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Abstract

Deserts are the driest environments on the planet. For the last fifty years, deserts captivated
many evolutionary ecologists, who turned to these natural laboratories to study how biological design
is challenged by different aspects of the environment, including extreme thermal amplitudes, intense
UV radiation and scarce resources. However, little is known about the genetic mechanisms underlying
desert adaptation. The main aim of this thesis was to advance our understanding of the evolutionary
processes driving adaptative evolution in deserts by reviewing the state-of-the-art on the genetic basis
of mammalian desert adaptation, and by studying the demographic and adaptive history of North-
African foxes (Vulpes sp.) living in the outer edges and core desert regions of the Sahara.

The first manuscript of this thesis offers a synthesis on the recent but growing body of work
on the genomics of mammalian desert adaptation. By linking emerging genomic research with
classical studies on desert eco-physiology, we were able to identify shared patterns of adaptation at
the genetic, pathway and phenotypic level associated with fat and water metabolism and insulin
response in biological systems with different evolutionary ages, occupying distinct ecological niches
and at distinct stages of adaptive evolution in different deserts of the world. These patterns were
consistent with the complexity and variety of environmental stressors associated with desert life.
Surprisingly, we could not draw major patterns on the nature of desert adaptive genetic variation, nor
on the sources by which adaptive genetic variants may arise. Moreover, studies of desert adaptation
are challenged by a lack of accurate genotype—phenotype—environment maps, owing to logistical
issues and expense of research in desert regions. Motivated by this, we encourage development of
systems that facilitate functional analyses but also acknowledge the need for more studies on a wider
variety of desert mammals. Lastly, we explore the limits and future potential of using genomics to
address desert adaptation and provide explicit recommendations for future research.

In the second manuscript, we investigated the role of climatic variables as predictors of
phenotypic variation. In particular, we focused on urine-concentrating ability, one of the most
celebrated textbook examples of desert adaptive phenotypes in mammals, reviewed from the
literature in 121 mammalian species. By integrating urine osmolality data with bioclimatic variables
and phylogenetic comparative methods not only were we able to explicitly test the general hypothesis
that desert-dwelling mammals have repeatedly evolved greater ability to concentrate urine, but also
demonstrated that the mean annual aridity index of a species’ geographic range largely predicts its
urine-concentrating ability. This work contributes to the establishment of the general hypothesis that
aridity is one of the main selective pressures driving phenotypic evolution in different desert

mammalian lineages. Future studies investigating association of aridity and other bioclimatic variables
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with desert adaptive phenotypes and genotypes are needed, as they hold the potential to elucidate
future adaptative responses to increasingly arid conditions.

In the third manuscript, we studied the genetic basis and evolutionary history of desert
adaptation in North-African foxes. Taking advantage of a large sample collection, we were able to
able to generate whole genomes for 82 foxes belonging to 4 distinct species, including habitat
generalist red fox (V. vulpes), sister species and desert adapted Rueppell’s fox (V. rueppellii), distantly
related desert fennec fox (V. zerda) and the basal Sahelian endemic pale fox (V. pallida). By
combining state-of-the-art genomics with eco-physiological and expression data, we were able to
study the evolutionary mechanisms at play during desert adaptation throughout different evolutionary
scales and provide insights into the genetic basis underlying the ability of different fox species to thrive
in desert environments. We show that past gene flow between North-African red foxes and desert-
specialist Rueppell’s fox likely facilitated red fox recent adaptation to an expanding Sahara, after they
split from Eurasian populations ca. 78 Kya. Further comparative analysis identified a highly unusual
and divergent 25 Mb genomic region in Rueppell’s fox that can be explained as the result of an ancient
introgression from another fox related to the fennec (V. zerda). Scans for signatures of adaptation
revealed signals of selection at genes associated with water retention through reduced panting and
sweating, temperature perception and adaptive thermogenesis in North-African red fox, and genes
affecting renal water homeostasis in Rueppell’s and fennec fox. These discoveries suggest that both
standing adaptive genetic variation and introgression with older resident desert species have been
key drivers of desert adaptation in North-African foxes and are likely to be critical components of
future evolutionary responses to climate change.

Overall, this thesis contributes to a better understanding of the evolutionary mechanisms
driving adaptation in desert environments and provides a glimpse into the origins and evolution of
some of the most charismatic and elusive desert-dwelling species. With the first two manuscripts, we
bridge evolutionary genomics and classical eco-physiology. Our work in North-African foxes provides
an empirical example of desert adaptation and underscores the important roles of introgressive-
hybridization events and ancestral standing genetic variation as sources for adaptive genetic variation
at different spatiotemporal scales. This work also provides important insights on the genes and gene
changes potentially underlying adaptation in an entirely new system. As desertification of the Sahara
and expansion of arid regions worldwide are expected to dramatically increase, preserving adaptive
variation in these umbrella species may help conservation efforts focused on rescuing biodiversity

currently challenged by desertification.
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Resumo

Os desertos sdo os ambientes mais aridos do planeta, e durante os ultimos cinquenta anos
cativaram muitos ecologistas e bidlogos evolutivos que os tém utilizado como laboratérios naturais
para estudar de que forma os sistemas biolégicos podem ser moldados por diferentes fatores
abiédticos, incluindo amplitudes térmicas extremas, radiagao ultravioleta intensa e recursos escassos.
No entanto, pouco se sabe sobre 0os mecanismos genéticos subjacentes a adaptagdo ao deserto.
Esta tese teve como principal objetivo contribuir para a compreensao geral dos processos evolutivos
responsaveis pela adaptagao de mamiferos aos desertos, através da revisdo do estado da arte sobre
a base genética da adaptacdo deste grupo de vertebrados de deserto, e através do estudo da histdria
demogréfica e adaptativa de raposas do Norte de Africa (Vulpes sp.) que vivem nas fronteiras e nas
regides centrais do deserto do Saara.

O primeiro manuscrito desta tese contribui com uma sintese dos estudos mais recentes sobre
a genomica da adaptacdo ao deserto em mamiferos. Através do enquadramento de estudos
genomicos e estudos classicos de eco-fisiologia, foi possivel identificar padrées de adaptagdo ao
nivel genético, funcional e fenotipico relacionados com o metabolismo de gordura e agua, e resposta
a insulina. Estes padrbes sdo compartilhados por sistemas biolégicos com diferentes idades
evolutivas, com nichos ecoldgicos distintos e em estagios distintos de adaptagdo em diferentes
desertos do mundo. Os padrdes de adaptacdo encontrados sao ainda consistentes com a
complexidade e variedade de pressdes ambientais associadas a vida no deserto. Contrariamente ao
esperado, ndo se encontraram padrbes gerais de variagdo genética adaptativa ao deserto, ou
relacionados com as diferentes vias pelas quais as variantes genéticas adaptativas podem surgir.
Além disso, os estudos de adaptacao ao deserto carecem de mapas de gendtipo-fenotipo-ambiente,
sobretudo devido a dificuldades logisticas e despesas associadas a investigacdo em regides
desérticas. Neste contexto, este trabalho de revisdo encoraja ao desenvolvimento de sistemas que
facilitem analises funcionais, mas também reconhece a necessidade de estudos mais abrangentes
que incluam diferentes organismos de deserto. Por ultimo, explora-se os limites e o potencial de usar
analises gendmicas para estudar adaptacédo ao deserto, e sugerem-se possiveis vias para estudos
futuros.

No segundo manuscrito, investiga-se o papel preditivo de variaveis climaticas na variagado
fenotipica. Este trabalho foca-se na capacidade de concentragao de urina, um dos exemplos mais
emblematicos de fendtipos adaptativos em mamiferos de deserto, que foi aqui revista para 121
espécies de mamiferos. Ao integrar dados de osmolalidade de urina com variaveis bioclimaticas e
métodos de filogenética comparada, foi possivel testar a hipétese geral de que os mamiferos de
deserto evoluiram repetidamente uma maior capacidade de concentrar urina, mas também

demonstramos pela primeira vez que o indice de aridez média anual da distribuicdo geografica de
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uma espécie pode ser usado para prever a sua capacidade de concentrar urina. Este trabalho
contribui para o estabelecimento da hipétese geral de que a aridez é uma das principais pressoes
seletivas que impulsionam a evolugao fenotipica em diferentes linhagens de mamiferos de deserto.
Futuras associac¢des entre o indice de aridez/variaveis bioclimaticas, e fenétipos adaptativos e/ou
genotipos permitirdo elucidar respostas adaptativas em ambientes cada vez mais aridos.

No terceiro manuscrito, estudamos as bases evolutivas da variagdo genética adaptativa das
raposas do Norte de Africa. Aproveitando uma grande colecdo de amostras obtidas no ambito deste
trabalho ou de trabalhos anteriores, geraram-se genomas completos para 82 raposas pertencentes
a 4 espécies distintas, incluindo a generalista raposa vermelha (V. vulpes), a sua espécie irma de
deserto raposa de Rueppell (V. rueppellii), a espécie divergente de deserto feneco (V. zerda) e a
raposa palida do Sahel (V. pallida). Ao combinar genémica com dados fisioldgicos e transcriptomica,
foi possivel estudar os mecanismos evolutivos responsaveis pela adaptagdo ao deserto em
diferentes escalas evolutivas e entender melhor a base genética subjacente a capacidade de
prosperar em ambientes desérticos em espécies diferentes. Nomeadamente, este estudo revela que
a existéncia de fluxo génico entre a raposa vermelha do Norte de Africa e a raposa de Rueppell tera
facilitado a adaptacdo mais recente da raposa vermelha a um Saara em expansao, depois de esta
se ter separado das populagdes da Eurasia ca. 78 Kya. Uma analise comparativa adicional identificou
uma regido gendmica de 25 Mb na raposa de Rueppell altamente divergente que pode ser explicada
como o resultado de uma introgressao antiga por via de uma espécie de raposa relacionada com o
feneco. Testes focados na detegao de assinaturas de adaptacio revelaram sinais de selecdo em
genes relacionados com uma maior retencao de agua através da reducao da respiragdo ofegante e
suor, percecdo de temperatura e termogénese adaptativa na raposa vermelha do Norte de Africa, e
genes que afetam a retengdo de agua nos rins na raposa de Rueppell e feneco. Estes resultados
sugerem que variagao genética pré-existente e variagdo genética herdada por introgresséo a partir
de espécies que residem ha mais tempo no deserto, terdo permitido a adaptacédo das raposas do
Norte da Africa e desempenhardo um papel critico em futuras respostas evolutivas 4s mudancgas
climaticas.

De uma maneira geral, os estudos realizados nesta tese contribuem para um melhor
entendimento dos mecanismos evolutivos que conduzem a adaptagdo em ambientes desérticos, e
oferecem uma perspetiva sobre a origem e historia evolutiva de algumas das espécies mais
carismaticas e evasivas do deserto. Nos dois primeiros manuscritos, fazemos uma ponte entre a
gendmica evolutiva e a fisiologia comparada classica. O nosso trabalho sobre raposas norte-
africanas contribui com um exemplo empirico de adaptagado ao deserto, e exalta a importancia da
hibridizag&o introgressiva e da variagado genética pré-existente como fontes de variagdo genética
adaptativa em diferentes escalas espacio-temporais. Este trabalho também fornece informacoes
relevantes sobre os genes e as mudangas genéticas potencialmente subjacentes a adaptagdo a um

sistema inteiramente novo. Uma vez que a desertificacdo do Saara e a expansao das regides aridas
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em todo o mundo deverao aumentar dramaticamente, preservar a variagao adaptativa em espécies

guarda-chuva pode ajudar a conservar biodiversidade atualmente ameagada pela desertificagéo.

Palavras chave

Desertos, aridez, adaptagdo, gendmica, fisiologia, evolugdo convergente, hibridagéo introgressiva,

introgresséo ancestral, variagdo genética pré-existente, raposas norte-africanas, Saara.
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Figure 1.1. Phylogeny of the family Canidae based on 14kb DNA sequence from 12 exons
and four introns (adapted from from Lindblad-Toh et al. 2005). The numbers above and below
each branching point indicate two different measures of branching point support
(bootstrapping and Bayesian posterior probability values). The three main clades of canids
are indicated by red (red fox-like canids), green (South American fox-like canids) and blue
(wolf-like canids) colors. Example species (underlined) are as follows: Arctic fox (Vulpes
lagopus), red fox (Vulpes vulpes), raccoon dog (Nyctereutes procyonoides) and bat-eared fox
(Otocyon megalotis), crab-eating fox (Cerdocyon thous), maned wolf (Chrysocyon
brachyurus), bush dog (Speothos venaticus), domestic dog (Canis familaris), gray wolf (Canis
lupus), golden jackal (Canis aureus), coyote (Canis latrans), African jackal (Canis mesomelas)

and gray fox (Urocyon cinereoargenteus).

Figure 1.2. Distribution range for the 12 extant species of the genus Vulpes: (A) Bengal fox,
V. bengalensis (By Mikael Bauer on iNaturalist.org); (B) Rueppell’s fox, V. rueppellii (By
Mickaél Villemagne, iNaturalist.org); (C) Red fox, V. vulpes (By Yellowstone National Park on
Flickr. Public domain); (D) Corsac fox, V. corsac (By Wilm Stan, Wikimedia commons. Public
Domain); (E) Tibetan fox, V. ferrilata (By pfaucher, iNaturalist.org); (F) Arctic fox, V. lagopus
(By Emma, Flickr); (G) Kit fox, V. macrotis (By Seth Topham. Public domain); (H) Swift fox, V.
velox (By leptim, iNaturalist.org); (I) Fennec fox, V. zerda (By pfaucher, iNaturalist.org); (J)
Blanford’s fox V. cana (Eyal Bartov, Wikimedia); (K) V. chama (By Yathin S Krishnappa,
Wikimedia); (L) Pale fox, V. pallida (By pfaucher, iNaturalist.org). Distribution ranges were
downloaded from IUCN.

Figure 1.3. lllustration of Vulpes cytochrome b gene phylogeny and respective distribution
range maps. Phylogenetic tree was inferred by using the Maximum Likelihood method and
General Time Reversible model in MEGA. Sequences were downloaded from GenBank for
each species. Distribution ranges were downloaded from IUCN (2020) and plotted in R and
are followed by scientific illustration of each species (illustrations by Margarida Tangerina).

Analyses performed under the scope of this thesis.
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Figure 1.4. Representation of mean Annual aridity index (A) and Annual mean temperature
(B) in a cytochrome b phylogenetic tree with 11 Vulpes species represented in Figure 1.3.
Aridity index was obtained from the CGIAR-CSI Global Aridity database (Trabucco and Zomer
2009), and annual mean temperature (BIO1) from the WorldClim database (Fick and Hijmans
2017). Distribution ranges were downloaded from IUCN (2020) and Geographical Information
System was used to calculate mean values for each environmental variable within the
geographic range polygon of each species. The mean aridity index for the distribution range
of different Vulpes sp can be classified into discrete categories as follows: hyper-arid
(Rueppell’s fox V.rueppellii; Fennec, V. zerda; dark red), arid (Kit fox, V. macrotis; Blanford’s
fox, V. cana; Pale fox V. pallida; red), semi-arid (Corsac fox, V. corsac; Swift fox, V. velox;
orange-red), dry sub-humid (Tibetan fox, V. ferrilata; Bengal fox, V. bengalensis; yellow),
humid (Red fox, V. vulpes; Arctic fox, V. lagopus; blue). Ancestral states for mean Al and
BIO1, estimated using maximum-likelihood methods (implemented with the R package
‘phytools’), were projected onto the internal edges and nodes of the tree using a color gradient.
These analyses were performed under the scope of this thesis and are presented to serve as
an illustrative representation of species ecological contexts. Since trees species distribution
ranges and environmental variables both rely on present-day information, assumptions on

ancestral environments are inherently imprecise and should thus be interpreted with caution.

Figure 1.5. Regions with overlapping distribution between sister species Rueppell's (V.
rueppellii; photo by Jesper Sérnesjé, Wikimedia), Red fox (V. vulpes; photo by Paul Cools on
iNaturalist.org) and basal group Fennec fox (V. zerda; photo by pfaucher, iNaturalist.org).
Rueppell’s fox is found in the deserts of North-Africa and the Middle East (yellow). In North
Africa, Rueppell’'s shares most of the range of Fennec fox (orange) and overlaps with sister
species Red fox (photo by Aissa Djamel Filali, iNaturalist.org) at the Saharan borders and/or
in regions with water availability. Distribution ranges were downloaded from IUCN and plotted
in R.

Figure 1.6. lllustration of 10 out of 44 morphological subspecies of Red fox (A) and 5

subspecies of Rueppell's fox (B), though many are doubtful and do not translate genetic

variability.

Chapter ll: PAPER 1

Figure 1. Genomic approaches used to identify genes underlying desert adaptation: A-

population-based, B-comparative-based methods, and C-differential expression analyses in
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natural (1) and laboratory (Il) conditions; A-C: different silhouettes represent distinct species,
silhouettes in orange represent desert populations/species, and grey silhouettes represent
non-desert populations/species under comparison and outgroups; double-headed arrows
represent the comparison being made, one-headed arrows represent the group or lineage
targeted by the method; X symbol represents a condition of experimental dehydration or water-
deprivation, as opposed to animals being given water. D-schematic representation
synthesizing and relating some of the recently discovered genes and functional gene classes
to previously described phenotypes. Functional connections result from gene ontology
enrichment analyses on sets of candidate genes and/or gene-function annotation (Gene
Cards, OMIM, UniProt). Some of the highlighted genes identified with population-based and
comparative-based methods on whole-genomes and DNA sequences of candidate genes
found differentially expressed are represented with superscripts as follows: En — Endurers (1-
Bactrian Camel, Camelus bactrianus, 2-Dromedary camel, C. dromedarius, 3-Taklamakan
and 4- Barki sheep, Ovis aries 5-Barki goat, Capra hircus, 6-Arid-dwelling Asian sheep); 6-Ev
— Evaders (1- Cactus mouse, Peromyscus eremicus, 2- Canyon mouse P. citrinus, 3- House
mouse, Mus musculus, 4-Patagonian olive mouse, Abrothrix olivacea, 5-Banner-tailed
kangaroo rat, Dipodomys spectabilis, 6-Bailey’s pocket mouse, Chaetodipus baileyi); H —

Humans (Aboriginal Australians).

Figure 2. Shared evidence of selection in genes (A) and GO terms and pathways (B) obtained
from comparative and population genomics in evader (Ev), endurer (En) and human (H) case
studies. Examples reviewed here include: Cactus mouse (Peromyscus eremicus) [27],
Canyon mouse (P. citrinus) [30], Tarim red deer (Cervus elaphus yarkandensis) [25], arid-
dwelling Asian and Taklamakan desert sheep (Ovis aries) [22], Bactrian camel (Camelus
bactrianus) [51,53], Dromedary camel (C. dromedarius) [51], North-African Barki sheep (O.
aries) and goat (Capra hircus) [26], Nubian Ibex (Capra nubiana) [58], southern African Khoe-
San [49] and Aboriginal Australians [21] (Homo sapiens). Significance of gene and GO overlap
was calculated using Fisher's exact test on a contingency table. Significant overlap is

represented by colors standing out against the lightest background (marginal p-values > 0.05).

Figure I. The different steps for future research attempting to integrate available
methodologies to address the genomic basis of desert adaptation. In part A we suggest
simultaneous collection of genomic, transcriptomic (across different tissues and also blood),
phenotypic (see Box1) and climatic data (e.g. WorldClim database). Data collection under
common garden and field reciprocal transplant experiments are suggested for model
organisms (e.g. Mus and Peromyscus sp). For common garden experiments we suggest

different combinations of environmental stressors. Different silhouettes represent distinct
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species, silhouettes in orange represent desert populations/species, and grey silhouettes
represent non-desert populations/species; double-headed arrows represent the comparison
being made; X symbol represents a condition of experimental dehydration or water-
deprivation, as opposed to animals being given water. In part B we illustrate the diverse ways
in which different datasets can be combined for methods in population and comparative
genomics, depending on data availability and the evolutionary context of the study-system of
choice. The strength of selection studies is that they are powerful for identifying candidates for
further testing. In part C we suggest experimental validation of candidate genes under
selection (CRISPR-Cas 9 and cell culture).

