre les marqueurs moléculaires

ont été suspectées d’être induites par d’anciens flux de gènes, un tri incomplet des lignées (ILS

pour Incomplete Lineage Sorting) ou une convergence morphologique. Cependant, jusqu’à présent,

les études phylogénétiques ont été largement limitées aux mitogénomes et à quelques marqueurs

moléculaires nucléaires qui reflètent de manière incomplète l’histoire de l’évolution.

Grâce aux progrès récents et à la baisse des coûts du séquençage de l’ADN, il est désormais

possible de produire des données génomiques afin d’examiner plus en détail la taxonomie et la

phylogénie des xénarthres. Ainsi, en utilisant les génomes disponibles et les données génomiques

de reséquençage récemment générées, ma thèse s’est focalisée sur les défis suivants : i) quel est le

statut taxonomique des lignées/espèces de xénarthres récemment mises en évidence ? ii) La prise

en compte des flux de gènes et de l’ILS permet-elle de mieux comprendre l’histoire évolutive des

espèces de xénarthres ? iii) Quels facteurs (biogéographie, adaptation locale, démographie) ont pu

contribuer à la spéciation et à la diversification de ce groupe ? iv) Le statut taxonomique des espèces

est-il caractérisé par une différenciation génétique homogène parmi les mammifères ?

Pour répondre à ces questions, nous devions avoir accès aux données génétiques des espèces

potentiellement menacées. Nous avons estimé qu’il était essentiel d’utiliser l’échantillonnage le
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moins invasif pour les populations sauvages possible en recourant à la muséomique, aux animaux

tués sur la route et aux données en libre accès, et nous avons relevé les défis que ces données

représentaient.

Chapitre 1 : La muséomique et la capture d’exons permettent

de déchiffrer le complexe d’espèces du tatou à neuf bandes

(Dasypus novemcinctus)

Dans la première partie, nous nous sommes concentrés sur l’espèce de xénarthre la plus répandue, le

tatou à neuf bandes (Dasypus novemcinctus). Des études récentes ont suggéré une diversité cryptique

avec des morphotypes distincts dont le statut taxonomique et la distribution géographique sont

incertains (Arteaga et al., 2020; Billet et al., 2017; Feijó et al., 2018, 2019; Gibb et al., 2016; Hautier

et al., 2017). Nous avons majoritairement utilisé des spécimens de musée, et séquencé 997 loci

par capture d’exons. Cela nous a permis d’analyser 81 spécimens représentant l’ensemble de la

distribution de ce complexe d’espèces (Figure 2c,d). Comme notre ensemble de données repose

en grande partie sur des spécimens de musée, nous avons pris soin d’identifier et de corriger la

contamination croisée potentielle et les erreurs de séquençage omniprésentes dans l’ADN dégradé.

Nettoyer ces erreurs est un défi qui pourrait permettrait d’améliorer les délimitations des espèces.

En effet, ces erreurs peuvent imiter le flux de gènes entre les lignées et donc brouiller les frontières

entre les espèces. Inspirés par les méthodes d’analyse de l’ADN ancien (Green et al., 2008, 2010),

nous avons soigneusement contrôlé nos librairies pour éviter toute contamination croisée. Pour

cela, nous avons déterminé si l’ADN mitochondrial des individus séquencés soutenait des positions

diagnostiques correspondant a plusieurs lignées distinctes. Enfin, nous avons mis en œuvre des

méthodes de filtrage pour nettoyer efficacement l’ADN nucléaire basé sur la faible fréquence

attendue par les lectures issues d’ADN contaminant ou supportant une erreur de génotypage.

Sur la base de mitogénomes complets et d’un millier de loci nucléaires capturés, nous avons

reconstruit les relations phylogénétiques et utilisé de multiples approches pour délimiter les espèces

et évaluer les échanges génétiques (Figure 2). Nous avons identifié des cas de discordance mito-

nucléaire entre quatre lignées distinctes, mais nous avons constaté un flux génétique limité à leurs

zones de contact (Figures 2 et 3). Une approche comparative a révélé une différenciation génétique

comparable au sein du complexe du tatou à long nez par rapport aux espèces de Dasypus bien

reconnues, ce qui confirme leur statut d’espèces distinctes. En accord avec les études moléculaires et
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morphologiques précédentes, nos résultats fournissent une vue d’ensemble qui soutient fortement

quatre espèces distinctes. Ceci inclut la première nouvelle espèce de tatou décrite au cours des 30

dernières années (Dasypus guianensis sp. nov.) endémique du bouclier guyanais.