Table I. Classic physiological systems allowing mammalian survival in deserts. The

phenotypes listed may themselves be adaptive or may be part of a correlated plastic response.

Chapter Il: PAPER 2

Figure I. Urine concentrating ability in 121 mammal species, measured as maximum urine

osmolality (mosmol/Kg), along species distribution range mean annual aridity index.

Figure 1. Quantile-quantile plots for the normal distribution of variables (A, C, E) and log10 of

variables (B, D, F) used in this study of urine-concentrating ability of desert mammals.

Figure 2. Ancestral state reconstruction for mean annual aridity index (Al, left) and maximum

urine osmolalities (mOsm/kg; right) in a phylogenetic tree with 121 mammalian species.

Figure 3. Maximum urine osmolality (mOsm/kg) in mammals and mean aridity index (Al). (A)
Schematic illustration of the endurer-evader-evaporator concept proposed by Willmer et al.
(2005) and classification of mammals into arid, semi-arid, dry sub-humid and humid habitat
occupiers according to Trabucco and Zomer (2009). (B) Boxplot for maximum mOsm in 121
endurers, evaders, and evaporators with ranges with different Als. (C) Scatterplot for

maximum mOsm in 121 mammal species.

Figure 4. Spearman correlations for: (A) log10 maximum urine osmolality (measured in
mOsm/kg) and log10 body mass (kg); (B) log10 maximum urine osmolality (measured in
mOsm/kg) and mean annual aridity index; and (C) log10 body mass (kg) and mean annual
aridity index. P-values are not presented, as the plots do not take phylogenetic affinity into

account.
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Table 1. Phylogenetic signal (A) for variables with significant P-values. Variables for which A

is close to 1, and with P-values < 0.05, have significant phylogenetic signals.

Table 2. PGLS models for predicting mammalian log10(maximum urine osmolality). Model
notation refers to the variables used as predictors: mean Al = annual aridity index, BM =1og10
body mass (kg); C = condition (fed-F, given salt load-S, protein load-P, unknown condition-X,
and combinations of these, all relative to dehydrated-D); M = method (addition of solutes-A,
freezing point-F, vapour pressure-V, and combinations of these, all relative to unknown
method-?); Di = diet (frugivorous-Fr, granivorous-G, herbivorous-H, insectivorous-I,
omnivorous-O, and Cl-both carnivorous and insectivorous, all relative to strictly carnivorous-
C). Significant P-values are highlighted in bold; AIC = Akaike information criterion, s.e. =

standard error.

Table 3. PGLS models for predicting mammalian log10 maximum urine osmolality (mOsm/kg)
in the dataset including only dehydrated individuals. Model notation refers to the combination
of variables used as predictors while taking phylogeny into account: mean Al = annual aridity
index; BM = log10 body mass (kg); C = condition (fed-F, given salt load-S, protein load-P,
unknown condition-X, and combinations of these, all relative to dehydrated-D); M = method
(addition of solutes-A, freezing point-F, vapour pressure-V, and combinations of these, all
relative to unknown method-?); Di = diet (frugivorous-Fr, granivorous-G, herbivorous-H,
insectivorous-l, omnivorous-O, and Cl-both carnivorous and insectivorous, all relative to
strictly carnivorous-C). Significant P-values are highlighted in bold; AIC = Akaike information

criterion, s.e. = standard error.

Table 4. PGLS models for predicting log10 mass-adjusted basal metabolic rate (ml of Oz per
g per day) ranked by AIC (Akaike information criterion). Model notation refers to the
combination of variables used as predictors while taking phylogeny into account. Variables

are BM = log10 body mass (g); mean Al = annual aridity index (continuous), cAl = categorical

Al (arid, semi-arid, dry sub-humid, humid), Di = diet (carnivorous-C, frugivorous-Fr,
granivorous-G, herbivorous-H, insectivorous-I, omnivorous-O, carnivorous and insectivorous-
Cl); and mean temperature values for BIO1 = annual mean temperature, BIO5= maximum
temperature of warmest month, BIO6 = minimum temperature of coldest month, BIO7 =
temperature annual range. Significant variables are highlighted in bold (P-value < 0.05). When
A is zero, the covariance between species is zero and the linear model approaches that of a
non-phylogenetic regression, while when A is 1, the evolution of the residual error follows a

Brownian model.
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Chapter Ill: PAPER 3

Figure 1. Sampling localities and overall species relationships. (A) Geographic location of the
samples (points) and distribution ranges (lines) for Rueppell’s and Red fox used for population
genetic analyses (see Table S1 for sampling details and Figure S2) [Photo credit: Ricardo
Rocha, Monia Nakamura]. North-African red fox individuals were sampled across an aridity
gradient ranging from dry-sub humid to hyper-arid regions. We used a color range for Aridity
Index (Al) from 0 to 0.2, to define arid (0.05 < Al <0.2) and hyper-arid regions (Al<0.05) and
demark them from non-desert areas (Al > 0.2). Dark grey lines delimit the distribution range
of Red foxes, and beige line border the distribution range of Rueppell’s fox (B) RaxML whole-
genome tree constructed with genetic distances among 83 foxes based on genotype
likelihoods using the Dog as outgroup. Genetic distances were calculated with ngsDist with
genome-wide polymorphic sites, filtering for a minor allele frequency of 0.05. This was
performed through concatenation of genomic data, which typically leads to long external and
short internal branches within species. (C) Admixture proportions and trees inferred with
Ohana structure analysis for K=3 (top) and K=4 (bottom). Each bar shows the inferred
ancestry fraction for an individual. Labels above and below bars identify the species and

geographical location.

Figure 2. Introgression in North African foxes. Manhattan plot of fraction of admixture (f4) on
non-overlapping windows of 200kb across all chromosomes (A) Eurasian red foxes were used
as H1, North African red foxes as H2 and Rueppell’s fox as H3, with the arctic fox as outgroup;
(B) All red foxes were used as H1, Rueppell’s foxes as H2, and fennec fox as H3, with the
pale fox as outgroup; this is followed by a zoom-in view on 50kb windows (some examples
highlighted). Windows from the same chromosome have the same color. Dark line threshold
separates regions above the 99" percentile. We note that other genes not displayed in the
figure can overlap the outlier regions. The arctic fox was used as reference genome and
scaffolds were ordered with respect to the dog. (C) Estimated tree topologies for Vulpes:
whole-genome tree (left), 200kb region harboring gene MGAM (center), and 4 scaffolds in the
arctic fox genome (scaffold 47,155,126, 200) above the 99" percentile of the empirical
distribution (right). Regions marked with a rectangle were selected for further investigations of

gene-species tree discordance.

Figure 3. Selection specific to North-African Red foxes. Genome-wide selection scans on
windows of 50 kb with a 10kb slide across autosomal chromosomes (x-axis) using North-

African Red foxes as focal group, Eurasian red foxes as closest ingroup and Rueppell’s fox
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as outgroup. Dashed lines show the 99.95" percentile of the PBS empirical distribution and
negative logarithm of alpha Pi. Names of genes within the highest peaks are shown. The arctic
fox was used as reference genome. We note that other genes not displayed in the figure can

overlap the outlier regions; a full list can be found in Tables S12-S13.

Figure 4. Genome-wide selection scans for Rueppell’s and fennec fox using Ohana based on
the structure and tree results from K = 4. (A) Manhattan plot of the log-likelihood ratio values
for the top 500 SNPs on windows of 50 kb with a 10kb slide across chromosomes (x-axis) for
Rueppell’s fox and fennec fox. To account for selection specific to Rueppell’s and not in their
common ancestral with Red foxes we subtracted the log-likelihood ratio of Rueppell’s and Red
fox for the same windows (delta log-likelihood ratio). Dashed lines show the 99.95" percentile
of the empirical distribution. Names of genes within the highest peaks are shown (full list can
be found in Tables S19-20). (B) Representation of the selection study performed in (A):
structure plot corresponding to four Vulpes, followed by the global tree and representation of
the likelihood ratio test implemented in Ohana. This test compares a model in which the
target/focal component experiences faster allele frequency changes in a specific genomic
region or locus (selection hypothesis) than expected from the genome-wide distribution of
allele frequency changes (global estimate). (C) WFS1 mRNA expression levels in blood of

Rueppell’'s (n=3) and Red foxes (n=2 North Africa, n=5 Iberia).

Chapter IV

Figure 4.1. Phylogenetic relationships of Vulpes spp. and geographically overlapping species

with Rueppell’s fox other than the red fox (related to Figure 2B in Main Text of Chapter Ill).
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Chapter I.

General Introduction

How species adapt in order to fit the ecological circumstances of new environments is a
fundamental question in evolutionary biology. Within the last ten years, the advent of cost-effective Next
Generation sequencing technologies and increasing availability of large genomic datasets for many
populations and species has allowed researchers to directly address this question (Stapley et al. 2010).
Understanding the mechanisms by which species in the past successfully adapted to the physical and
climatic rigors of their environment is important for evaluating the possibility of evolutionary rescue of
biodiversity currently challenged by habitat loss and climate change (Hedrick and Fredrickson 2010;
Corlett 2017; Breed et al. 2019; Exposito-Alonso et al. 2019; Hoffmann et al. 2020). However, providing
evidence that a given trait or phenotype is the outcome of natural selection can be challenging, as
differences in morphology, physiology and behavior may be due to plastic responses, or may have
evolved neutrally due to random genetic drift. Quantifying selection in nature requires measurement of
traits affecting fithess - i.e. survivorship and/or lifetime reproductive success (Linnen and Hoekstra 2009).
Detecting such traits in the wild and then being able to explicitly correlate them with individual genotypes
and the environment is still a key challenge to modern evolutionary biologists working with non-model
organisms. On the other hand, moving beyond the standard model systems and broadening the study of
the mechanisms driving adaptation in natural populations or species has never been more pressing, as
terrestrial biodiversity is decreasing, despite ambitious aims for genetic rescue and conservation

management (Leclére et al. 2020).

1.1. Repeated evolutionary adaptation in terrestrial extremes

Extreme terrestrial habitats comprise many distinct selective regimes broadly characterized by
low resource availability and extreme climates, ranging from hot deserts at low latitudes, to extreme cold
settings at the poles, and extreme cold hypoxic environments at high altitudes (Wilmer et al. 2005; Bell
2012). As bellwethers for global change, extreme environments are ideal settings to address questions
concerning the persistence and adaptive capacity of species (Vale and Brito 2015; Colella et al. 2020;

Riddell et al. 2021). These are home to populations and/or species that have been pushed to their
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physiological limits by temperature, water, oxygen, and diet for multiple generations (Bell 2012), and are
therefore likely to exhibit features outside the scope of phenotypic plasticity, and random genetic drift,
that were selected for the ability to survive and reproduce successfully in extreme conditions.
Environmental extremes are also associated with the repeated evolution of similar adaptive traits in
species that share the same harsh conditions and yet are distantly related (Wilmer et al. 2005; Bell 2012).
In this sense, these environments are prime natural laboratories to investigate common molecular
mechanisms underlying adaptation, and the populations or species that their inhabit make some of the
best-known examples of Darwinian natural selection.

Modern human populations inhabiting extreme conditions have long been at the center of
investigations of the genetic basis of adaptation, and a classic textbook example is the adaptation to the
extreme hypoxic environment of the Tibetan plateau, which has an average elevation over 4500 meters
(Yietal. 2010; llardo and Nielsen 2018). Tibetan highlanders have lower hemoglobin concentration levels
than Han Chinese and Europeans, and it has been suggested throughout decades of physiological
research that the selective advantage of this trait under hypoxic conditions includes not having the
cardiovascular risks associated to the exacerbated high hemoglobin production response of acclimatized
lowlanders (Beall et al. 2010; Lorenzo et al. 2014; Simonson et al. 2015). Population genomics comparing
native Tibetan highlanders with Han Chinese and Europeans then demonstrated that Tibetans are able
to live in extreme high altitudes as the result of positive selection at a hypoxia pathway gene, EPAS1,
involved in the regulation of hemoglobin concentration (Yi et al. 2010). Other human populations that
inhabit high-altitudes at distinct regions of the globe, such as the Ethiopian highlanders (Alkorta-Aranburu
et al. 2012; Huerta-Sanchez et al. 2013) and the Aymaras from Bolivia (Crawford et al. 2017), adopted
different evolutionary mechanisms to cope with the same demanding high-altitude extreme conditions,
as genome-wide scans for signatures of selection in these populations found that different genes were
involved.

Humans also successfully adapted to life in the extreme cold high-arctic, in particular to cope with
the high levels of cholesterol and omega-3 fatty acids present in their lipid-rich diets, which can lead to
cardiovascular diseases. Genome-wide scans for signatures of genetic adaptation in Greenland Inuit
populations identified several positively selected genes encoding the rate-limiting enzymes in the
synthesis of long chain polyunsaturated fatty acids (PUFAs), among which omega-3 fatty acids are
included (Fumagalli et al. 2015). It has been suggested that adaptive mutations in the Inuit could
potentially decrease the rate of endogenous synthesis of PUFAs, resulting instead in short chain PUFAs,
which could help prevent some of the health risks associated to high-fat diets (llardo and Nielsen 2018).
Adding to adaptation to extreme diets, adaptive tolerance to cold temperatures is another adaptive

feature associated with human life in extreme cold environments, as suggested by signatures of positive
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selection in a gene, TRPMS8, encoding a receptor involved in sensing and reacting to cold through
physiological thermoregulation (Key et al. 2018). It has been suggested that a genomic variant in this
gene (which exists at high frequency in high latitudes) could potentially diminish perception of cold (llardo
and Nielsen 2018).

A fundamental aspect of studying extreme-environment adaptation in humans has been the
possibility of taking advantage of numerous genomic and phenotypic resources to perform genotype-
phenotype-fithess associations, thus explicitly addressing the genetic mutations (variants) underlying
adaptive traits. Achieving similar levels of understanding in wild animals is constrained by lack of both
genomic and phenotypic resources, and/or lack of segregating genetic variation that can be linked to
specific traits. As such, research on the genetic basis of adaptive traits in extreme environments (or other
local adaptation scenarios), has been biased towards advantageous systems, which only represent a
limited range of adaptive genetic variation (Smith et al. 2020). Despite challenges to genotype-
phenotype-fithess associations, the existing genomic studies in non-model organisms living in extreme
environments, particularly mammals, have made significant contributions to our understanding of the
mechanisms driving adaptation (Cho et al. 2013; Li et al. 2014; Liu et al. 2014; Welch et al. 2014; Lynch
et al. 2015; Figueird et al. 2017; Witt and Huerta-Sanchez 2019). In particular, these studies have shown
that, even in evolutionary biology, life finds a way of repeating itself. For example, population genomics
approaches comparing highlander dog breed Tibetan mastiff (Canis lupus familiars) with closely related
lowland dogs found that the EPAS1 gene found in human Tibetans is also under selection in Tibetan
dogs (Gou et al. 2014; Li et al. 2014; Wang et al. 2014a). EPAS1 was also found to be under selection
in other domestic animals (Witt and Huerta-Sanchez 2019) and wolves (Canis lupus chanco) (Zhang et
al. 2014a) sharing the same extreme hypoxic conditions. Though it is not clear if the same adaptive
variants at EPAS1 were targeted by selection, the Tibetan plateau represents a classic case of
convergent evolution at the gene level.

Sister species polar (Ursus maritimus) and brown bears (Ursus actos) provide another example
of the relevance of studies of adaptative evolution in non-model organisms. Unlike brown bears, polar
bears are uniquely adapted to life in the extreme cold High-Arctic. While brown bears are omnivores,
polar bears have a high-fat hypercarnivorous diet consisting almost exclusively of marine mammals
(Miller et al. 2012; Liu et al. 2014; Welch et al. 2014; Rinker et al. 2019). By taking advantage of the fact
that the two sister species are recently diverged (less than one million of years), yet ecologically distinct,
different genomic studies were able to identify genes putatively under selection involved in fur
pigmentation, as well genes involved in fatty-acid metabolism and adipose tissue development (Miller et
al. 2012; Liu et al. 2014; Welch et al. 2014; Rinker et al. 2019). Among the fat-metabolism genes is APOB,

an apolipoprotein involved in low-density lipoprotein particle clearance, regulation of cholesterol storage
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and metabolism. Beneficial mutations at fat-metabolism genes thus may potentially underlie polar bears’
ability to cope with the high-cholesterol diets that provide them with the metabolic heat necessary to
endure the cold High-Arctic (Liu et al. 2014). Notably, APOB was found to be under selection in cold-
dwelling North American grey wolves (Schweizer et al. 2016). Notably, different genes involved in fatty-
acid metabolism, cardiovascular functions, and fur color have also been the target of natural selection in
Arctic foxes (Vulpes lagopus) (Kumar et al. 2015).

Other case studies for which there is also shared evidence of selection in the same genes, genes
from the same family, and/or in genes with similar functions in cold environments include the extinct
woolly mammoths (Mammuthus primigenius) and arctic-dwelling Greenland sled dogs. Comparative
analysis using ancient genomes from woolly mammoths found unique amino-acid changes relative to
other extant elephantid species in genes enriched for functions related to circadian biology, skin and hair
development and physiology, lipid metabolism, adipose development and physiology, and temperature
sensation (Lynch et al. 2015). The later encode temperature-sensitive transient receptor potential
(thermoTRP) channels that sense noxious cold TRPM8 — also identified in humans (Key et al. 2018) —
innocuous warmth (TRPV3 and TRPV4), noxious cold and/or heat (TRPA1) (Lynch et al. 2015). Similarly,
a recent study aiming a elucidating the evolutionary origins and genetic basis of adaptation in Greenland
sled dogs, found two transient receptor potential channels, TRPC4 and TRPV2, putatively under selection
(Sinding et al. 2020). Furthermore, sled dogs also showed genomic signatures of selection in genes
involved in coping with high intake of fatty acids (Sinding et al. 2020), including APOO, which encodes
for an apolipoprotein family member that helps regulate fatty acid metabolism, just as APOB in polar
bears (Liu et al. 2014; Sinding et al. 2020). Together, these results suggest that adaptive tolerance to
extreme cold and extreme dietary regimes are the two main features characterizing mammalian adaptive
evolution in the cold arctic regions.

Overall, the last decade of genomic research on adaptation to terrestrial extremes has
significantly contributed to a better understanding of diverse ways in which different species/populations
sharing similar selective pressures meet their functional requirements, providing evidence for distinct
case studies in which there are multiple solutions to the same adaptive problem, and cases in which
selection yields repeatable results. In particular, these studies have allowed researchers to dissect
different levels of convergent evolution, which may concern the same genes, or similar pathways and
functional categories, and/or the same phenotypes. As such, despite outstanding challenges in
establishing genotype-phenotype-fitness correlations, future research at a wider taxonomic range
adapted to life in terrestrial extremes has the potential to lead to many exciting discoveries on the origins
of adaptive genetic variation, and how different species respond to shifting selective pressures at distinct

evolutionary time scales.
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1.2. Different sources of adaptive genetic variation

The first step towards the understanding of the mechanisms by which natural populations and/or
species adapt to new environments is to elucidate the origins of genetic variants or molecular changes
that translate into phenotypic and fitness differences targeted by selection. There are two possible
sources of adaptive variation: selection acting on existing (standing) genetic variation and selection acting
on de novo mutations. Standing adaptive genetic variation can either be inherited from an ancestral
population or species, or, alternatively, be introduced into a species (recipient) from another (donor) via
introgression (Hedrick 2013; Jamie and Meier 2020).

Adaptation from standing genetic variation is usually assumed to be more plausible or faster, as
the higher initial frequency of adaptive genetic variants from standing variation may result in higher
probability of fixation (Jamie and Meier 2020). Adaptive genetic variants by de novo mutation take longer
to arise, in the sense that in order for a beneficial mutation to occur and then rise in frequency in the
population takes much longer than an allele that is already present (Hedrick 2013; Jamie and Meier
2020). Even when de novo mutations arise, they first have low initial frequency and thus may not
necessarily persist in the population due to random genetic drift, or because their potential contribution
to increased fitness is not immediate. In circumstances in which the same genomic regions are targeted
by selection, as the result of species sharing the same selective regimes, the probability of recurrent
mutation (i.e. same de novo mutations in different species) being the target of selection and maintained
(convergence) is higher, specifically when fitness traits associated with such polymorphisms have a
simple genetic basis (i.e. non-complex traits associated with single or few mutations) (Hedrick 2013;
Jamie and Meier 2020).

Empirical evidence suggests that, for evolutionary time scales spanning same-species
populations, closely related species and groups of species from the same genus, selection acting on
inherited ancestral standing genetic variation is more likely than de novo mutation (Hedrick 2013; Jamie
and Meier 2020). For example, the ability of deer mice (Peromyscus maniculatus) to cope in hypoxic
High-altitude environments in North-America has been described as the result of selection acting on
standing genetic variation in globin genes (Bedford and Hoekstra 2015). Nelson and Cresko 2018 also
demonstrated that ancestral standing genetic variation dating back 15 Ma enabled marine populations of
stickleback (Gasterosteus aculeatus) to repeatedly adapt to freshwater environments (Nelson and
Cresko 2018). Adaptive ancestral polymorphism thus seems to persist after species divergence and
across long evolutionary time scales. Inversion polymorphisms constitute some of the most spectacular
cases of ancestral polymorphisms. Inversions are often on the origin of supergenes, which are sets of

genes or clusters of linked genetic loci (haploblocks) that jointly affect the expression of complex
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phenotypes. Hager et al. 2021 discovered a 41Mb inversion that is strongly linked to variation in tail length
and coat color in forest and prairie ecotypes of deer mice, and that has helped maintained highly divergent
adaptive alleles in strong linkage disequilibrium (Hager et al. 2021). This inversion originated 160 kya
before the divergence of the two ecotypes, thus illustrating a classic case in which potentially adaptive
ancestral genetic variation has evolved prior to the origin of the populations or species being studied.
Shared ancestral inversion polymorphisms have also been linked to the evolution of mimicry in
swallowtail butterfly (Papilio polytes) (Zhang et al. 2017), and to the evolution of polymorphic social
strategies in Solenopsis fire ants (Yan et al. 2020).

While inherited ancestral variation may be a more plausible source for shared adaptive evolution
compared to de novo mutation, shared standing genetic variation can also be the result of introgressive
hybridization events. Within the last decade, there has been increasing evidence that introgression is
both a frequent phenomenon in nature and frequent source of adaptive variation in many plants and
animals, and at both recent and deep evolutionary time scales (Whitney et al. 2006, 2010, 2015; Abbott
et al. 2013; Zhang et al. 2016; Schweizer et al. 2018; Suarez-Gonzalez et al. 2018; Jones et al. 2020;
Owens et al. 2020; Todesco et al. 2020). Classic examples of adaptive introgression in plants include
introgression of genes involved in herbivore resistance and flowering time in species of the genus
Helianthus sp.(Whitney et al. 2006, 2010, 2015; Owens et al. 2020), and tolerance to flooded
environments in /ris sp. (Martin et al. 2006). Among the most emblematic documented cases of
introgressed traits in animals is the adaptive introgression of protective warning wing color variation
between Heliconius species (Zhang et al. 2016; Enciso-Romero et al. 2017; Jay et al. 2018; Edelman et
al. 2019), the introgression of adaptive brown winter coats from black-tailed jackrabbits into snowshoe
hares inhabiting regions with low snow cover/mild-winters (Jones et al. 2018; Mills et al. 2018; Giska et
al. 2019), the introgression of adaptive toxic resistance in species of killifish (Oziolor et al. 2019), and the
introgression of black color in some populations of North American gray wolves from dogs (Anderson et
al. 2009; Schweizer et al. 2018). Notably, in the case of Heliconius species, introgressed genes involved
in color-wing were linked to structural rearrangements such as inversions (Jay et al. 2018; Edelman et
al. 2019).

Adaptive introgression also seems to be a particularly frequent source of adaptive variation in
extreme terrestrial environments. Studies undertaken after those that found EPAS1 gene to be under
positive selection in human Tibetans and the Tibetan Mastiff dog breed, found strong evidence that this
gene was in fact introgressed through interbreeding with formerly adapted ancestral counterparts, as
opposed to a simple model of selection from de novo mutation or from ancestral standing variation. In
the case of human Tibetans the donor of EPAS1 was attributed to a Denisovan-like ancestor (Huerta-

Sanchez et al. 2014; Zhang et al. 2020), while in Tibetan mastiff the donor was presumed to be the
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Tibetan gray wolf (Miao et al. 2017; von Holdt et al. 2017). Furthermore, the most recent study on canid
high-altitude adaptation compared the genomes of Tibetan dogs and Himalayan/Tibetan wolves with
several lowland wolf and dog lineages and found evidence that EPAS1 was in fact introgressed into both
Tibetan dogs and wolves from an unknown and presumably extinct canid lineage (Wang et al. 2020a).
This type of introgression from unknown lineages that have not yet been documented, nor can be
attributed to a described fossil species, is often named as ‘ghost introgression’ (Ottenburghs 2020).
Similarly, follow-up studies on Greenlandic Inuit adaptation to the High-Arctic found that two genes
previously found to be putatively under selection, TBX15 and WARS2, were introgressed into the Inuit
from an unknown archaic population related to Denisovans (Racimo et al. 2016). Adaptive introgression
thus seem particularly relevant under scenarios of colonization of new/extreme environments by recipient
species, which at some point received genetic variants that had already been targeted by natural
selection in a donor species which may or may not have become extinct (Abbott et al. 2013).

Taken together, these studies have shown that introgression may occur in different evolutionary
time scales and across speciation events, between currently extinct and extant species (Huerta-Sanchez
et al. 2014; Racimo et al. 2016), from unknown donors (Wang et al. 2020a), and may involve just a few
genes (Jones et al. 2018; Wang et al. 2020a), or structural rearrangements harboring highly divergent
adaptive alleles in strong linkage disequilibrium (Jay et al. 2018; Edelman et al. 2019).

1.3. Foxes as models to study adaptation
The genus Vulpes includes all members of the Canidae family (order CARNIVORA) that, together

with the raccoon dog (Nyctereutes procyonoides) and the bat-eared fox (Otocyon megalotis), form an
ecologically diverse monophyletic clade that diverged from wolf-like canids and south American fox-like
canids approximately 9-10 Mya (Figure 1.1, Figure 1.2) (Sillero-Zubiri et al. 2004; Lindblad-Toh et al.
2005; Wayne and Ostrander 2007). The genus Vulpes likely originated in the Late Miocene in North
America, from where it radiated to other continents. The oldest records of Vulpes, comprising North
American fossils ca. 8.2 Ma (Vulpes stenognathus and V. kernensis), are followed by records of a 7 Myr-
old species found in Chad, North-Africa (V. riffautae) (Bartolini Lucenti and Madurell-Malapeira 2020).
This puts this genus among the first members of the Canidae to have entered the ‘Old World’ (Bartolini
Lucenti and Madurell-Malapeira 2020).

Currently, the genus Vulpes comprise 12 extant species that can be found distributed all over the
major biomes of the Northern Hemisphere (Figure 1.2), occupying a great variety of habitats, including
short-grass and mixed-grass prairies (V. velox, Swift fox) and semi-arid short open grasslands (V.
bengalensis, Bengal fox), arid (V. macrotis, kit fox) and hyper-arid deserts (V. zerda, fennec fox; V.

rueppellii, Rueppell’s fox), extreme cold dry/sub-humid regions at high-altitudes (V. ferrilata, Tibetan sand
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fox), cold open grassy semi-arid steppes at low altitudes (V. corsac, corsac fox), hot steppe regions and
grasslands (V. pallida, Pale fox; V. chama, Cape fox), mountain steppes (V. cana, Blanford’s fox), the
extreme cold Arctic and alpine tundra (V. lagopus, arctic fox) (Sillero-Zubiri et al. 2004), and even urban
environments (V. vulpes, red fox). Among fox species, the red fox (V. vulpes) is the largest in size and
has the widest range, with a geographic distribution that spans North America, Europe, Asia and parts of
North-Africa (Sillero-Zubiri et al. 2004) (Figure 1.2).
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Figure 1.1. Phylogeny of the family Canidae based on 14kb DNA sequence from 12 exons and four introns (adapted from from Lindblad-Toh et

al. 2005). The numbers above and below each branching point indicate two different measures of branching point support (bootstrapping and
Bayesian posterior probability values). The three main clades of canids are indicated by red (red fox-like canids), green (South American fox-
like canids) and blue (wolf-like canids) colors. Example species (underlined) are as follows: Arctic fox (Vulpes lagopus), red fox (Vulpes vulpes),
raccoon dog (Nyctereutes procyonoides) and bat-eared fox (Otocyon megalotis), crab-eating fox (Cerdocyon thous), maned wolf (Chrysocyon
brachyurus), bush dog (Speothos venaticus), domestic dog (Canis familaris), gray wolf (Canis lupus), golden jackal (Canis aureus), coyote

(Canis latrans), African jackal (Canis mesomelas) and gray fox (Urocyon cinereoargenteus).
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Figure 1.2. Distribution range for the 12 extant species of the genus Vulpes: (A) Bengal fox, V. bengalensis (By Mikael Bauer on iNaturalist.org);
(B) Rueppell’s fox, V. rueppellii (By Mickaél Villemagne, iNaturalist.org); (C) Red fox, V. vulpes (By Yellowstone National Park on Flickr. Public
domain); (D) Corsac fox, V. corsac (By Wilm Stan, Wikimedia commons. Public Domain); (E) Tibetan fox, V. ferrilata (By pfaucher,
iNaturalist.org); (F) Arctic fox, V. lagopus (By Emma, Flickr); (G) Kit fox, V. macrotis (By Seth Topham. Public domain); (H) Swift fox, V. velox (By
leptim, iNaturalist.org); (1) Fennec fox, V. zerda (By pfaucher, iNaturalist.org); (J) Blanford’s fox V. cana (Eyal Bartov, Wikimedia); (K) V. chama (By
Yathin S Krishnappa, Wikimedia); (L) Pale fox, V. pallida (By pfaucher, iNaturalist.org). Distribution ranges were downloaded from [UCN.
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According to molecular phylogenetics, the red fox is sister species to Rueppell’s fox (Lindblad-
Toh et al. 2005; Leite et al. 2015; Sacks et al. 2018) (Figure 1.1, Figure 1.3). Rueppell’s and red fox share
a most recent common ancestor with Asian bengal fox (V. bengalensis) (analyses performed under the
scope of this thesis; Figure 1.3), and are outgrouped by Asian sister species tibetan and corsac fox
(Lindblad-Toh et al. 2005; Zhao et al. 2016) (Figure 1.3). Before sharing a common ancestor with North-
African fennec and Middle Eastern Blanford’s fox, this clade first shares a common ancestor with arctic
fox and kit/swift foxes (Lindblad-Toh et al. 2005; Perini et al. 2010; Zhao et al. 2016) (Figure 1.3).

The proposed divergence time between the arctic fox clade and the ancestor to both Asian foxes
and the red/Rueppell’s fox clade, around 2.9 Ma (Perini et al. 2010), marks the beginning of the
Pleistocene, a geological epoch acknowledged by the repeated series of alternating cold glacial and
warm interglacial periods that shaped the evolution of many Northern Hemisphere mammalian species,
shifting species distribution ranges, and driving multiple speciation and introgressive hybridization events
(Hewitt 2000; Stewart et al. 2010). During glacial periods ice sheets would expand and transform entire
terrestrial biomes, while during interglacial periods ice sheets contracted (Colinvaux 1997; Hewitt 2000;
deMenocal 2004; Stewart et al. 2010).

The deserts and arid regions of the Northern Hemisphere are among the biomes affected by the
expansion and retraction of ice sheets (glacial-interglacial cycles), which largely influenced monsoon
systems and led to climate oscillations between arid and humid conditions (Hewitt 2000; deMenocal
2004; Drake et al. 2011; Tierney and DeMenocal 2013; Skonieczny et al. 2019). Some of these regions
are thought to have been replaced by vegetation cover and wetlands that harbored diverse species
(humid periods) (Hewitt 2000; deMenocal 2004; Trauth et al. 2009; Tierney and DeMenocal 2013;
Ehrmann et al. 2017; Kutzbach et al. 2020). As former suitable habitats to non-desert organisms were
displaced by desertic habitats during dry periods, species would find themselves under increasingly arid
conditions, either adapting or retracting in range to climatically suitable regions (Leite et al. 2015; Sarabia
et al. 2020). This suggest that Pleistocene-diverged fox species (Perini et al. 2010; Zhao et al. 2016)
inhabiting the high-arctic (arctic fox), hot-deserts (kit and Rueppell’s fox), cold-arid lowlands (corsac fox)
and highlands (Tibetan fox) represent several replications of a natural experiment in which a given

common ancestor found itself in extreme conditions and became remarkably adapted.
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Figure 1.3. lllustration of Vulpes cytochrome b gene phylogeny and respective distribution range maps. Phylogenetic tree was inferred by using

the Maximum Likelihood method and General Time Reversible model in MEGA. Sequences were downloaded from GenBank for each species.
Distribution ranges were downloaded from IUCN (2020) and plotted in R and are followed by scientific illustration of each species (illustrations

by Margarida Tangerina). Analyses performed under the scope of this thesis.
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1.3.1. On the origins of Foxes

The existing gaps in fossil records and the absence of ancient DNA studies using fossil material
make it hard to unequivocally pinpoint the geographic and climatic context of some of the recent common
ancestors of different clades of extant foxes (Figure 1.3). Based on phylogenetic evidence, the North-
African endemic Sahelian pale fox is the most basal outgroup to all extant Vulpes species (Leite et al.
2015). The pale fox diverged from the ancestral to all remainder foxes approximately 7 Ma (Leite et al.
2015). This divergence time matches the calibration for the earliest ‘Old World’ fossil records of Vulpes
(V. riffautae) in Late Miocene Chad (Bartolini Lucenti and Madurell-Malapeira 2020), and is coincident
with the estimated date for the first onset of the Sahara Desert (Zhang et al. 2014b). Another early African
fossil species (V. mathisoni) described as related to pale fox , cape fox (V. chama) and Bengal fox (V.
bengalensis) was found in Ethiopia 4 Ma (Bartolini Lucenti and Madurell-Malapeira 2020). North-African
Fennec and Middle Eastern Blanford's fox are thought to have diverged from remainder foxes
approximately 5 Ma (Perini et al. 2010).These findings suggest that ‘Old World’ Vulpes species originated
in Africa at the end of the Miocene before expanding into Eurasia in the Early Pliocene, and back to North
America and Africa in the Middle to Late Pleistocene (Bartolini Lucenti and Madurell-Malapeira 2020).

The earliest Eurasian occurrence of Vulpes sp. is an Early Pliocene (3.6-5.08 Ma) arctic-fox-like
fossil species from the Tibetan Plateau (V. giuzhudingi), presumed to be ancestor of extant Arctic fox
(Qiu 2014; Wang et al. 2014b; Bartolini Lucenti and Madurell-Malapeira 2020). Other examples of cold-
adapted animals to have their ancestry traced back to Tibet include the wooly rhino (Deng et al. 2011),
the snow leopard (Tseng et al. 2014), Pikas (Wang et al. 2020b), sheep (Wang et al. 2016), and currently
extinct hypercarnivores such as the canid Sinicuon dubius (Wang et al. 2015), and the running hyena
Chasmaporthetes gangsriensis (Tseng et al. 2013). As the arctic fox clade is the outgroup to other
Eurasian species such as Corsac and Tibetan fox (Figure 1.2, Figure 1.3), this would suggest that
adaptation to cold started in a cold-snowy Tibet - often called the ‘third pole’ (Yao et al. 2012) - and this
is the ancestral to arctic fox and descending Eurasian fox species (Figure 1.4) that then spread to other
regions of the world (‘out of Tibet’ hypothesis) (Qiu 2014; Wang et al. 2014b; Fuentes-Hurtado et al.
2016).

On the other hand, the morphological traits that make the cold-adapted extinct Tibetan fossil fox
(V. giuzhudingi) and arctic fox similar could have independently evolved in response to similar conditions
(Qiu 2014). As most fox species dwell in dry sub-humid to arid regions (Figure 1.4), another plausible
explanation for the multiple occurrences of desert-like foxes along the Vulpes phylogeny is that
adaptation to both extreme cold polar and extreme hyper-arid deserts has evolved from semi-arid or arid
ancestors. It has been suggested that the arctic fox, for example, has evolved from a kit fox-like ancestor

(as proposed in Kumar et al. 2015) or from a temperate/dry sub-humid swift fox-like ancestor (suggested
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in Stewart et al. 2010), instead of a cold-adapted Tibetan ancestor. Regrettably, the huge time gap in the
Vulpes fossil record and absence of ancient DNA material has not yet allowed to explicitly test which
scenario is correct (Qiu 2014). This is further hampered by uncertainties within the extant Vulpes
phylogeny, which remains unresolved. For example, the phylogenetic position of the Cape fox varies
across the literature, with some studies placing it as the extant ancestral to arctic fox (as in Figure 1.1)
(Lindblad-Toh et al. 2005), while others place it as a basal Vulpes and the sister species to Pale fox
(Geffen et al. 1992; Nyakatura and Bininda-Emonds 2012).
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Figure 1.4. Representation of mean Annual aridity index (A) and Annual mean temperature (B) in a cytochrome b phylogenetic tree with 11
Vulpes species represented in Figure 1.3. Aridity index was obtained from the CGIAR-CSI Global Aridity database (Trabucco and Zomer 2009),
and annual mean temperature (BIO1) from the WorldClim database (Fick and Hijmans 2017). Distribution ranges were downloaded from I[UCN
(2020) and Geographical Information System was used to calculate mean values for each environmental variable within the geographic range
polygon of each species. The mean aridity index for the distribution range of different Vulpes sp can be classified into discrete categories as
follows: hyper-arid (Rueppell’s fox V.rueppellii; Fennec, V. zerda; dark red), arid (Kit fox, V. macrotis; Blanford’s fox, V. cana; Pale fox V. pallida;
red), semi-arid (Corsac fox, V. corsac; Swift fox, V. velox; orange-red), dry sub-humid (Tibetan fox, V. ferrilata; Bengal fox, V. bengalensis;
yellow), humid (red fox, V. vulpes; Arctic fox, V. lagopus; blue). Ancestral states for mean Al and BIO1, estimated using maximum-likelihood
methods (implemented with the R package ‘phytools’), were projected onto the internal edges and nodes of the tree using a color gradient.
These analyses were performed under the scope of this thesis and are presented to serve as an illustrative representation of species ecological
contexts. Since trees species distribution ranges and environmental variables both rely on present-day information, assumptions on ancestral

environments are inherently imprecise and should thus be interpreted with caution.
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Despite these challenges, it is clear that the wide variety of different habitats occupied by foxes
and the simultaneous presence of ecologically and morphologically distinct pairs of sister species living
in different environmental settings throughout the Vulpes phylogeny (e.g. arctic/kit fox, corsac/Tibetan
fox, red/Rueppell’s fox; see Figure 1.3 and Figure 1.4), as well as ecologically and morphologically similar
long-diverged species (e.g. desert-adapted Rueppell’s, kit and fennec foxes; see Figure 1.3 and Figure
1.4), make them unique candidates to study adaptation and convergent evolution in extreme

environments.