Figure 2: Relations phylogénétiques reconstruites par maximum de vraisemblance et en-
racinées en utilisant Dasypus kappleri à partir a) des mitogénomes de 81 individus, et b)
des 832 loci nucléaires filtrés de 62 individus. Les cercles rouges aux nœuds indiquent
le soutien bootstrap (BS = 100) pour les interrelations entre lignées et les étiquettes des
nœuds représentent les facteurs de concordance des gènes et des sites (gCF/sCF). Les cartes
représentent la distribution des individus en fonction de leur lignée et des données c) mi-
togénomiques et d) nucléaires. Les individus dont les lignées mito-nucléaires sont discor-
dantes sont représentés par des étoiles et D. pilosus par des cercles ouverts. La distribution
de D. novemcinctus est surlignée en gris. Crédits photos : A. Baertschi(xenarthrans.org), K.
Miller, Andresiade, A. Reed (iNaturalist.org), et Q. Martinez.
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Figure 3: Carte de distribution et composition génétique des individus des quatre espèces
reconnues : Dasypus mexicanus (lignée nord en bleu), Dasypus fenestratus (lignée centrale
en noir), Dasypus novemcinctus (lignée sud en vert), et Dasypus guianensis sp. nov. (lignée
guyanaise en orange). Les cercles extérieurs représentent les lignées mitochondriales et
les diagrammes circulaires la probabilité d’affectation générée par les analyses de mélange
basées sur les données nucléaires. Les cercles ouverts indiquent les individus pour lesquels
seules les données mitogénomiques sont disponibles. Les carrés représentent les indi-
vidus de Hautier et al., 2017 colorés en fonction de leur appartenance à un morphogroupe
sur la base d’une Analyse Discriminante de la forme du crâne utilisant la morphométrie
géométrique et pour lesquels aucune donnée génétique n’est disponible. Des reconstruc-
tions tridimensionnelles de crânes obtenues à partir de scans microCT de spécimens vouch-
ers représentatifs sont présentées pour chaque espèce avec les sinus frontaux paranasaux
et les évidements mis en évidence : USNM 33867(Dasypus mexicanus), AMNH 32356(Dasy-
pus fenestratus), AMNH 136252(Dasypus novemcinctus), et ROM 32868(Dasypus guianensis sp.
nov.).
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Chapitre 2 : Le séquençage du génome complet pour résoudre

les incertitudes taxonomiques et phylogénétiques au sein des

xénarthres

Les données moléculaires ont considérablement amélioré notre compréhension de l’histoire

évolutive des xénarthres (Delsuc and Douzery, 2008). Cependant, un certain nombre de statuts

taxonomiques sont encore incertains et certaines relations phylogénétiques ne sont toujours pas

résolues. En particulier, des études antérieures ont révélé des lignées distinctes au sein de Bradypus

variegatus et de Cyclopes didactylus dont le statut taxonomique reste à confirmer (Coimbra et al., 2017;

Miranda et al., 2018; Ruiz-Garcı́a et al., 2020). D’autre part, des discordances phylogénétiques ont

été constatées au sein des Tolypeutinae et des Euphractinae (Abba et al., 2015; Delsuc and Douzery,

2008; Delsuc et al., 2003, 2012; Gibb et al., 2016; Möller-Krull et al., 2007). Toutefois, la contribution

de l’ILS et/ou du flux de gènes doivent encore être évalués.

Nous avons reséquencé 19 mitogénomes et 72 génomes complets qui ont contribué à constituer

les ensembles de données les plus exhaustifs de Xenarthra, composés de 261 mitogénomes couvrant

37 espèces actuelles et 7 espèces éteintes, et de 94 génomes complets couvrant 36 espèces actuelles

sur les 42 espèces de xénarthres actuellement reconnues. Dans un premier temps, nous avons utilisé

des méthodes de découverte d’espèces basées sur les relations phylogénétiques mitochondriales

(GMYC et bPTP). Celles ci ont fourni une hypothèse d’espèce qui a été évaluée de manière plus

approfondie à partir des données génomiques. Nous avons examiné la différenciation génétique

(GDI, Allio et al., 2021) et la divergence (Da, Dxy) par paire à l’échelle du génome entre les espèces

étroitement apparentées au sein de tous les genres de xénarthres. Cela nous a permis de fournir

un cadre comparatif pour délimiter les lignées au statut taxonomique incertain (Figure 4). Ainsi,

pour être cohérent avec la taxonomie actuelle, cette approche comparative à l’échelle du génome

suggère de revalider B. ephippiger et B. griseus, de regrouper B. pygmaeus avec B. griseus et de décrire

une nouvelle espèce de fourmilier, Cyclopes sp. (Figure 4). Cette approche suggère également que

les espèces d’Ephractinae devraient toutes appartenir au genre Euphractus (Figure 3). Nous avons

évalué la diversité génétique et la consanguinité de ces espèces qui ont alarmé sur la faible diversité

génomique de quatre espèces de Choloepus hoffmanni, Dasypus pilosus, Chlamyphorus truncatus et

Bradypus ephippiger. Ces espèces doivent être une préoccupation majeure pour l’évaluation de leur

statut de conservation. D’autre part, l’évaluation de l’histoire démographique des xénarthres révèle

un déclin général de la taille efficace des populations ces derniers millions d’années.