1.3.2. The intriguing evolutionary history of Red and Rueppell’s foxes

Among fox species, Rueppell’'s and red foxes are of particular interest to study speciation,
introgression and adaptation. The Rueppell’s fox is a desert-dwelling species found widely distributed in
arid and hyper-arid landscapes that extend from the North-African Sahara Desert and Arabian Empty
Quarter to the Middle Eastern deserts and as far east as Pakistan (Sillero-Zubiri et al. 2004) (Figure 1.3,
Figure 1.5). In North-Africa, Rueppell’s live in close sympatry with long-diverged fennec fox (Sillero-Zubiri
et al. 2004; Brito et al. 2009) (Figure 1.3; Figure 1.5).

Rueppell’'s and fennec foxes are physiologically, behaviorally and morphologically adapted to
cope with life in extreme desert environments (Lariviere and Seddon 2001; Sillero-Zubiri et al. 2004;
Mallon, D., Murdoch, J.D. & Wacher 2015). Both species have enlarged ears, which are thought to
provide an increased area for cooling the body without losing water by means of evaporation, hair on
pads to protect from the hot sand temperatures, and pale coat colors to potentially reduce heat absorption
whereas promoting background matching with a sandy desert (Lariviére and Seddon 2001; Sillero-Zubiri
et al. 2004; Mallon, D., Murdoch, J.D. & Wacher 2015). In the wild, they are nocturnal and use denning
behavior during the day (Lariviere and Seddon 2001; Sillero-Zubiri et al. 2004; Mallon, D., Murdoch, J.D.
& Wacher 2015). Physiological studies in captive individuals showed that fennec and Rueppell’s foxes
have reduced mass-adjusted metabolic rates and non-renal water losses in comparison to canid species
living in habitats with moderate or well-balanced supply of moisture, suggesting particularly efficiency at
reducing cutaneous and/or respiratory water loss (Williams et al. 2002, 2004; Wilmer et al. 2005; Careau
et al. 2007). Fennecs are also capable of producing highly concentrated urine, a record that is unknown
in Rueppell’s, but notoriously known as an adaptive trait for increased water-retention in many desert
mice (Noll-Banholzer 1979; Maloiy et al. 1982).

Red foxes, on the other hand, can be found in diverse habitats throughout the Northern
Hemisphere, from urban environments to latitudes as far north as the southern fringes of the arctic circle
and as far south as the northern periphery of deserts (see Figure 1.2) (Sillero-Zubiri et al. 2004). The

degree of morphological and ecological diversity seen in world-wide distributed red fox populations (Fig
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1.6 A) makes this species an interesting candidate to investigate signatures of natural selection. The
process of colonization of red foxes throughout the world was likely accompanied by local adaptation,
competition and/or introgressive hybridization events with resident congeners. On the other hand, their
distribution is limited to the outer edges of deserts and arctic (Figure 1.2), and thus they may not be
genetically adapted to life in these environments, being highly phenotypically plastic instead. Only
populations that have lived in extreme conditions over multiple generations are likely to have been
subjected to selective pressures and have adapted physiologically and genetically to live in these
environments. Despite overlapping in range with Rueppell’s and fennec fox at the northern periphery of
the Sahara, and with Rueppell’s fox in the semi-arid steppes of the Middle East (Figure 1.5), itis generally
presumed that red foxes are unable to survive at the core of deserts, or in arid regions without water
availability (Sillero-Zubiri et al. 2004).

% :‘

Red fox North Africa

Rueppell’s fox
Fennec fox

Figure 1.5. Regions with overlapping distribution between sister species Rueppell’s (V. rueppellii; photo by Jesper Sérnesjé, Wikimedia), red
fox (V. vulpes; photo by Paul Cools on iNaturalist.org) and basal group Fennec fox (V. zerda; photo by pfaucher, iNaturalist.org). Rueppell’s fox is
found in the deserts of North-Africa and the Middle East (yellow). In North-Africa, Rueppell’s shares most of the range of Fennec fox (orange)
and overlaps with sister species red fox (photo by Aissa Djamel Filali, iNaturalist.org) at the Saharan borders and/or in regions with water
availability. Distribution ranges were downloaded from IUCN and plotted in R.
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N Ay ‘/m""

Central Saharan (V. r. cyrenaica) Egyptian (V. r. rueppellii) Arabian (V. r. sabaeae) Iranian (V. r. zarudnyi)

Figure 1.6. lllustration of 10 out of 44 morphological subspecies of red fox (A) and 5 subspecies of Rueppell’s fox (B), though many are doubtful

and do not translate genetic variability. Photo credits: V. .v. barbara (Photo by abdellahbouazza on iNaturalist.org. Oukaimeden, Morocco); V.
v. atlantica (Photo by Aissa Djamel Filali on iNaturalist.org. Algeria); V. v. arabica (Photo by tbrooks on iNaturalist.org. Oman); V. v. palaestina
(Photo by hagai_michaeli on iNaturalist.org. Golan, Israel); V. v. pusilla (Photo by Balaji Venkatesh Sivaramakrishnan on Flickr. India); V. v.
flavescens (Photo by haniyeh_kiaee on iNaturalist.org. Iran); V. v. anatolica (Photo by A. Omer Karamollaoglu on Flickr. Turkey); V.v. crucigera
(Photo by Paul Cools on iNaturalist.org); V. v. silacea (Photo by Agustin Povedano on Flickr. Spain); V. v. vulpes (Photo by Espen Bergersen
in Nature Picture Library. Finland); V. r. caesia (Photo by pfaucher on iNaturalist.org); V. r. cyrenaica (Rabeil, T., Newby, J. and Harouna, A.);
V. r. rueppellii (Photo by Jesper Sdrnesjé on Wikimedia); V. r. sabaeae (Photo by Mickaél Villemagne iNaturalist.org); V. r. zarudnyi (Photo by

Bahman lIzadi, Lut Desert, Iran).

Several phylogeographic studies have placed the Middle East as cradle of modern red fox genetic
diversity, which then expanded throughout Eurasia, and through the Beringian strait into North America
(Aubry et al. 2009; Kutschera et al. 2013; Statham et al. 2014; Sacks et al. 2018; McDevitt et al. 2020).
While these studies were able to fully resolve the geographic patterns of genetic diversity and history of
European and North American colonization, how population dynamics in Eurasian red foxes relate to
those currently inhabiting the African continent remains to elucidate to date. Both past and recent studies
focused on red fox phylogeography either have failed to include samples from North-Africa or did not
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have enough sample size and detailed geographic context for demographic inference (Statham et al.
2014; Sacks et al. 2018; McDeuvitt et al. 2020). Similarly, the Rueppell’s fox (Figure 1.6 B) has not been
the target of many population genetics or phylogeographic studies. As most outgroups to the
Rueppell/red fox clade are of Eurasian origin (Figure 1.2), the two species likely diverged in the Middle
East or south Asia and then spread into North-Africa at distinct points in time during the Pleistocene.
However, such population dynamics remains poorly understood.

The only study to date focused in assessing the evolutionary history of genetic differentiation in
Rueppell’s and red foxes found high genetic similarity between the two species (Leite et al. 2015). In this
study, phylogenetic analysis using short mitochondrial markers found that North-African Rueppell’s are
more closely related to North-African red foxes than the latter with Eurasian red foxes. This paraphyletic
pattern has also been found in bears, with North American brown bears being more closely related to
North American polar bears, than the later with European brown bears (Hailer et al. 2012; Liu et al. 2014).
Population genetic analyses using 46 nuclear makers (microsatellites) were in discordance with
mitochondrial evidence and found the two species to be monophyletic, though showing low level of
genetic differentiation for two presumably distinct mammalian species (Fst=0.14). Both markers were
able to separate North-African from Eurasian red foxes (Fst=0.05). Leite et al. 2015 explained nuclear-
mtDNA discordance as either the result of past introgression of red fox into Rueppell’s or as Ruppell’s
fox being a recently diverged desert ecotype of red fox (Leite et al. 2015).

The node age for all Rueppell and red foxes using mtDNA sequences was estimated to be at
least 1 Mya, which matches a time frame during which global temperatures fluctuated between warm and
cold phases, providing the environmental context for the evolution of many species’ pairs with different
ecological adaptations (Kumar et al. 2015; Leite et al. 2015). Notably, this time frame coincides with the
divergence between arctic Fox and desert kit fox, between Asian Corsac and Tibetan fox (Figure 1.3)
(Hailer et al. 2012; Liu et al. 2014; Kumar et al. 2015; Zhao et al. 2016). This suggests that desert-dwelling
Rueppell’s fox, and possibly red foxes inhabiting increasingly arid regions in North-Africa may have
consecutively adapted to desertic conditions long-after desert-dwelling basal foxes such as the fennec
fox (see Figure 1.3).

While intraspecific studies may offer a detailed perspective on recent or ongoing selection, and
adaptation in short evolutionary time scales, comparative studies among closely related groups of
species have the potential to elucidate the evolutionary routes underlying the origin of adaptive variation.
Overall, the striking genetic similarity found between North-African red fox and Rueppell’s fox, which
sharply contrasts with their morphological (Figure 1.3), ecological (Figure 1.4) and behavioral
distinctiveness offers an unprecedented study case to investigate signatures of selection and

introgression in either species. The separation of red foxes in distinct North-African and Eurasian lineages
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offers a model to investigate recent or ongoing local adaptation to divergent selective regimes. Finally,
the evolutionary context of these foxes in North-Africa provides a unique additional opportunity to
investigate whether adaptive changes found in Rueppell’s fox, and potentially in North-African red foxes,

were also selected in sympatric ancestral desert-dwelling fennec fox.

1.4. Objectives

Deserts are among the harshest environments on Earth. However, little is known about the
mechanisms driving adaptive evolution in these terrestrial extremes. The major goal of this thesis was to
advance our understanding of the mechanisms driving adaptation in deserts by reviewing the recent but
growing body work on the genomics of mammalian desert adaptation, and by studying the demographic

and adaptive history of North-African foxes. In particular, we aimed to answer the following questions:

Which genes and gene changes underlie desert adaptation in mammals?

How are genes related to function and past classical eco-physiological research?
Can desert climate help predict desert adaptive phenotypes?

What is the level of convergent evolution in deserts?

What is the role of past climatic oscillations in driving desert adaptation?

What is the source for adaptive genetic variation in desert environments?

N o gk~ e DN =

Does the timescale for adaptation matter for the genomic patterns observed?

Taking advantage of a large sample collection of North-African fox species, namely the sister
species Rueppell’s fox (Vulpes rueppellii) and red fox (V. vulpes), and outgroup species fennec fox (V.
zerda) and pale fox (V. pallida), we used a set of integrative approaches following phenotyping, and
whole-genome and transcriptome sequencing, to investigate adaptation at different evolutionary times in

these iconic model group of species.

1.5. Work outline

This thesis is divided into four chapters. Chapter | provides a general introduction to the main
topics relating to the work developed in this thesis, which is then presented in Chapter Il and lll in the
form of three scientific manuscripts (two published and one in preparation). The scientific outputs featured
in Chapter Il provide general knowledge, basis and motivation for Chapter lll. Finally, the main findings

and contributions of this dissertation are contextualized and discussed in Chapter IV.
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In chapter Il, we review current genomic work on the genetic basis of mammalian desert
adaptation, answering questions 1 to 4. We find shared evidence of selection among different mammalian
species in several genes, and functional classes of genes, that may underlie complex phenotypes
associated with adaptation to water/food scarcity and extreme temperatures. We then explore our current
understanding of the limits and future potential of using genomics to study adaptive evolution in deserts
and provide explicit recommendations for future research that may help resolve outstanding questions.
Our review also reflects on the striking paucity of studies focused on desert (non-model) organisms,
particularly when contrasted with knowledge on adaptive evolution in other terrestrial extremes. This work
is currently published at Trends in Ecology and Evolution (https://doi.org/10.1016/j.tree.2021.03.007).

Still in chapter Il, we present the results of a meta-analysis that aims to understand how desert
adaptive traits described over decades of eco-physiology research relate to environmental factors. We
use phylogenetic comparative methods to explicitly test the hypothesis that adaptive phenotypes have
repeatedly and independently evolved in different desert-dwelling mammals. We find that the mean
annual aridity index of a species range largely predicts its urine-concentrating ability, suggesting that
aridity may be a key selective pressure driving phenotypic evolution in desert environments (question 3).
This work is published at Mammal Review (https://doi.org/10.1111/mam.12244).

In Chapter Il we study the genetic basis of desert adaptation in North-African foxes (Vulpes sp.)
and contribute with empirical evidence on the mechanisms shaping adaptive evolution at different
evolutionary scales (questions 5 to 7). By studying the demographic and adaptive history of
Rueppell’s and red foxes, we find that past gene flow between the two sister species in North-Africa likely
facilitated red fox recent adaptation to an expanding Sahara, after they split from Eurasian populations
~78 Kya. Further comparative analysis identified a highly unusual and divergent 25 Mb genomic region
in Rueppell’s fox that can be explained as the result of an ancestral hybridization from a fennec fox-like
species. Scans for signatures of adaptation revealed signals at genes associated with water retention
through reduced panting and sweating (SLC12A2), temperature perception (TRPA1) and adaptive
thermogenesis (THADA) in North-African red fox, and genes affecting renal water homeostasis in
Rueppell’'s (WFS1) and fennec fox (KIRREL1, CACNA1H), some of which were supported by expression
and/or physiological differences. These discoveries underscore the complexity of canid evolution and
suggest that both standing adaptive genetic variation and introgression with older resident desert species
have been key drivers of desert adaptation in North-African foxes and are likely to be critical components
of evolutionary responses to climate change. This article is currently being prepared for submission to a

peer reviewed journal.
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Chapter Il.

On genes and phenotypes underlying desert

adaptation in mammals
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Highlights
The genomics of adaptation to deserts is a rapidly growing research field which provides examples of

adaptation at different time scales and on vastly different organisms facing shared challenges.

Mammals inhabiting deserts show remarkable adaptive traits that have evolved repeatedly and
independently in different species across the globe, in response to similar selective pressures of extreme

temperatures, aridity, and water and food deprivation.

Genomic studies have shown that there are shared patterns of adaptation at the genomic level involving

fat-metabolism and insulin-signaling, as well as the arachidonic acid metabolism.

Understanding the mechanisms by which species in the past successfully adapted to the physical and
climatic challenges of deserts is important for evaluating the possibility of evolutionary rescue of species

currently challenged by increased desertification.
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Abstract

Deserts are among the harshest environments on Earth. The multiple ages of different deserts
and their global distribution provide a unique opportunity to study repeated adaptation at different time
scales. Here, we summarize recent genomic research on the genetic mechanisms underlying desert
adaptations in mammals. Several studies on different desert mammals show large overlap in functional
classes of genes and pathways, consistent with the complexity and variety of phenotypes associated with
desert adaptation to water and food scarcity and extreme temperatures. However, studies of desert
adaptation are also challenged by a lack of accurate genotype-phenotype-environment maps. We
encourage development of systems that facilitate functional analyses, but also acknowledge the need for

more studies on a wider variety of desert mammals.

Deserts — natural laboratories for studies of adaptation

Deserts (see Glossary) are the driest environments on the planet and cover at least 33% of the
Earth’s land surface (Ward 2016). Though mainly characterized by aridity and water scarcity, deserts
also experience daily and annual extreme thermal amplitudes, and intense UV radiation (Ward 2016).
Deserts have long been seen as natural laboratories for investigating how biological design is challenged
by different aspects of the environment, and how organisms have adapted to these challenges (Willmer
et al. 2005; Ward 2016). They also offer unique opportunities to study convergent evolution at distinct
points in time and space given their well-documented geological age and diverse geographic origins
(Willmer et al. 2005; Ward 2016).

The main challenges to life in deserts are maintaining body temperature and preserving water
(Willmer et al. 2005). This is particularly difficult for species that heavily rely on evaporative water loss
mechanisms (e.g. sweating, panting and salivation) for dissipating heat (Willmer et al. 2005; Riddell et
al. 2021). Exposure to heat stress combined with water shortage in hot deserts triggers several
pathophysiological processes resulting in heat exhaustion, heat stroke, and kidney dysfunction (Glaser
et al. 2016; Johnson et al. 2016; Ward 2016). Exposure to extreme low temperatures in cold-arid deserts,
or at night/winter in hot deserts, can lead to hypothermia (Willmer et al. 2005). The organismal responses
required to survive these extreme conditions for multiple generations are usually outside the range of the
plastic response of most non-desert species. Thus, itis generally presumed that desert-adapted species
likely experienced strong selection acting on various complex phenotypes related to metabolism and
water-retention (Williams and Tieleman 2005; Willmer et al. 2005; Rymer et al. 2016; Ward 2016; Rocha
et al. 2021).

While desert adaptation has been subject to much research in evolutionary ecology, there have
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been relatively few investigations on the underlying genetic basis of desert adaptive traits. Newly
emerging research on desert mammalian case studies, however, is now contributing to our understanding
of the role of past climatic processes, such as desertification, in driving adaptation. This review focuses
on this nascent research field. We review different methods and synthesize current genomic work in
mammalian systems. We then explore the limits and future potential of using genomics to address desert

adaptation and provide explicit recommendations for future research.

Box1. Endurer-evader-evaporator concept

Aiming to summarize and categorize decades of classic literature on desert adaptations in species
occupying distinct ecological niches, Willmer et al. proposed a classification system relative to extreme
temperatures and body size (Willmer et al. 2005). Animals that can evade extreme temperatures through
behavior and are physiologically adapted to minimize water loss are called “evaders”. Mammalian
evaders include small rodents that can avoid overheating by being nocturnal and hiding in burrows during
the day, and are less reliant on evaporative cooling (Willmer et al. 2005). Evaders can additionally
minimize water loss by concentrating highly hyperosmotic urine with low volume (Rocha et al. 2021) and
utilize water derived from fat metabolism (metabolic water) well-beyond the abilities of non-desert

counterparts (see Table | for examples) (Willmer et al. 2005; Donald and Pannabecker 2015).

Animals that cannot shelter behaviorally and instead rely on morphology and physiology to minimize
water loss and withstand heat are called “endurers” (Table I) (Willmer et al. 2005). Endurers include large
ungulates and marsupials able to store heat without rising body temperature (Willmer et al. 2005; Donald
and Pannabecker 2015). For example, Dromedary camels (Camelus dromedarius) can endure
temperatures exceeding 42°C, and water losses greater than 25% of total body weight which are fatal to
non-desert mammals (Ali et al. 2019). Some endurers also have lower respiratory water losses (Rymer
et al. 2016), and can store water in their rumen, gut or intestines for water-retention (Willmer et al. 2005;
Donald and Pannabecker 2015). It has also been proposed that the Arabian Oryx (Oryx leucocoryx ) use
water derived from fat metabolism and this may account for 24% of its overall water needs (Johnson et
al. 2016). Endurers may also have enlarged body tissues that can store localized fat (e.g. fat-tail in sheep,
Ovis aries, and fat-filled humps of camels) presumed to act as energy reserves during starvation (Atti et
al. 2004; Rymer et al. 2016).

A third category was additionally proposed for medium-sized animals that are not able to avoid extreme

conditions as efficiently as evaders nor withstand heat as efficiently as endurers. These are called
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“evaporators” and comprise lagomorphs, some marsupials, and medium-sized carnivores (Table 1)
(Willmer et al. 2005). Evaporator species have enlarged body extremities (e.g. large ears) to dissipate
heat by conduction and use denning and nocturnal behavior to avoid extreme heat. They also have
significantly low mass-adjusted non-renal water loss (Willmer et al. 2005; Donald and Pannabecker 2015;
Ward 2016) and can minimize renal water loss by concentrating highly hyperosmotic urine significantly
above the levels seen in non-desert counterparts (Willmer et al. 2005; Rocha et al. 2021). We note that
some authors have criticized this categorization due to overlap between the categories and have
proposed other frameworks to synthesize desert mammalian phenotypic adaptations (e.g. Rymer et al.
2016).

Table I. Classic physiological systems allowing mammalian survival in deserts. The phenotypes listed may themselves be adaptive or may be
part of a correlated plastic response (see Scholander et al. 1958; Ali et al. 2012, 2019; Fuller et al. 2014; Donald and Pannabecker 2015; Rymer
et al. 2016; Kordonowy et al. 2017; Bittner et al. 2021; Rocha et al. 2021 for more examples and Schwimmer and Haim 2009; Fuller et al. 2014;

Donald and Pannabecker 2015; Rymer et al. 2016 for detailed reviews).

Environmental Upstream Phenotype Downstream Phenotype

stressor

Heat + Water

Decreased thyroxin E" 4:5). Ev(25). H

Low metabolism or energy expenditures & (1:29). BV (128), Evap (1), H

Heat + Water

Low metabolism /energy expenditures

Reduced non-renal water loss E" (1210 Bv (28). Bvap (1.2). H | g

respiration rate & (12 Ev(6). Evap (1) ‘Torpor BV (19

Cold Non-shivering thermogenesis & (18) Reduced shivering"

Heat Reduced aldosterone " (" Low cardiac rate and low blood pressure £ (")

Water Increased vasopressin " (1:8). B (16.10) Increased urine osmolality/Increased water reabsorption from the
Increased aldosterone En(1:3:4). Ev(34) kidney En (12 Ev.Bvap (149 Decreased urine production ¥ (157

Water Reduced aldosterone £ ") Increased urine sodium excretion E ()

Food/Water Increased fat storage in body tissues 5" """4)  Energy reservation during food/water scarcity

Food/Water Metabolism of fat En (1:24.7). Ev(13.14) Enhanced use of metabolic water B (1:27). Bv (128, 12:13,14), Bvap (1.2)

Food/Water Higher plasma sodium "™ Tolerance to high salt diets B (1:6.7). Ev (1:48.9). Evap (5)

Food/Water Decreased insulin secretion without diabetes®  Adaptive tolerance to dehydration and starvation
0

Water Low glomerular filtration rate " (1:9) BV (25.7) Higher levels of plasma creatinine with no apparent kidney damage

or renal impairment & (12 Ev (57)
Water Higher urea B (2. B 67 glycose B (') Increased plasma osmolality E" (12 Ev (1.5.7.10). Evap (5)

potassium & ™, sodium &), chloride & &7

Superscript codes and numbers designate: En — Endurers (1-Dromedary camel, Camelus dromedarius; 2-Arabian oryx, Oryx leucoryx; 3-Black
Bedouin goat, Capra aegagrus hircus; 4-Awassi fat-tailed sheep, Ovis aries; 5-Marwari sheep, 6-Desert bighorn sheep, O. canadensis nelsoni;
7-domestic Bactrian camel, Camelus bactrianus; 7*- wild Bactrian camel, Camelus ferus; 8-Ethiopian Somali goat, Capra aegagrus hircus; 9-
Common wallaroo, Osphranter robustus; 10-Gemsbok, Oryx gazella; 11-Arabian sand gazelle, Gazella marica); Ev — Evaders (1-Golden spiny
mouse, Acomys russatus; 2-Merriam's kangaroo rat, Dipodomys merriami; 3-Tarabul's gerbil, Gerbillus tarabuli, 4-Cairo spiny mouse, Acomys
cahirinus; 5-Cactus mouse, Peromyscus eremicus, 6-Spinifex hopping mouse, Notomys alexis; 7-Sonoran desert mice, Mus musculus; 8-
Mongolian gerbil, Meriones unguiculatus; 9-Fawn hopping mouse, Notomys cervinus; 10-Degu, Octodon degus; 17-Agile kangaroo rat,
Dipodomys agilis; 12-Desert pocket mouse, Chaetodipus penicillatus; 13-Namib dune gerbil, Gerbillurus tytonis; 14-Fat sand rat, Psammomys
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obesus); Evap — Evaporators (1-Fennec fox, Vulpes zerda; 2-Rueppell’s fox, Vulpes rueppellii; 3-Kit fox, Vulpes macrotis; 4-Cape hare, Lepus

capensis; 5-Tammar wallaby, Macropus eugenii; 6-Springhare, Pedetes capensis); H-Aboriginal Australians, Homo sapiens.

Detecting adaptation

The recurrence of diverse complex adaptive phenotypes across diverse desert organisms (see
Box 1 for examples) raises a fundamental interest on their underlying genetic basis. Enabled by
increasingly cost-effective sequencing technologies and computational resources for data analysis,
researchers may rely on numerous methods that were designed to identify regions associated with
selection, the footprints of adaptation, from large genomic datasets (Nielsen 2005; Stern and Nielsen
2019). The choice of the sequencing and analytical approach should be guided by knowledge on the
ecological and evolutionary context of the species, and by the possibility of biological sampling

infrastructures in remote arid regions.

Population-specific desert adaptation

Methods in population genomics are designed to detect population-specific signatures of
ongoing or very recent natural selection (see Nielsen 2005; Stern and Nielsen 2019 for detailed reviews).
These methods require genome-wide sequencing or high-density SNP sampling to ensure statistical
power to detect signatures of selection against a background of neutral variation (Nielsen 2005; Stern
and Nielsen 2019). Some methods focus on finding genomic regions with high allele frequency
differentiation between one or more populations (Fsr-scans) (Yi et al. 2010). These methods are useful
when the background genome-wide differentiation between desert and non-desert populations is
relatively low (e.g., global Fst < 0.2; Figure 1A) (Malaspinas et al. 2016; Yang et al. 2016). Such
evolutionary context is necessary to be able to detect variants targeted by selection that are still
segregating in the desert population (Figure 1A). Other methods can be applied to a single desert
population and identify genomic regions of reduced diversity, skewed allele frequency distribution,
increased haplotype homozygosity (haplotype-based) (Voight et al. 2006; Sabeti et al. 2007), or
combinations thereof, all of which could be signatures of selective sweeps (Nielsen 2005; Stern and
Nielsen 2019). These approaches have been used to detect selection in different desert-dwelling
mammals (Kim et al. 2016; Malaspinas et al. 2016; Yang et al. 2016; Ababaikeri et al. 2020; Tigano et
al. 2020), and we highlight some specific examples below.

Following domestication around 8,000-9,000 years ago (yra), sheep (Ovis aries) rapidly adapted
to diverse agroecological zones with extreme conditions (Yang et al. 2016), including the 5.3 million year-

old cold-arid Taklamakan desert (NW China) (Sun and Liu 2006). To find signatures of selection in native
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sheep of the Taklamakan and sheep from neighboring cold-arid zones, Yang et al (Yang et al. 2016)
focused on genomic regions with reduced variability, haplotype-based methods, and Fsr-scans
comparing them with sheep inhabiting humid environments. These combined approaches allowed the
identification of putatively selected regions harboring genes from Renin-Angiotensin-Aldosterone system
(RAAS), oxytocin- and arachidonic acid metabolism pathway in Taklamakan sheep (Yang et al. 2016).
Similar methods on hot-desert fat-tail sheep breeds and goats (Capra hircus) identified many candidate
regions spanning genes and/or pathways significantly enriched for fat metabolism, insulin-signaling, and
kidney function, oxidative stress and DNA repair, response to heat and UV radiation, body size
development and melanogenesis (Kim et al. 2016; Mwacharo et al. 2017).

Species of the genus Peromyscus have also been used in case studies in population genomics
as examples of rapid environmental/ecological differentiation (Colella et al. 2020; Tigano et al. 2020).
Different arid-dwelling species repeatedly evolved during the radiation of the genus in North America. An
example is the Cactus mouse (P. eremicus) from southern California, which may have adapted to local
desert conditions following the recent onset of southwestern hot-deserts approximately 10,000 yra (Pavlik
2008; Tigano et al. 2020), although it is not clear if its immediate ancestor was also desert adapted.
Genomic scans for selective sweeps in P. eremicus identified hundreds of genetic variants significantly
under selection upstream and/or downstream of genes involved in synthesis and degradation of proteins,
sensory perception of bitter taste and lipid metabolism (Tigano et al. 2020).

Following the emergence of modern humans at least 100,000 yra, our species rapidly spread
inside and out of Africa and came to inhabit some of the most inhospitable environments on Earth,
including deserts (Veth et al. 2005; llardo and Nielsen 2018). Though life in deserts has clearly been
facilitated by cultural changes, and by innovations such as clothing, fire, water/food storage, and hunting
techniques (Brooks 2006; Sereno et al. 2008; Drake et al. 2011; Henn et al. 2012; Williams and Williams
2014; Janz et al. 2017; D’Atanasio et al. 2018), some human desert populations also appear to have

adapted biologically to their environment (see Box 2).

Box 2 Genetic adaptations in humans

Australians

Until European settlement of Australia 200 years ago, Aboriginal people lived a hunter-gatherer lifestyle
for at least 10,000-32,000 years (Wiliams and Wiliams 2014; Malaspinas et al. 2016). Early
anthropological studies showed that desert-dwelling Aboriginal Australians can maintain reduced
metabolic rates without shivering when temperatures drop below 0°C at night (Scholander et al. 1958).

Compared to people of European descent, they also have lower levels of thyroid hormone thyroxine (T4)
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and reduced affinity for T4-binding globulin, suggesting that selection has targeted thyroid-induced
metabolism in Aboriginal Australians, resulting in increased adaptive thermal tolerance (Dick and Watson
1981; Mohr et al. 1987; Takeda et al. 1989; Qi et al. 2014).

Malspinas et al. (Malaspinas et al. 2016) used an Fsr-based test to find genome-wide signatures of
selection in Aboriginal Australians as compared to other human populations and identified variants
nearby genes NETO1, related to the thyroid system, and SLC2A12, associated with serum urate levels,
among other genes. Further comparisons of desert-dwelling and wet-tropical Aboriginal Australians
identified putatively selected variants in the desert group harboring genes involved in several functions
of relevance for life in deserts, including regulation of thyroid levels (KCNJ2) and vasodilation, enhanced
capillary permeability, diuresis and natriuresis (KNG1). These results raised the hypothesis that putatively
selected variants changing expression patterns of thyroid-related genes (KCNJ2/NETO1 and possibly
other genes) may underlie Aboriginal Australians’ adaptive thermal tolerance (Malaspinas et al. 2016).
Another hypothesis was that selected variants in SLC2A12 may underlie Aboriginal Australians’ adaptive

tolerance to dehydration (Malaspinas et al. 2016).

Native American

The survival of early Native American Andean populations living in the Atacama desert since at least
7,000 yra heavily relied on water bodies naturally contaminated with arsenic (Apata et al. 2017). This
selective pressure has left selection signatures in the genomes of modern admixed descendants near
variants that may play a role in immune defense against arsenic poisoning (Apata et al. 2017; Vicuna et
al. 2019).

Kalahari peoples

To test for evidence of selection in present-day southern African Khoe-San relative to ancient south
Africans, Skoglund et al. (Skoglund et al. 2017) estimated allele frequency differentiation for hundreds of
functional categories of genes, and found that the most divergent category was response to radiation
(Skoglund et al. 2017). It has then been suggested that groups that live a hunter-gather lifestyle in arid
regions of the Kalahari basin may have genetically adapted to cope with prolonged exposure to sunlight
(Skoglund et al. 2017). Haplotype-based scans (Voight et al. 2006; Sabeti et al. 2007) in specific Khoe-
San groups additionally identified variants under selection nearby genes involved in fat metabolism and

storage (Sugden et al. 2018; Schlebusch et al. 2020) and uptake of xenobiotic compounds (Schuster et
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al. 2010; Schlebusch et al. 2020), among other functions. However, these may not necessarily reflect

desert adaptation as some of these groups are spread in diverse climatic conditions.

Species-specific desert adaptation

When all living populations of a species descend from a desert-adapted ancestor, population-
based methods may not be successful at identifying regions associated with desert adaptation. An
alternative is to use methods in comparative genomics, which can detect selection specific to desert
species by comparing them to divergent, but related, species that are not desert specialists (Figure 1B).
Some of these methods focus on finding regions with an increased ratio of nonsynonymous-to-
synonymous substitutions (dN/dS) in desert species, which can be signatures of positive selection (Yang
2007; Jirimutu et al. 2012; Marra et al. 2012, 2014; MacManes and Eisen 2014; Wu et al. 2014,
Kordonowy and MacManes 2016; Chebii et al. 2020). Other studies focus on identifying changes in
gene copy number, that may have been the result of natural selection, using models that take into account
branch lengths on phylogenetic trees (De Bie et al. 2006; Jirimutu et al. 2012; Wu et al. 2014; Tigano
et al. 2020).

Species of the genus Camelus, for example, are desert specialists that descend from a desert-
dwelling ancestor that diverged from south American counterparts around 16.3 Mya and cattle 55-60 Mya
(Wu et al. 2014). Jirimutu et al. (Jirimutu et al. 2012) found that Bactrian camels (C. bactrianus/ferus)
show differences in copy number of CYP2 genes relative to cattle and other mammals that may contribute
to the enhanced production of a vasodilator of renal preglomerular vessels that stimulates water
reabsorption at the kidney (Jirimutu et al. 2012). This study further suggests that extra copies of CPY2J2,
a gene associated with high-salt diets and regulation of blood pressure (Jirimutu et al. 2012; Wu et al.
2014; Ali et al. 2019), may explain camels’ ability to endure large salt ingestion without developing
hypertension (Ali et al. 2012, 2019) (Box 1). Evidence from dN/dS-based test and gene family evolution
revealed complex features of adaptation in both Bactrian and Dromedary camels (C. dromedarius),
including strong selection in genes from the insulin-signaling pathway, fat and water metabolism, stress

responses to heat, ultraviolet radiation and airborne dust (Wu et al. 2014).

Association with desert phenotypes and climatic variables

In the sections above we highlighted approaches that were designed to explicitly target genomic
footprints of natural selection (Figure 1A-B). For more examples of genomic studies of mammalian

desert adaptation, see online Supplemental Information TableS1. In most studies, selection tests have
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been combined with gene-function annotations and gene ontology enrichment (GO) analysis to make
functional connections, which may or may not be related to some of the desert-related phenotypes that
have been described over decades of eco-physiological research (Box 1, Figure 1D). These methods
are phenotype-independent, as they do not require simultaneous sampling of both genomic and
phenotypic data. They are, therefore, logistically simple to carry out, but the resulting findings are often
difficult to relate directly to specific phenotypes.

To directly relate desert-adaptive phenotypes to variants at the genetic level, genome-wide
association studies (GWAS) can be combined with selection studies to identify genetic variants
affecting specific traits of interest (Tam et al. 2019). Similar approaches known as genotype-
environment associations (GEAs) can also be used to test for correlation between variants putatively
under selection in desert populations and specific climatic variables of interest (Coop et al. 2010; Frichot
et al. 2013; Lv et al. 2014; Yang et al. 2016). For example, Yang et al. (Yang et al. 2016) used GEAs to
test for correlation between variants of Taklamakan desert sheep and precipitation, and found significant
associations near candidate genes also identified with selection scans (Yang et al. 2016).

Linking genotype to phenotype is a general challenge in selection studies. Comparative-based
approaches, in particular, are challenged by the fact that the candidate mutations are not segregating
within a population, making further genetic studies difficult (Smith et al. 2020). Population-based
approaches, in this sense, have a distinct advantage in that they may identify candidate segregating
variants that can be subject for further genetic analyses, including GWAS. However, GWAS can suffer
from low power and be logistically challenging (Marigorta et al. 2018; Tam et al. 2019) and may not be
feasible in many organisms (Smith et al. 2020). Even when GWAS is possible (e.g. humans and model
organisms), it may still be difficult to directly associate variants with specific desert adaptive traits due to
pleiotropic effects. For example, Aboriginal Australian show signatures of selection in gene KNG1 that
is involved in different physiological functions, including blood coagulation, vasodilation, induction of

hypotension, natriuresis and diuresis, blood glucose levels, and nociception (Malaspinas et al. 2016).

Gene expression differences and phenotypic plasticity

Transcriptomics can be complementary to both population and comparative genomics to identify
genes associated with desert adaptation and, in contrast to GWAS, it only requires sampling of blood or
tissues across few individuals (Figure 1C). Studies of desert transcriptomics have analyzed species-
specific expression differences either across tissues (e.g. kidney versus spleen in banner-tailed kangaroo
rat, Dipodomys spectabilis (Marra et al. 2012)) or distinct treatments (e.g. water-fed versus water-

deprived states in P. eremicus (Kordonowy and MacManes 2017; MacManes 2017)). Another approach
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(Figure 1C-l) has been to analyze pairwise differences in gene expression between wild-caught
individuals from desert and non-desert adapted species (e.g. desert D. spectabilis, desert Bailey's pocket
mouse/Chaetodipus baileyi and tropical forest spiny pocket mouse/Heteromys desmarestianus (Marra et
al. 2014)) or populations (e.g. Patagonian olive mouse, Abrothrix olivacea, from forest and steppe
(Giorello et al. 2018)). Because these studies do not control for phenotypic plasticity, they are limited in
their ability to identify genetically encoded differences between populations, or species. Thus, they may
not identify genes underlying adaptation.

Common garden experiments are needed in order to control for the confounding effects of
environmental conditions and plastic responses to different treatments in transcriptomics (De Villemereuil
et al. 2016). Bittner et al. (Bittner et al. 2021) compared desert and non-desert house mice (Mus
musculus) populations in water-fed and water-deprived conditions (Figure 1C-ll), while measuring
phenotypic variation in the same individuals. These analyses identified a set of co-expressed genes
involved in water-retention correlated with higher blood urea and creatinine (Box 1). Bittner et al. (Bittner
et al. 2021) also demonstrated that expression changes in the plastic response of water-deprived non-
desert mice were in the same direction as the genetically controlled difference between non-desert and
desert mice. This points to a genetic basis for phenotypic differences in which plasticity precedes
adaptation. Furthermore, the fact that desert mice have reduced expression plasticity could suggest that
selection has acted to change the norm of reaction, hinting towards genetic assimilation as a possible
evolutionary avenue for desert adaptation (Bittner et al. 2021).

An important consideration is that even in common garden conditions, the observed expression
differences may have evolved neutrally and thus may not necessarily be adaptive. More importantly, it is
not possible to identify genetic variation underlying expression differences through transcriptomics alone,
as causal variants affecting gene expression may lie in distant enhancers or trans-acting factors (Evans
2015).