Sur la base de cette révision taxonomique, nous avons reconstruit la phylogénie des xénarthres,
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calibrée dans le temps, la plus complète à ce jour qui corrobore les résultats précédents (Gibb et al.,

2016, Figure 5). Enfin, nous avons exploré la contribution du trie de lignées incomplet et du flux de

gènes dans les discordances de topologies de gènes chez les xénarthres. En utilisant une approche

basée sur les différences de temps de coalescence attendues par ces deux mécanismes (i.e le flux

de gène produit des temps de coalescence plus courts) nous avons pu détecter que l’ILS et le flux

de gènes ont contribué à des topologiques discordantes dans la phylogénie des xénarthres (Figure

6). Ces preuves d’hybridation soulignent la prévalence du flux de gènes post-spéciation chez les

xénarthres et suggèrent que ces événements de spéciation se sont produits avec des zones de contact.

285



French summary

Figure 4: Différenciation génétique par paire entre les espèces de xénarthres estimée à l’aide
de l’indice de différenciation génétique (GDI ; Allio et al., 2021). Chaque point représente le
GDI moyen estimé à partir de 10 régions de 100kb échantillonnées au hasard dans le génome
d’une paire d’individus. La valeur moyenne du GDI est indiquée sous chaque graphique.
Plus le GDI est élevé, plus la différenciation génétique est importante. Les bandes de couleur
sont arbitraires et visent à faciliter les comparaisons entre les différents genres.

286



French summary

Figure 5: Arbre des temps de divergence de 40 espèces ou sous-espèces de xénarthres basé
sur 100 gènes BUSCO et reconstruit à l’aide de MCMCTree avec une horloge relachée avec
un taux autocorrélé et le modèle de substitution HKY + Γ. La distribution des nœuds
représente les intervalles de crédibilité à 95% autour des estimations de l’âge moyen. Les cer-
cles rouges représentent les nœuds utilisés comme contraintes d’étalonnage. Les numéros
de nœuds renvoient au tableau Node estimation détaillant les estimations du temps de di-
vergence.
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Figure 6: Démêler le triage incomplet des lignées (ILS) en rouge et le flux de gènes (GF) en
vert en utilisant Aphid pour les nœuds présentant des conflits topologiques : a) Bradypus
spp. b) Cyclopes spp. c) Euphractinae, d) Dasypus spp. e) Tolypeutinae, f) Chlamyphori-
dae. La taille des points représente la proportion d’ILS et de GF dans les conflits phy-
logénétiques (les étiquettes détaillent ces valeurs) et la position sur l’axe Y illustre la pro-
portion de déséquilibre d’une topologie discordante (((A,C),B) ou ((B,C),A)). Les numéros
de nœuds sont illustrés dans la figure S11 a.
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Synthèse générale et perspectives

Cette thèse a mené la révision moléculaire la plus complète des xénarthres, illustrant la puissance de

la muséomique pour révéler la diversité des espèces cryptiques. En englobant un ensemble presque

exhaustif de données génomiques de Xenarthra, nous avons revalidé Dasypus mexicanus, Dasypus fen-

estratus, Bradypus ephippiger et Bradypus griseus, regroupé B. pygmaeus, en danger critique d’extinction,

avec B. griseus, et révélé de nouvelles espèces de tatou, Dasypus guianensis, et de fourmilier nain, Cy-

clopes sp. Grâce à ce cadre taxonomique révisé, nous avons reconstruit la phylogénie calibrée dans

le temps la plus complète des Xenarthra, qui met en lumière leur histoire évolutive. En démêlant la

contribution du tri de lignées incomplet et et du flux de gènes dans les signaux de topologies dis-

cordantes de la phylogénie des xénarthres, nous avons mis en évidence de multiples événements

de flux de gènes suggérant une spéciation avec des contacts entre les lignées. En discussion, nous

avons exploré plus en détail les facteurs influençant la spéciation chez les xénarthres. Nos résultats

suggèrent notamment que les Andes colombiennes et vénézuéliennes ont favorisé la spéciation de ce

clade en séparant de nombreuses paires d’espèces de xénarthres. Enfin, nos résultats ont contribué

à identifier les directions futures des études taxonomiques et a suggéré, sur la base de leur faible di-

versité génétique, que l’évaluation de l’état de conservation de Choloepus hoffmanni, Dasypus pilosus,

Chlamyphorus truncatus, et Bradypus ephippiger soit une priorité.
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conseillée avec autant de positivité et de confiance dans cette aventure qu’a représenté le séquençage
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Sémon, Pierre-Olivier Antoine, Vincent Ranwez, Tristan Lefébure, Pierre-Alexandre Gagnaire,
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positivité et ta bienveillance. Marie-Ka, merci pour ton optimisme général et contagieux, ainsi que
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à essayer de modéliser la vie aussi bien que la science.