Nevertheless, expression studies can provide molecular phenotypes associated with adaptation
for further studies and may help identify molecular pathways and mechanisms underlying adaptation (De
Villemereuil et al. 2016; Bittner et al. 2021). They also provide an intermediate step between genotype
and organismal phenotype that provide information about the functional effects of adaptive variants and

help link the results of selection studies to phenotypic variation (e.g. BMP2 gene in (Pan et al. 2019)).
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Figure 1. Genomic approaches used to identify genes underlying desert adaptation: A-population-based, B-comparative-based methods, and
C-differential expression analyses in natural (1) and laboratory (1) conditions; A-C: different silhouettes represent distinct species, silhouettes in
orange represent desert populations/species, and grey silhouettes represent non-desert populations/species under comparison and outgroups;
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Functional connections result from gene ontology enrichment analyses on sets of candidate genes and/or gene-function annotation (Gene
Cards, OMIM, UniProt). Some of the highlighted genes identified with population-based and comparative-based methods on whole-genomes
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Chaetodipus baileyi); H — Humans (Aboriginal Australians).
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Convergent evolution at the genetic level

Several studies on different desert mammals identified genes, and functional classes of genes
and pathways, involved in fat metabolism (Wu et al. 2014; Kim et al. 2016; Sugden et al. 2018; Chebii et
al. 2020; Colella et al. 2020), thyroid-induced metabolism (Malaspinas et al. 2016), salt metabolism and
prevention of high blood pressure (Jirimutu et al. 2012; Yang et al. 2016; Ababaikeri et al. 2020), insulin-
signaling (Wu et al. 2014; Kim et al. 2016; Chebii et al. 2020; Colella et al. 2020), and water-retention
(Wu et al. 2014; Kim et al. 2016; Yang et al. 2016; Ababaikeri et al. 2020; Colella et al. 2020) which may
provide a genetic basis for previously identified phenotypes. Such phenotypes include energy storage
and enhanced use of metabolic water, reduced non-renal water loss and low energy expenditures, ability
to cope with high-salt diets without developing hypertension, adaptive tolerance to starvation and
dehydration, and decreased renal water loss (Box 1; Figure 1D). Some studies additionally identified
functional categories of genes involved in stress responses (oxidative stress, DNA damage and repair,
heat stress) (Wu et al. 2014; Yang et al. 2016; Tigano et al. 2020), response to radiation (Wu et al. 2014;
Skoglund et al. 2017), dust ingestion (Wu et al. 2014), and toxic diets (perception of bitter taste (Tigano
et al. 2020) and xenobiotic metabolism (Wu et al. 2014; Kim et al. 2016; Schlebusch et al. 2020)) as
targets of natural selection, suggesting other biological adaptations that have not been explicitly target in
phenotypic studies.

We synthesize the extent of overlap in gene sets and GO categories between 12
populations/species for which selection candidates have been previously identified, perhaps suggesting
convergent evolution at the genetic level in Figure 2. For individual genes, significant overlap is mostly
found among related species such as C. bactrianus/dromedarius and arid-dwelling Asian/Taklamakan O.
aries, possibly as the result of selection acting on inherited standing genetic variation (Figure 2A).
Nonetheless, divergent ungulates (e.g. Barki O. aries, Cervus elaphus yarkandensis/Yarkand deer, and
C. bactrianus) share significant overlap in BMP2, a gene involved in fat-cell differentiation at several
tissues, also associated to the fat-tail phenotype (Moioli et al. 2015; Yuan et al. 2017; Mastrangelo et al.
2019; Pan et al. 2019). This seems to support the role of localized fat as an important source of energy
under scarce resources (Box 1). Even in divergent species without genome-wide significant overlap,
there are some interesting observations. For example, P. eremicus shares with D. spectabilis and C.
baileyi evidence of selection in a glucose and serum urate transporter (SLC2A9) (MacManes and Eisen
2014; Marra et al. 2014). Human Aboriginal Australians show signatures of selection at another glucose
transporter (SLC2A12), presumably involved in adaptive tolerance to dehydration(Malaspinas et al.
2016).
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Figure 2. Shared evidence of selection in genes (A) and GO terms and pathways (B) obtained from comparative and population genomics in
evader (Ev), endurer (En) and human (H) case studies. Examples reviewed here include: Cactus mouse (Peromyscus eremicus) (Tigano et al.
2020), Canyon mouse (P. citrinus) (Colella et al. 2020), Tarim red deer (Cervus elaphus yarkandensis) (Ababaikeri et al. 2020), arid-dwelling
Asian and Taklamakan desert sheep (Ovis aries) (Yang et al. 2016), Bactrian camel (Camelus bactrianus) (Jirimutu et al. 2012; Wu et al. 2014),
Dromedary camel (C. dromedarius) (Wu et al. 2014), North-African Barki sheep (O. aries) and goat (Capra hircus) (Kim et al. 2016), Nubian
Ibex (Capra nubiana) (Chebii et al. 2020), southern African Khoe-San (Schlebusch et al. 2020) and Aboriginal Australians (Malaspinas et al.
2016) (Homo sapiens). Significance of gene and GO overlap was calculated using Fisher’s exact test on a contingency table. Significant overlap

is represented by colors standing out against the lightest background (marginal p-values > 0.05).

There is also a remarkably high degree of significant overlap in multiple functional categories and
pathways between species with very different ages, occupying rather distinct ecological niches, with
different strategies of endurance and avoidance, and in different arid regions (classified as hot-young
and cold-old deserts (Ward 2016)), consistent with the previously reported high overlap of adaptive
phenotypes (Figure 2B). The major mechanisms shared across mammals relate to phenotypes that have
been associated to adaptation to starvation and dehydration, as well as water retention at the kidney.
For instance, the highest overlap is in functional classes of genes associated with fat storage and fat
metabolism, including genes that affect energy expenditures, and/or cold- and diet- induced
thermogenesis (Wu et al. 2014; Kim et al. 2016; Sugden et al. 2018; Chebii et al. 2020; Colella et al.
2020). Changes in genes involved in fat metabolism may relate to diverse adaptive phenotypes that result

in adaptive tolerance to heat/cold (through regulation of energy expenditures and thermogenesis),
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dehydration (through enhanced use of metabolic water from fat) and food scarcity (energy stored in
localized fat) (Johnson et al. 2016; Rymer et al. 2016) (Figure 1D).

In addition to fat metabolism, the strongest evidence of shared selection is in insulin-
signaling/response and involves genes such as glucose and serum urate transporters. Some species
also share evidence of selection in pathways involved in adipocytokine signaling (implicated in insulin
resistance and sensitivity) and Type Il diabetes (Wu et al. 2014; Kim et al. 2016), consistent with reported
phenotypes of insulin resistance without diabetes (Box 1). Insulin resistance plays relevant roles in
starvation and reducing energy demands and its evolutionarily well-preserved (Soeters and Soeters
2012), suggesting that it might be beneficial under selective regimes of water/food scarcity. Interestingly,
desert-dwelling mammals for which changes in insulin-regulating or glucose transporter genes have been
described, are clinically healthy under natural low caloric intake or low energy diets associated with desert
life, but particularly prone to obesity and diabetes under induced diet shifts and high caloric foods
(Schmidt-Nielsen et al. 1964; O’'Dea 1991; Wu et al. 2014; Malaspinas et al. 2016; Hargreaves et al.
2017).

While past investigations of adaptive phenotypes underlying increased water-retention at the
kidney have focused on endocrine systems (e.g. vasopressin/RAAS-mediated osmoregulation)(Bridges
and James 1982; Schwimmer and Haim 2009; Sands and Layton 2014; Donald and Pannabecker 2015),
significant shared evidence of selection across genomic studies (e.g. (Jirimutu et al. 2012; Kim et al.
2016; Yang et al. 2016; Ababaikeri et al. 2020; Tigano et al. 2020)) point to the arachidonic acid
metabolism pathway as perhaps the most important adaptive water-retention mechanisms driving
convergent evolution in desert mammals, and birds (Tian et al. 2020). Some genes from this pathway
putatively under selection (see Figure 1D) may be involved in the production of vasodilators of renal
preglomerular vessels (19(S)-HETE) that simulate water reabsorption at the kidney. These results hold
exciting promise for further investigation of genetic changes underlying desert mammal’s outstanding
urine concentrating ability (Rocha et al. 2021).

Taken together, these studies not only show that adaptive changes in fat metabolism, insulin-
response and arachidonic acid metabolism, may be pivotal for mammalian survival in different deserts of
the world, but also that water and food deprivation, perhaps more than temperature, are likely the main

drivers of convergent evolution in deserts.

Concluding remarks: Outstanding challenges and Future directions

Selection in desert adapted organisms appears to have targeted genes in multiple functional

classes and pathways, consistent with the complexity and variety of phenotypes associated with desert
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adaptation. This has led some authors to suggest that phenotypic adaptation in deserts may be polygenic
(Mwacharo et al. 2017; Skoglund et al. 2017; Tigano et al. 2020). While it a priori seems likely that multiple
complex desert adaptive phenotypes are affected by many genes, the hypothesis of selection acting on
polygenic traits has not been directly tested in desert adapted mammals, as such tests require detailed
knowledge of the genetic basis of the trait (Barghi et al. 2020). Unfortunately, this question, and many
other questions regarding the genetic architecture underlying desert adaptation (see Outstanding
questions), are limited by our lack of knowledge of the phenotypic effects of individual mutations. More
research is needed on desert systems in which GWAS, other methods for genetic mapping, or functional
studies can be used complementarily to selection studies for understanding how natural selection has
affected phenotypes.

However, such systems (mostly model desert evaders) represent only a relative narrow set of
desert phenotypes and there is also a need for more studies on a diverse set of organisms. We note that
research on the genomic basis of desert adaptation in evaporator species is currently missing, despite
past evidence of phenotypic adaptations in several promising biological systems (e.g. arid-dwelling Cape
hare/Lepus capensis (Kronfeld and Shkolnik 1996), and desert-adapted species of the genus Vulpes
(Williams et al. 2004); see Box 1 for more examples). Since most desert phenotypes reported for
evaporators are shared with other mammals, they may also share similar functional classes of genes and
pathways. Future genomic studies in these and other organisms, and detailed phenotyping for sampled
individuals, will help further elucidate convergent patterns of desert adaptation.

Combined genomic, transcriptomic, phenotypic, and/or climatic data can provide powerful
approaches for linking genetic variation with expression levels, phenotypes and environmental
conditions, and the choice of study-system might be guided by the possibility of obtaining such data (see
Box 3). Decades of classic phenotypic research in diverse mammalian species, as well as previous
evidence for aridity index, precipitation and temperature measures as predictors of certain desert
phenotypes (Lovegrove 2000; Fristoe et al. 2015; Giorello et al. 2018; Rocha et al. 2021), will continue
to inform genomic studies of desert adaptation.

Box 3. Functional integration in evolutionary studies

For model evaders that can be captively bred, phenotypic and transcriptomic data collection under
common garden experiments (Figure I-A) is essential and can be integrated with genomic data from the
same individuals in order to investigate causal genomic variants targeted by natural selection (Figure I-
B). Additionally, in order to understand a wider range of phenotypes expression, data should not be
limited to kidneys (e.g. Marra et al. 2014; MacManes 2017; Giorello et al. 2018; Bittner et al. 2021) but
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extend to diverse tissues and cell types. In the context of expression studies, it will be particularly
interesting to understand how the norm of reaction has evolved and if short-term adaptation proceeds by
expanding the range of plastic responses or by a fixed shift in expression levels, and to explicitly test the
hypothesis of genetic assimilation driving desert adaptation. Future research should also move beyond
experimental dehydration when measuring plasticity and address the relative and combined effects of
different environmental cues in driving differential expression of genes and phenotypes (Figure 1-A-C).
It will be particularly exciting if reciprocal transplants in natural conditions are possible (Figure I-A-C).

Providing a genotype-phenotype map for non-model organisms is challenging if sample sizes necessary
for GWAS are unattainable. However, phenotypes expressed at the cellular level can be studied in cell
culture and CRISPR-Cas9 (Figure I-C) can be used to test explicit functional hypotheses (Knott and
Doudna 2018). We expect such experiments as follow-up on genomic selection scans to become an
important tool in evolutionary studies of non-model organisms. Another recent advance that promises to
make the challenge of establishing genotype-phenotype maps easier, is the improvement in
computational methods for variant effect prediction, including coding regions affecting protein structure
(Senior et al. 2020) and noncoding regions affecting gene expression (Zhou and Troyanskaya 2015) and

splicing (Jaganathan et al. 2019).

Even without specific genotype-phenotype maps, phylogenetic comparative methods (PCMs) are
quite promising as a tool for generating new functional hypotheses, particular with respect to patterns of
expression-level evolution, and can also be used directly to test hypotheses about phenotypic evolution
(Smith et al. 2020). These methods can be used to test for associations between different variables on a
phylogeny with multiple species, some of which are desert adapted and some of which are not. For
example, correlated changes between gene expression and specific traits or aridity index of a species
can be identified (Rohlfs and Nielsen 2015). Similarly, elevated dN/dS ratios in specific genes on lineages
associated with switches to desert environments (Muntané et al. 2018; Hu et al. 2019), or with changes
in climate (Pease et al. 2016), might suggest selection acting in these genes associated with desert

adaptation.
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Figure |. The different steps for future research attempting to integrate available methodologies to address the genomic basis of desert
adaptation. In part A we suggest simultaneous collection of genomic, transcriptomic (across different tissues and also blood), phenotypic (see
Box1) and climatic data (e.g. WorldClim database). Data collection under common garden and field reciprocal transplant experiments are
suggested for model organisms (e.g. Mus and Peromyscus sp). For common garden experiments we suggest different combinations of
environmental stressors. Different silhouettes represent distinct species, silhouettes in orange represent desert populations/species, and grey
silhouettes represent non-desert populations/species; double-headed arrows represent the comparison being made; X symbol represents a

condition of experimental dehydration or water-deprivation, as opposed to animals being given water. In part B we illustrate the diverse ways in
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which different datasets can be combined for methods in population and comparative genomics, depending on data availability and the
evolutionary context of the study-system of choice. The strength of selection studies is that they are powerful for identifying candidates for further

testing. In part C we suggest experimental validation of candidate genes under selection (CRISPR-Cas 9 and cell culture).

Future research should also focus on the tempo and mode of desert adaptation, to take advantage
of the fact that deserts have vastly different ages and, therefore, provide an opportunity to study
adaptation at different time scales (Ward 2016). The age of deserts varies between just a few thousand
years (Pavlik 2008; Tierney and DeMenocal 2013) to millions of years (Van der Wateren and Dunai 2001;
Sun and Liu 2006; Zhang et al. 2014) and throughout their lifetime some deserts undergone climate
changes marked by alternating hyper-arid and humid periods (Sereno et al. 2008; Drake et al. 2011;
Tierney and DeMenocal 2013; D’Atanasio et al. 2018), but little is known about the age of selective events
in organisms living in these deserts. Similarly, despite shared evidence of selection across species
(Figure 2), it remains unclear whether this was the result of similar selective pressures acting
independently on new mutations, or on ancestral standing genetic variation, or is the result of
introgression. Demographic modelling of adaptive variants, or of genomic regions putatively under
selection, and methods designed to detect genome-wide introgression will add to our understanding of
when and how adaptations can arise, and what are the factors driving adaptation and convergent
evolution in deserts.

Knowledge of the genomic basis of desert adaptation will be instrumental for rescuing biodiversity
currently threatened by increased desertification (Corlett 2017; Breed et al. 2019; Hoffmann et al. 2020).
By establishing the link between phenotype, genotype and the environment it will be possible to predict
iffhow species can adapt to climate change and which functional traits may be the target of natural
selection under increasingly arid conditions. Preserving and maintaining adaptive genetic variation will
be an important first step to protect the adaptive potential to cope with ongoing environmental changes
(Corlett 2017; Breed et al. 2019; Hoffmann et al. 2020). Gene editing for increased thermal tolerance or
adaptive tolerance to dehydration/starvation and other genetic-rescue initiatives (Shapiro 2017; Knott
and Doudna 2018) may help accelerate adaptive capacity in arid regions, although such measures
remain technically challenging and controversial. Despite the challenges of establishing genotype-
phenotype-environment maps, evolutionary studies of desert adaptation hold the promise to not only
provide new insights into the process adaptation at multiple time scales, but also to provide a
knowledgebase for future work on mitigating the effects of climate change.
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Outstanding questions

Do desert adapted traits evolve as a consequence of selection acting on multiple genes of small effect

or by few genes of large effects?

Is convergent evolution among different desert adapted species caused by introgression or independent
selection? Can different levels of convergence be explained by the Endurer-evader-evaporator concept

or by selective regimes associated to different types of deserts?

Does genetic adaptation proceed by expanding or narrowing plastic responses? Is genetic assimilation
a key mechanism by which species adapt to deserts?

Is selection in protein coding regions or in non-coding/regulatory areas of the genome most important in

desert adaptation? Does the timescale of adaptation affect the answer to this question?

What is the tempo and mode for desert adaptation? How often, how fast, and when can adaptations
arise? Does the timescale for adaptation matter for the genomic patterns observed?

Will the continued development of methods in comparative and population genomics deliver on the

promise of genetic rescue in species currently challenged by increased desertification?
Can phenotypes and/or genotypes be predicted by climate?
Future studies investigating association of diverse bioclimatic variables with desert adaptive phenotypes

and genotypes are needed. Understanding the mechanisms by which species repeatedly adapted to

deserts can help elucidate future adaptative responses to increasingly arid conditions.
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Glossary

Adaptation (genetic or evolutionary): genetic change at the population or species level resulting in
increased fitness in a particular environment. Often thought of as the evolutionary response to a specific

selective pressure.

Aridity index (Al): mean annual precipitation divided by mean annual evapo-transpiration.

Common garden experiment: experiment to control for the environment when comparing two species
(or lines) by moving them both from their native environments into a common environment. To fully
control for environmental effects, the study organism, and possibly their parents, should be reared in the

common garden.

Comparative genomics: comparison of genomes of different species (e.g. analyses of mutational

differences, or differences in number of genes, gene families, or structural variants).
Convergent evolution: the independent evolution of similar adaptive traits in different species.
CRISPR-Cas9: gene editing technology that can be used for targeted modification of DNA sequences.

Deserts: all warm or cold hyper-arid regions with aridity index below 0.05, and arid regions with aridity

index between 0.05 and 0.20, excluding polar regions.

Gene ontology (GO) enrichment analysis: statistical tests identifying enrichment of certain biological

functions in a candidate gene set over that expected in a random set of genes.

Genetic assimilation: a reduction of phenotypic plasticity, where selection leads to expression of an

ancestrally conditional phenotype in the absence of the original environmental cue.
Genome-wide association studies (GWAS): statistical tests of association between specific genetic
variants (typically single-nucleotide polymorphisms) with particular phenotypes, including diseases.

These studies rely on large samples of both genomic data and phenotypes.

Genotype: the combination of alleles found in an individual at a particular locus.
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Genotype-environment association studies (GEAs): statistical tests of association between specific
genetic variants with particular environmental variables in order to identify adaptive genes or genomic

regions under environmental selection.

Introgression: gene flow from one species to another.

Norm of reaction: the predicted plastic response to different environmental stimuli.

Phenotype: a trait measurable at the individual level for an organism; may depend on the interaction of

different genotypes as well as effects of the environment.

Phylogenetic comparative methods (PCMs): statistical tests of association between variables while

accounting for the nonindependence of species due to common ancestry.

Plastic responses (phenotypic plasticity): phenotypic changes (including expression changes) in

response to environmental stimuli.

Pleiotropy (pleiotropic): genes or variants that affect multiple traits.

Population genomics: the study and comparison of genetic variability at the genomic level within

species or within populations.

Reciprocal transplant experiment: an experiment in which organisms from each of two environments

are introduced into the other.

Selective sweeps: genomic footprint of a ‘hitchhiking’ effect when a selected variant increase in
frequency and linked neutral alleles consequently also either increase or decrease in frequency

depending on linkage pattern.

Transcriptomics: Genome-wide comparison of abundance of RNA, often to identify genes differentially
expressed between individuals from different populations or species, and/or in response to different

treatments.
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Table S1. Recent case studies using genomics and transcriptomics in desert mammals (excluding

humans).

Taxa

Egyptian Barki sheep
Ovis aries

Egyptian Barki goat
Capra hircus

Taklimakan/ Arid
Asian
Ovis aries

Tarim Red deer
Cervus elaphus
yarkandensis

Bactrian camel
Camelus
ferus/bactrianus

Bactrian camel
Camelus bactrianus

Dromedary
Camelus
dromedarius

Nubian Ibex
Capra nubiana

Banner-tailed
Kangaroo rat,
Dipodomys
spectabilis; Bailey’s
pocket mouse,
Chaetodipus baileyi

Olive mouse
Abrothrix olivacea

House mouse
Mus musculus

Cactus mouse
Peromyscus
eremicus

Category

Hot desert
endurer

Hot desert
endurer

Cold desert
endurer

Cold desert
endurer

Cold desert
endurer

Cold desert
endurer

Hot desert
endurer

Hot desert
endurer

Hot desert
evader

Cold desert
evader

Hot desert
evader

Hot desert
evader

Data collection

Genomic,
Phenotypic

Genomic,
Phenotypic

Genomic,
Climatic

Genomic

Genomic

Genomic,
Transcriptomic

Genomic

Genomic

Transcriptomic

Transcriptomic,
Phenotypic

Transcriptomic,
Phenotypic

Genomic
Transcriptomic

Species-
specific

NA

NA

NA

NA

dN/dS; gene
family evolution

dN/dS;
gene family
evolution;

dN/dS;
gene family
evolution

dN/dS

DE analysis;
dN/dS on
transcripts

NA

NA

Gene family
evolution;
dN/dS on
transcripts

Population-based

Fsr, reduced
diversity, haplotype-
based

Fst, reduced
diversity, haplotype-
based

Fst, reduced
diversity, haplotype-
based

Fsr, reduced
diversity, haplotype-
based

NA

NA

NA

NA

NA

DE; Fst, GCN

DE; GCN

SweepFinder2; DE
analysis

Functional
connection

GO, KEGG
pathway,
GWAS

GO,
GWAS

GO, PANTHER
pathway,
GEAs

GO, KEGG
pathway

GO, KEGG
pathway

GO

GO

GO

GO

GO, GCN-
phenotype

GO,
GCN -
phenotype

GO

Refs

(Elbeltagy
et al. 2016;
Kim et al.
2016;
Mwacharo
et al. 2017)

(Elbeltagy
et al. 2016;
Kim et al.
2016;
Mwacharo
et al. 2017)

(Yang et al.
2016)

(Ababaikeri
et al. 2020)

(Jirimutu et
al. 2012)

(Wu et al.
2014)

(Wu et al.
2014)

(Chebii et
al. 2020)

(Marra et
al. 2014)

(Giorello et
al. 2018)

(Bittner et
al. 2020)

(MacManes
and Eisen
2014;
Kordonowy
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and
MacManes
2016,
2017,
MacManes
2017;
Tigano et
al. 2020)

Canyon mouse Hot desert Genomic Gene family SweepFinder2 GO (Colella et
Peromyscus citrinus evader evolution al. 2020)

Abbreviations are as follows: GO — Gene ontology enrichment analysis; GCN — gene clustering co-expression network analyses; dN/dS —
methods based on the ratio of non-synonymous to synonymous substitutions; Fst — methods based on extreme allele frequency differentiation;

DE - Differential expression; KEGG — Kyoto Encyclopedia of Genes and Genomes.
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Graphical Abstract

Desert mammals are remarkably adapted in their physiology. Among the many physiological
mechanisms allowing desert mammalian species to survive in extreme conditions of water scarcity is
their ability to produce hyperosmotic urine. We review urine-concentrating ability in 121 mammal species,
measured as maximum urine osmolality (mosmol/Kg), and use a phylogenetic comparative approach to
explicitly test the hypothesis that desert-dwelling species have evolved increased ability to concentrate
urine compared to non-desert species. We also demonstrate that the mean aridity index of a species’
geographic range largely predicts its urine-concentrating ability. This suggests that, among the many
physical and climatic challenges faced by desert species, aridity has been one of the main selective
pressures leading to increasing maximum urine-concentrating ability and driving its repeated evolution in
different desert mammalian lineages. Future comprehensive statistical studies investigating correlations
of diverse bioclimatic variables with more desert adaptive phenotypes, will provide further elucidation on

the extent to which climate is predictive for mammalian phenotypes.
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Figure I. Urine concentrating ability in 121 mammal species, measured as maximum urine osmolality (mosmol/Kg), along species distribution

range mean annual aridity index.
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Abstract

1. One of the most celebrated textbook examples of physiological adaptations to desert
environments is the unique ability that desert mammals have to produce hyperosmotic urine.
Commonly perceived as an adaptation mainly observed in small rodents, the extent to which
urine-concentrating ability has evolved independently in distinct mammalian lineages has not

previously been assessed using modern phylogenetic approaches.

2. We review urine-concentrating ability data from the literature in 121 mammalian species with
geographic ranges encompassing varying climatic conditions. We explicitly test the general
hypothesis that desert-dwelling mammals have evolved greater ability to concentrate urine than

non-desert species, controlling for body mass, phylogenetic affinity and other covariates.

3. Ancestral state reconstruction across our dataset’s phylogeny shows that the ability to produce
hyperosmotic urine, measured as maximum urine osmolality, has evolved convergently in

mammalian species with geographic ranges characterised by low mean annual aridity index.

4. Phylogenetic generalised least-squares (PGLS) models show that the mean annual aridity index
of a species’ geographic range largely predicts its urine-concentrating ability, even when
accounting for body mass differences, phylogenetic correlations, the specific condition under
which urine osmolality was measured, the method used to measure urine osmolality, and the

species’ diet.

5. In contrast, we find much weaker correlations between mass-adjusted basal metabolic rate and
environmental variables when analysing 84 of the species included in the urine osmolality

analysis.

6. Taken together, our results not only show that desert mammails effectively concentrate more urine
than non-desert mammals, but further suggest that aridity is likely to have been one of the main
selective pressures leading to increasing maximum urine-concentrating ability and driving its

repeated evolution in different desert mammalian lineages.
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Introduction

Deserts are defined as regions with an aridity index, a ratio of annual precipitation and potential
evapo-transpiration, below 0.20 (Ward 2016). Desert species independently evolved striking adaptations
to cope with the water scarcity and extreme climatic and physical conditions that characterise such
habitats (Nagy 2004; Willmer et al. 2005; Schwimmer and Haim 2009; Pannabecker 2013; Fuller et al.
2014; Rymer et al. 2016). For the last fifty years, this has captured the attention of many eco-physiologists
who turned to desert biology to study the physiological mechanisms that help desert animals to maintain
their body temperature and retain water. Remarkably, most of the classic works on mammalian desert
physiology, pioneered by Knut Schmidt-Nielsen (Schmidt-nielsen et al. 1948; Schmidt-Nielsen et al.
1964; Schmidt-nielsen 1965), have survived the test of time, as researchers have applied new
perspectives and tools to test specific hypothesis regarding the evolution of adaptive traits (Walsberg
2000; Tracy and Walsberg 2002).

Among the classical findings of physiological adaptations that minimise water loss is the ability of
some desert mammals to produce highly concentrated urine (Sands and Layton 2014). This phenotype
is mostly associated with desert ‘evaders’, such as the Australian spinifex hopping mouse Notomys
alexis, which holds the record for highest hyperosmotic urine (above 9000 mOsm/kg; Schwimmer & Haim
2009, Donald & Pannabecker 2015). Evaders, part of a classification system proposed by Wilimer et al.
(2005), are small animals that are able to evade extreme conditions through behaviour (Willmer et al.
2005). By contrast, large mammals unable to shelter from extreme climates that are forced to withstand
heat, are called ‘endurers’, and medium-sized mammals unable to evade or withstand extremes as
efficiently as evaders and endurers are called ‘evaporators’ (Willmer et al. 2005). Mammalian urine-
concentrating ability is negatively correlated with body mass (Beuchat 1990), so the small desert evaders
stand out in this capacity (Donald and Pannabecker 2015). However, when mass-adjusted, the capacity
to produce highly concentrated urine seems to have evolved independently in desert mammals (Beuchat
1990, 1996).

Classical comparative physiology studies have provided evidence for convergent adaptive
evolution of ecologically relevant phenotypes in multiple desert mammals. A textbook example includes
basal metabolic rate (BMR), which is predicted by latitude and zonal climate, even when accounting for
phylogeny and body mass (Lovegrove 2000; Fristoe et al. 2015). Desert mammals evolved lower
production of metabolic heat to maintain body temperatures and reduce evaporative water loss (Elgar
and Harvey 1987; Lovegrove 2000, 2003; Clarke et al. 2010; Fristoe et al. 2015). Surprisingly, and to the
best of our knowledge, no study to date has attempted to identify continuous climatic or environmental
variables that help explain variation in urine-concentrating ability, one of the most celebrated examples

of mammalian desert adaptation. Moreover, previous studies concerning urine-concentrating ability have
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ignored phylogenetic correlations when analysing associations between this trait and the environment
(Beuchat 1990, 1996).

We explicitly test the hypothesis that the aridity index of a species’ geographic range predicts its
maximum urine-concentrating ability, even when accounting for body mass and phylogenetic relationship,
and provide statistical evidence that the ability to avoid water loss by producing hyperosmotic urine has
evolved independently in multiple phylogenetic lineages of desert mammals. Additionally, we use similar
models to re-analyse mass-adjusted BMR for species in which urine osmolality was obtained, and test

aridity index and temperature variables as predictors for metabolism in desert mammals.

Methods

Phenotypes were obtained by extensive web-based literature search and by taking advantage of
large datasets from previously published revision studies (Beuchat 1990, 1996; Lovegrove 2000; White
and Seymour 2003). A total of 108 mammalian species’ maximum urine-concentrating abilities came
from two previous studies by Beuchat (1990, 1996), in which the author recorded the specific condition
(C) under which urine osmolality (mOsm) was measured, including: dehydrated (D), given salt (S) or
protein (P) loading, combinations of these conditions, or treatment not specified (X); the method (M) used
to measure urine mOsm, as well as the study-species’ diet (Di; see Beuchat 1990, 1996 and Appendix
S1 for more information). We searched Google Scholar (http://scholar.google.com) for the keywords
‘urine osmolality’, ‘mammals’, ‘urine-concentrating ability’, and recorded the highest mOsm values for 13
additional mammalian species from other studies (Nagy et al. 1976; Maloiy et al. 1979; Downs and Perrin
1991; Kronfeld and Shkolnik 1996; Diaz and Ojeda 1999; Ostrowski et al. 2006). For these studies we
also noted the experimental conditions the study-cases were subjected to, the method used to measure
urine mOsm, and species’ diet type, following Beuchat (1990, 1996). For species with more than one
record of urine mOsm, we opted to keep values taken from captive study-subjects under controlled or
experimentally induced dehydration, as opposed to measurements of unknown condition taken in the
field. Only one measurement was used per species. All species in our dataset were classified according
to the endurer-evader-evaporator concept proposed by Willmer et al. 2005. A full detail of the conditions
and studies can be found in Appendix S1.

As mOsm is a plastic trait, the experimental conditions under which this parameter is measured
can greatly affect estimates, particularly the degree of hydration of study-subjects. Therefore, we curated
two datasets: 1) a larger dataset including all 121 reported measurements of mOsm (see Appendix S1);
and 2) a subset containing only 87 observations in which the study-subject, in captivity, was dehydrated
and not given food or other treatments. However, we note that there is still some residual variation in the

number of days under water-deprivation for an animal to be considered fully dehydrated, and variation in
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the method used for measuring mOsm. Also, for the 121-species dataset, 24 records came from studies
that did not report the procedures used to measure mOsm. Downstream analyses were performed on
both data sets.

The geographic range polygons of each species for which physiological data were available were
downloaded from the website of the International Union for Conservation of Nature (IUCN 2019, 2020).
We also downloaded the following environmental variables at about 1 km spatial resolution: annual aridity
index (Al) from the CGIAR-CSI Global Aridity database (Trabucco and Zomer 2009), and annual mean
temperature (BIO1), maximum temperature of the warmest month (BIO5), minimum temperature of the
coldest month (BIO6), and temperature annual range (BIO7) from the WorldClim database (Fick and
Hijmans 2017). We then used a Geographical Information System to calculate mean values for each
environmental variable within the geographic range polygon of each species. For species with global
geographic ranges, and for which phenotypes under review were sampled from a specific region, we
partitioned the original distribution polygon accordingly and calculated mean values for the sampled zone.
A full detail of the mean annual aridity index (Al) and mean temperature variables (BIOS) for each
species’ geographic range can be found in Appendix S1. To avoid the effects of collinearity, we tested
for correlations between pairs of variables using a Spearman correlation test before testing them together
as predictors for mOsm and BMR in downstream analyses. This test was performed using the ‘ggscatter’
function implemented in the R package ‘ggpubr’ with the correlation method option set to ‘Spearman’.
We used a previously published mammalian phylogenetic tree estimated using both nuclear and
mitochondrial genes (Upham et al. 2019), and pruned the tree to retain only the species included in our
study. For visualisation of trait evolution on the tree, we projected states for maximum mOsm and
temperature variables, estimated using maximum-likelihood methods, onto the internal edges and nodes
of the tree using a colour gradient. The estimation was done using the ‘fastAnc’ option in the ‘contMap’
function implemented in the R package ‘phytools’ (Revell 2012).

Phylogenetic generalised least squares (PGLS) as implemented in ‘phytools’ were performed
using the ‘gls’ function with the model of Pagel (1999) to test different linear models with increasing
complexity. Briefly, the model of Pagel adjusts the off-diagonal elements of variance-covariance matrix
in a Brownian evolution model with a multiplicative factor, A, such that when A = 0 a star phylogeny is
obtained representing no phylogenetic signal, while when A = 1 a standard Brownian motion process on
the reference tree is obtained. As residuals of maximum mOsm are not normally distributed (Fig. 1), we
performed PGLS analyses on log10(maximum mOsm) using log10(body mass) as covariate. Mean Al
and/or mean temperature variables were used in PGLS models as potential predictors of urine-
concentrating ability. Condition (C), method (M) and diet (Di) were also included as covariates. For the

dataset including only dehydrated individuals, the same PGLS models were tested with Al converted to
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a categorical variable using the following binning (defined by Trabucco & Zomer 2009): humid for Al >
0.65, dry sub-humid for 0.5 < Al < 0.65, semi-arid for 0.2 < Al < 0.5, and arid for Al < 0.2. To test for
phylogenetic signal for specific traits, we calculated Pagel’s A on urine-concentrating ability, body mass
and Al using the function ‘phylosig’ as implemented in ‘phytools’. All statistics were performed in R v.
4.0.1 and RStudio v. 1.3.1073. Detailed code implementing these analyses is available at

https://github.com/joanocha/GIS_PGLS_MetaAnalysis.
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Figure 1. Quantile-quantile plots for the normal distribution of variables (A, C, E) and log10 of variables (B, D, F) used in this study of urine-

concentrating ability of desert mammals.

Results

We analysed the dataset with information on maximum urine-concentrating abilities, mean annual
aridity index (Al) and WorldClim temperatures (BIOS) for a total of 121 mammal species with available
DNA sequence information. Ancestral state reconstruction across our dataset’'s phylogeny shows that
the ability to produce hyperosmotic urine has evolved multiple times in mammalian species with

geographic ranges with low mean annual aridity index (Fig. 2).
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Figure 2. Ancestral state reconstruction for mean annual aridity index (Al, left) and maximum urine osmolalities (mOsm/kg; right) in a
phylogenetic tree with 121 mammalian species.
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When testing for phylogenetic signal using Pagel’s A, we found significant phylogenetic signal for
most variables, validating the relevance of adjusting the linear models for phylogenetic covariance (Table
1). All PGLS models tested in this study point to mean Al as a significant and important predictor of
mammalian maximum mOsm (Table 2; see also Appendix S2 for all PGLS models tested). The lower the
mean annual aridity index, the more efficiently mammals are able to concentrate urine (Fig. 3), even
when accounting for the differences in body mass, diet, experimental condition, methodology and
phylogeny (Table 2, Appendix S2). Overall, species inhabiting arid and semi-arid environments can
maximise urine concentration well above the levels of their dry sub-humid and humid counterparts (Fig.
3). In congruence with Beuchat (1990), our results also show that log-transformed body mass is also
negatively correlated with log-transformed maximum mOsm, though not to the same extent as mean
annual aridity index (Table 2, Fig. 4). We also find that urine-concentrating ability is significantly lower in
species with a frugivorous diet than in strictly carnivorous species (Table 2). Mean annual aridity index
or mean Al correlates with temperature variables, except mean BIO7 (Appendix S3). Overall, no strong
correlations were found between urine-concentrating ability and temperature variables (see Appendix S2
for PGLS using temperature variables as covariates, and Appendix S4 for visual illustration of the
relationship between mOsm and WorldClim temperatures). When experimental condition and
methodology were used as co-variates in the PGLS analysis, their role in predicting maximum mOsm
was not significant (Table 2, Appendix S2).

Table 1. Phylogenetic signal (A) for variables with significant P-values. Variables for which A is close to 1, and with P-values <

0.05, have significant phylogenetic signals.

Variable Pagel’s A (P-value)
Log10(maximum urine osmolality) 0.988 (3.26e-12)
Log10 (body mass) 1.000 (1.26e-41)
Mean Al (annual aridity index) 0.854 (0.0002)
Mean BIO1 (annual mean temperature) 0.668 (0.0026)
Mean BIO6 (minimum temperature of the coldest month) 0.772 (0.0002)
Mean BIO7 (temperature annual Range) 0.840 (4.90 e-06)

We tested similar PGLS models on the subset of the data that only included dehydrated study-
subjects, resulting in a smaller dataset including 87 species (18 arid, 26 semi-arid, 13 dry sub-humid, and
30 humid). The results from this analysis (illustrated in Table 3) are similar to those of the larger dataset
conditions (Table 2). When using Al as a discrete variable, we found that mOsm was significantly higher

in species from arid environments than in species from semi-arid, dry sub-humid and humid regions
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(Table 3). In all analyses, the mean Al of the species’ geographic range is a stronger predictor of
maximum mOsm than body mass and diet, and the condition of study-subjects and methodology used to

measure this trait are not significant predictors (Tables 2 and 3; see also Appendix S2).

Table 2. PGLS models for predicting mammalian log10(maximum urine osmolality). Significant P-values are highlighted in bold;

AIC = Akaike information criterion, s.e. = standard error.

Model AlC Variable Coefficient s.e. t-value P-value
Al + BM -74.4 Intercept 3.632 0.059 61.64 0.0000
(best model) Al -0.373 0.040 -9.20 0.0000
BM -0.092 0.014 -6.43 0.0000
Al + BM + C + M +Di -16.3 intercept 3.703 0.097 37.99 0.0000
Al -0.368 0.043 -8.47 0.0000
BM -0.082 0.015 -5.54 0.0000
DF condition 0.023 0.080 0.28 0.7763
DP condition -0.081 0.108 -0.75 0.4537
DPS condition 0.020 0.178 0.11 0.9104
DS condition -0.047 0.106 -0.45 0.6573
P condition -0.006 0.077 -0.08 0.9341
S condition 0.049 0.065 0.75 0.4536
SP condition 0.148 0.148 1.00 0.3202
X condition -0.049 0.047 -1.06 0.2911
A method -0.068 0.153 -0.44 0.6592
F method 0.016 0.039 0.41 0.6801
FV method 0.058 0.097 0.60 0.5530
V method 0.106 0.055 1.93 0.0570
Cl dgiet -0.158 0.141 -1.12 0.2649
Fr giet -0.533 0.149 -3.57 0.0005
G diet 0.013 0.103 0.13 0.8980
H diet -0.132 0.088 -1.50 0.1366
I diet -0.130 0.107 -1.22 0.2260
O diet -0.055 0.095 -0.58 0.5634

Model notation refers to the variables used as predictors: mean Al = annual aridity index, BM = log10 body mass (kg); C = condition (fed-F,
given salt load-S, protein load-P, unknown condition-X, and combinations of these, all relative to dehydrated-D); M = method (addition of solutes-
A, freezing point-F, vapour pressure-V, and combinations of these, all relative to unknown method-?); Di = diet (frugivorous-Fr, granivorous-G,

herbivorous-H, insectivorous-I, omnivorous-O, and Cl-both carnivorous and insectivorous, all relative to strictly carnivorous-C).
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Figure 3. Maximum urine osmolality (mOsm/kg) in mammals and mean aridity index (Al). (A) Schematic illustration of the endurer-evader-

evaporator concept proposed by Willmer et al. (2005) and classification of mammals into arid, semi-arid, dry sub-humid and humid habitat

occupiers according to Trabucco and Zomer (2009). (B) Boxplot for maximum mOsm in 121 endurers, evaders, and evaporators with ranges

with different Als. (C) Scatterplot for maximum mOsm in 121 mammal species.
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Table 3. PGLS models for predicting mammalian log10 maximum urine osmolality (mOsm/kg) in the dataset including only
dehydrated individuals. Significant P-values are highlighted in bold; AIC = Akaike information criterion, s.e. = standard error.