Jean Loup, merci de m’avoir accueilli pour finir ma thèse dans ce cadre si serein et paisible.
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Abstract
Xenarthrans (armadillos, anteaters, and sloths) are the least diverse of the four major clades of pla-
cental mammals, with only 39 currently recognized species. However, this emblematic Neotropical
clade includes species complexes with genetically distinct lineages of uncertain taxonomic status. To
address this issue, we conducted a comprehensive genomic analysis, encompassing 261 individual
mitogenomes, an exon capture dataset for 71 individuals, and 94 whole genomes, representing
34 distinct xenarthran species. As we included numerous museum samples, we carefully cleaned
up potential genotyping errors and cross contaminations that could blur species boundaries by
mimicking gene flow. This nearly exhaustive genome-wide dataset allowed us to revise Xenarthra
taxonomy employing multiple lines of evidence (species delimitation methods, estimation of
gene flow, genomic differentiation, morphology, demography) raising the number of xenarthran
species recognized to 43. This revised taxonomic framework enabled the reconstruction of the
most comprehensive time-calibrated phylogeny of Xenarthra based on whole genomes, shedding
new light on their evolutionary history. By disentangling incomplete lineage sorting and gene
flow in discordant parts of the xenarthran phylogeny, we identified multiple events of gene flow
suggesting the maintenance of contact zones during speciation events. Further exploring factors
promoting speciation within xenarthrans pointed to the potential influence of Colombian and
Venezuelan Andes in their diversification. Overall, this work contributes to a deeper understanding
of xenarthran evolution but also provides insights into future directions for taxonomic investigations
and conservation status assessment within this fascinating mammalian group.

Keywords: Species delimitation, molecular systematics, taxonomy, whole-genome, museomics, spe-
ciation, conservation genomics, phylogenomics, gene-tree discordance, neotropics, biogeography,
mammals.

Résumé
Les xénarthres (tatous, fourmiliers et paresseux) sont les moins diversifiés des quatre
principaux clades de mammifères placentaires, avec seulement 39 espèces actuellement
reconnues. Cependant, ce clade néotropical emblématique inclut des complexes d’espèces
avec des lignées génétiquement distinctes dont le statut taxonomique reste incertain. Pour
les évaluer, nous avons analysé des données génomiques, regroupant 261 mitogénomes,
des données issues de la capture d’exons pour 71 individus, et 94 génomes complets,
représentant 34 espèces de xénarthres. Comme nous avons inclus de nombreux échantillons
de musées, nous avons soigneusement nettoyé les erreurs potentielles de génotypage et
les contaminations croisées qui pouvaient brouiller les délimitations d’espèces en imitant
le flux de gènes. Ainsi, grâce à un jeu de données quasi exhaustif de données génomiques
pour les xénarthres, nous avons révisé leur taxonomie en utilisant de multiples éléments de
soutient (méthodes de délimitation d’espèces, estimation du flux de gènes, différenciation
génomique, morphologie, démographie), ce qui a permis d’augmenter le nombre d’espèces
de xénarthres reconnues à 43. Ce cadre taxonomique révisé a permis de reconstruire la
phylogénie calibrée dans le temps la plus complète des xénarthres basée sur des génomes
complets, révélant plus précisément leur histoire évolutive. En démêlant le tri de lignées
incomplet et le flux de gènes des arbres de gènes discordants au sein des xénarthres, nous
avons identifié de multiples événements de flux de gènes, ce qui suggère le maintien de
zones de contact au cours de certains événements de spéciation au sein de ce clade. Enfin,
en étudiant les facteurs favorisant la spéciation des xénarthres, nous suggérons l’influence
des Andes colombiennes et vénézuéliennes sur leur diversification. En conclusion, cette
thèse a contribué à une meilleure compréhension de l’évolution des xénarthres, mais elle
donne également des pistes potentielles pour orienter les futures études taxonomiques et
l’évaluation du statut de conservation des espèces de ce groupe fascinant de mammifères.

Mots-clés: Délimitation d’espèces, systématique moléculaire, taxonomie, génomes complets,
muséomique, spéciation, génomique de la conservation, phylogénomique, discordance des arbres
de gènes, néotropiques, biogéographie, mammifères.
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