Model AlC Variable Coefficient s.e. t-value P-value
Al + BM -62.3 Intercept 3.572 0.167 21.33 0.0000
(best model) Al -0.309 0.047 -6.51 0.0000
BM -0.091 0.022 -4.13 0.0004
Al + BM + M + Di -34.7 intercept 3.679 0.132 27.83 0.0000
Al -0.344 0.043 -7.96 0.0000
BM -0.067 0.016 -4.18 0.0001
A method -0.107 0.141 -0.75 0.4528
F method -0.007 0.042 -0.16 0.8702
FV method 0.096 0.104 0.93 0.3563
V method 0.029 0.070 0.42 0.6758
Cl giet -0.098 0.165 -0.60 0.5536
Fr giet -0.406 0.178 -2.28 0.0254
G diet 0.090 0.142 0.63 0.5281
H diet -0.106 0.135 -0.79 0.4333
| diet -0.049 0.140 -0.35 0.7261
O diet 0.002 0.139 0.02 0.9873
cAl + BM + M +Di -24.99 intercept 3.663 0.137 26.71 0.0000
Dry sub-humid -0.242 0.051 -4.72 0.0000
Humid -0.342 0.045 -7.58 0.0000
Semi-Arid -0.105 0.045 -2.37 0.0207
BM -0.068 0.016 -4.32 0.0000
A method -0.154 0.143 -1.08 0.2829
F method -0.035 0.042 -0.83 0.4094
FV method 0.084 0.105 0.80 0.4246
V method 0.034 0.068 0.50 0.6208
Cl giet -0.116 0.167 -0.70 0.4880
Fr giet -0.438 0.179 -2.45 0.0166
G diet 0.105 0.144 0.73 0.4653
H diet -0.083 0.137 -0.61 0.5454
| diet -0.011 0.143 -0.08 0.9384
O diet 0.036 0.140 0.26 0.7971

Model notation refers to the combination of variables used as predictors while taking phylogeny into account: mean Al = annual aridity index;
BM = log10 body mass (kg); C = condition (fed-F, given salt load-S, protein load-P, unknown condition-X, and combinations of these, all relative

to dehydrated-D); M = method (addition of solutes-A, freezing point-F, vapour pressure-V, and combinations of these, all relative to unknown
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method-?); Di = diet (frugivorous-Fr, granivorous-G, herbivorous-H, insectivorous-I, omnivorous-O, and Cl-both carnivorous and insectivorous,

all relative to strictly carnivorous-C).

We obtained mass-adjusted BMR for 84 of the 121 species from our dataset. BMR was weakly
correlated with bioclimatic variables (Appendix S5), and variation in this parameter is better explained by
log10 body mass (Table 4).

Table 4. PGLS models for predicting log10 mass-adjusted basal metabolic rate (ml of O, per g per day) ranked by AIC (Akaike
information criterion). Significant variables are highlighted in bold (P-value < 0.05). When A is zero, the covariance between
species is zero and the linear model approaches that of a non-phylogenetic regression, while when A is 1, the evolution of the

residual error follows a Brownian model.

Model AIC Pagel’'s A

BM -27.28 0.7601046
BM + Al -23.61 0.7503346
BM + BIO1 + BIO5 + BIO6 + BIO7 -6.51 0.6825869
BM + Al + BIO1 + BIO5 + BIO6 + BIO7 -1.69 0.6759448
BM + Al + Di -1.68 0.6288732
BM + BIO1 + Di 1.73 0.5731028
BM + BIOS5 + Di 1.77 0.6274593
BM + BIO6 + Di 1.91 0.5383454
BM + BIO7 + Di 4.05 0.5487208
BM + cAl + Di 5.69 0.5982846
BM + BIO1 + BIO5 + BIO6 + BIO7 + Di 12.28 0.4437627

Model notation refers to the combination of variables used as predictors while taking phylogeny into account. Variables are BM = log10 body
mass (g); mean Al = annual aridity index (continuous), cAl = categorical Al (arid, semi-arid, dry sub-humid, humid), Di = diet (carnivorous-C,
frugivorous-Fr, granivorous-G, herbivorous-H, insectivorous-I, omnivorous-O, carnivorous and insectivorous-Cl); and mean temperature values
for BIO1 = annual mean temperature, BIO5= maximum temperature of warmest month, BIO6 = minimum temperature of coldest month, BIO7 =

temperature annual range.

Discussion

The extent to which different mammalian species from desert environments have significantly
higher urine-concentrating abilities than mammals from other environments, thus exhibiting phenotypes
enabling better water retention in extreme conditions of water-deprivation and extreme temperature
ranges, has not previously been subject to rigorous statistical analyses that account for phylogeny

(Beuchat 1990, 1996). We performed ancestral state reconstruction on a molecular phylogeny to show
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that increased ability to concentrate urine, measured as maximum mOsm, has evolved convergently in
many desert mammals.

PGLS analysis on a multi-species dataset revealed that desert-dwelling species effectively
concentrate more urine than non-desert species, even when accounting for both body mass and
ancestry, and, furthermore, that differences in mammalian maximum mOsm can be predicted, to some
degree, by the aridity of species’ range. Our measurement of environmental aridity is inherently imprecise
as it does not account for spatial and temporal changes in the environmental conditions or in the species’
geographic range, and it implicitly assumes a uniform density distribution across the species’ range
(Trabucco and Zomer 2009; Fick and Hijmans 2017). Still, we find it more rigorous than the often-used
approach of classifying species as ‘mesic’ or ‘xeric’ based on habitat descriptions or information on
whether the species’ survival depends on standing water (Beuchat 1996; Lovegrove 2000). Despite the
challenges, and while acknowledging additional noise added by varying experimental conditions and
methodologies, we find a strongly significant correlation between maximum mOsm and mean Al. This
observation is similar to what has been previously reported in other desert-adaptive phenotypes, such as
BMR (Lovegrove 2000; Fristoe et al. 2015). However, we find a much weaker correlation for BMR and
environmental variables when analysing 84 of the same species as in the mOsm analysis, suggesting
that, in contrast to our results for mOsm, differences in BMR among species are mostly explained by
body mass differences and are only weakly predicted by environmental variables (Genoud et al. 2018).

A contentious debate in the fields of ecological and evolutionary physiology is whether phenotypic
differences between species and populations inhabiting contrasting environments are due to genetic
adaptations or due to plastic responses, and difference in the ability to concentrate urine is no exception.
Although all mammals, when water-deprived, are able to increase urine concentration in relation to their
optimal hydrated states (Sands and Layton 2014; Knepper et al. 2015), our results, from a dataset in
which subjects were all captive and water-deprived, provide strong evidence that increased maximal
urine concentration is an adaptation to high aridity and has evolved multiple times in different
phylogenetic lineages. Notably, increased urine-concentrating ability correlates with increased renal
medullary thickness in desert mammals (Beuchat 1990; Schwimmer and Haim 2009).

Our PGLS analyses also suggest that, among the many physical and climatic challenges faced
by desert species, aridity, more than temperature, has been one of the main selective pressures leading
to increasing maximum urine-concentrating ability and driving its repeated evolution in different desert
mammalian lineages. Future comprehensive statistical studies investigating correlations of bioclimatic
variables with more of the classical desert phenotypes, using multiple covariates including phylogeny,
will provide further elucidation on the extent to which climate is predictive for mammalian phenotypes. As

population and comparative genomics studies in desert environments continue to search for the genetic
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basis of desert adaptation (e.g. Wu et al. 2014, Kim et al. 2016, Yang et al. 2016, Bittner et al. 2020),
maximum urine-concentrating ability might be one of the primary physiological traits that lends itself to

more detailed genetic analyses.
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Appendix S2 — PGLS models for predicting log10 mammalian maximum urine osmolality
(mOsm/kg) ranked by AIC (Akaike information criterion). Model notation refers to the combination
of variables used as predictors while taking phylogeny into account. When A is zero the covariance
between species is zero and the linear model approaches that of a non-phylogenetic regression, while
when A is 1 the evolution of the residual error follows a Brownian model. Highlighted are significant

variables (p-value < 0.05).

Dataset Model AlIC Pagel's A

Different conditions (121 Al + BM -74.4 0.2219936

species) Al + BM + Di -66.3 -0.0146275
Al -60.2 0.8561328
Al+BM + M -54.6 0.1146517
BIO5 + BM -49.4 0.955564
Al + BM + BIO1 + BIO5 + BIO6 + BIO7 -47.7 0.2364178
BIO1 + BM -45.6 0.9632151
BIO6 + BM -39.6 0.9679175
Al + BM + C -38.6 0.158529
BIO5 -37.4 0.9680426
BIO1 -35.2 0.9748651
Al +BIO1 + BIO5 + BIO6 + BIO7 -34.5 0.8533049
BIO5 + BM + Di -34.4 0.8907402
BIO1 + BM + Di -31.3 0.9043004
BIO5 + BM + M -30.9 0.9517756
BIO6 -30.0 0.9796061
Al+BM+C +D -29.9 -0.013942
BIO1 + BM + M -26.5 0.9606075
BIO6 + BM + Di -24.2 0.9170073
BIO7 -22.2 0.9845628
BIO6 + BM + M -20.8 0.9655426
Al+BM+C +M -19.1 0.08665056
Al+BM + C + M + Di -16.3 -0.0235275
BIO5 + BM + C -14.7 0.9561875
BIO1+BM +C -11.5 0.9658072
BIO6 + BM + C -6.72 0.9712682
Al + BM + C + M + Di + BIO1 + BIO5 + BIO6 + BIO7 10.02 -0.0165843
BIO5 + BM + C + M + Di 12.57 0.0488838
BIO1 +BM + C + M + Di 18.32 0.8811903
BIO6 + BM + C + M + Di 24.33 0.9169933

Dehydrated only Al + BM -62.3 0.9294967

(87 species) Al -54.4 0.9436382
Al + BM + Di -52.3 -0.0325474
cAl + BM -48.9 0.9504767
Al + BM + M -42.8 0.898354
cAl -42.8 0.9528914
cAl + BM + Di -42.7 -0.0327938
BIO1 + BM -40.7 0.99556
BIO5 + BM -39.5 0.985862
Al + BM + BIO1 + BIO5 + BIO6 + BIO7 -39.1 0.9680209
BIO6 + BM -38.0 1.000221
Al + BM + M + Di -34.7 -0.0227454
BIO1 -34.0 0.9969119
BIO7 + BM -33.4 1.002295
BIO5 -32.3 0.9876165
BIO6 -32.3 1.001864
Al + BIO1 + BIO5 + BIO6 + BIO7 -30.5 0.9716893
cAl+ BM + M -29.5 0.9392195
BIO7 -28.6 1.004338
BIO1 + BM + Di -27.5 0.9877439
BIO5 + BM + Di -26.6 0.9676973
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cAl + BM + M + Di -25.0 -0.0193277
cAl + BM + BIO1 + BIO5 + BIO6 + BIO7 -24.2 0.9664614
BIO6 + BM + Di -23.9 0.9957233
Al + BM + M + Di + BIO7 -23.9 -0.0339047
BIO5 + BM + M -20.6 0.9851374
BIO1 + BM + M -20.4 0.995414
BIO7 + BM + Di -17.6 0.9999706
BIO6 + BM + M -17.5 0.999279
cAl + BIO1 + BIO5 + BIO6 + BIO7 -17.2 0.9684298
BIO7 + BM + M -13.4 1.001486
cAl+ BM + M + D + BIO7 -10.8 -0.0192356
Al + BM + M + Di + BIO1 + BIO5 + BIO6 + BIO7 -8.97 -0.0326146
BIO1 + BM + M + Di -8.06 0.9871385
BIO5 + BM + M + Di -5.79 -0.0216553
BIO6 + BM + M + Di -4.36 0.9942829
cAl + BM + M + Di + BIO1 + BIO5 + BIO6 + BIO7 0.40 -0.0227543
BIO7 + BM + M+ Di 1.47 0.9991637
Variables are mean Al = annual aridity index (continuous), cAl = categorical Al (Arid, Semi-Arid, Dry sub-humid, Humid), BM = log10

body mass (kg), C = condition (dehydrated-D, fed-F, given salt load-S, given protein load-P, unknown-x and combinations of these), M

= Method (unknown-?, solutes-A, Freezing point-F, Vapor pressure-V, and

combinations of these), Di

Diet (Carnivorous-C,

Frugivorous-Fr, Granivorous-G, Herbivorous-H, Insectivorous-I, Omnivorous-O, Carnivorous and Insectivorous-Cl), and mean values
for BIO1 = annual mean temperature, BIO5= maximum temperature of warmest month, BIO6 = minimum temperature of coldest month,

BIO7 = temperature annual range.
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Appendix S3. Spearman correlation for mean annual aridity index and four measurements of

temperature variation. P-values are not presented as the plots do not take spatial correlation into

account.
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Appendix S4. Spearman correlation for log10 maximum urine osmolality (measured in mOsm/Kg)

and four measurements of temperature variation. P-values are not represented as the plots do not

take phylogenetic affinity into account.
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Appendix S5. Spearman correlation for log10 mass-adjusted Basal Metabolic Rate (ml of O, per g
per day) and four measurements of temperature variation. P-values are not represented as plots do

not take phylogenetic affinity into account.
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PAPER 3.

North-African fox genomes reveal signatures of ancient

introgression and adaptation to life in deserts

Rocha J. et al.

(manuscript in preparation for submission)

Abstract

North-African desert-dwelling foxes (Vulpes spp.) have lived for a long time in the extreme
conditions of the Sahara Desert, including high thermal amplitudes and water and food scarcity. We
applied a genomic approach to investigate the genetic basis underlying the ability of different fox
species to thrive in desert environments. We show that past gene flow between North-African red
foxes (Vulpes vulpes), and desert-specialist Rueppell’s fox (V. rueppelli), likely facilitated red fox
recent adaptation to an expanding Sahara, after they split from Eurasian populations ca. 78 Kya.
Further comparative analysis identified a highly unusual and divergent 25 Mb genomic region in
Rueppell’s fox that can be explained as the result of an ancient introgression from another fox related
to the fennec (V. zerda). Scans for signatures of adaptation revealed signals at genes associated with
water retention through reduced panting and sweating, temperature perception and adaptive
thermogenesis in North-African red fox, and genes affecting renal water homeostasis in Rueppell’s
and Fennec fox, some of which were supported by expression and/or physiological differences. These
discoveries suggest that both standing adaptive genetic variation and introgression with older resident

desert species have been key drivers of desert adaptation in North-African foxes and are likely to be

critical components of evolutionary responses to climate change.

Main

Despite multiple studies on the adaptation of dogs and wolves to local environments, including
cold climates and high altitudes (Sinding et al. 2020; Wang et al. 2020), our understanding of the
genetic basis of canid adaptation to hot desert environments remains limited. Foxes of the genus
Vulpes are the only group of canids with geographic distributions that fully overlap with some of the

most extreme deserts on Earth (Sillero-Zubiri et al. 2004). The Rueppell’s fox (V. rueppellii) is a desert-
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adapted species widely distributed in arid and hyper-arid regions of North-Africa and the Middle East
(Figure 1A). In North-Africa, Rueppell’s fox fully overlaps in range with a more distantly related
congener, the fennec (V. zerda), and both species are remarkably adapted at coping with extreme
temperatures and water scarcity (Sillero-Zubiri et al. 2004). The sister species to Rueppell’s fox is the
red fox (V. vulpes), a widely distributed and ecologically plastic species found in a variety of habitats
across the Northern Hemisphere (Leite et al. 2015). Rueppell’s and red foxes are likely to be of
Eurasian origin and overlap in range at the outer edges of the Middle Eastern deserts and at the
northern fringes of the Sahara (Figure 1A) (Brito et al. 2009). Though the two sister species differ
fundamentally in ecology, morphology, behavior and physiology, red fox desert morphs have been
described and a previous study has alluded to past introgressive-hybridization events with Rueppell’s
fox in North-Africa (Sillero-Zubiri et al. 2004; Leite et al. 2015). The Sahara and its northern outer
edges thus represent a remarkable natural laboratory for addressing questions regarding red fox

dispersal, interactions with ancestral desert-dwelling species and natural selection processes.

Genomic dataset, phylogeny and population structure

To address the genetic basis underlying adaptation to hot desert environments, we sequenced
the complete genomes of 82 foxes (~4.5x coverage), including 48 red foxes (North-Africa, n=30;
Eurasia, n=18) and 24 Rueppell’s (North-Africa) (Figure 1A). We additionally sequenced genomes
for two North-African outgroup species, the fennec (n=5) and the pale fox (V. pallida; n=5) and used
a suite of statistical methods targeted for low to medium coverage data (see supplementary Methods
and Table S1) (Korneliussen et al. 2014).The arctic fox (V. lagopus) (Hasselgren et al. in press) and
dog (Canis lupus familiaris) genomes were used as reference and outgroups (Figure S1).

Whole-genome phylogenetic analyses (Figure 1B) and mtDNA-based ancestral range
reconstruction for several Vulpes (Table S2, Figures $2-5, Tables S4-5) supported a Eurasian origin
for Rueppell’'s and red foxes with independent North-African colonization. These analyses further
show that the two sister species share common ancestors with Asian foxes (Figures S3-4, TableS5)
and the arctic fox (Figure 1B) after divergence from fennec and pale fox. Principal component and
admixture analyses first separated Eurasian and North-African red foxes, and then Eurasian
populations into Europe and Asia (Figure 1C, Figures S6-7). This suggests that gene flow has been
more limited between North-Africa and Eurasian red foxes than among Eurasian populations,
consistent with red fox isolation in North-Africa (Figure 1). We did not find evidence for geographic
structure within North-African Rueppell’s fox, suggesting genetic continuity throughout the Sahara

(Figures S6-7, Figure 1).
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Figure 1. Sampling localities and overall species relationships. (A) Geographic location of the samples (points) and distribution ranges
(lines) for Rueppell’'s and Red fox used for population genetic analyses (see Table S1 for sampling details and Figure S2) [Photo credit:
Ricardo Rocha, Monia Nakamura]. North-African red fox individuals were sampled across an aridity gradient ranging from dry-sub humid
to hyper-arid regions. We used a color range for Aridity Index (Al) from 0 to 0.2, to define arid (0.05 < Al <0.2) and hyper-arid regions
(Al<0.05) and demark them from non-desert areas (Al > 0.2). Dark grey lines delimit the distribution range of red foxes, and beige line
border the distribution range of Rueppell’s fox (B) RaxML whole-genome tree constructed with genetic distances among 83 foxes based
on genotype likelihoods using the Dog as outgroup. Genetic distances were calculated with ngsDist with genome-wide polymorphic sites,
filtering for a minor allele frequency of 0.05. This was performed through concatenation of genomic data, which typically leads to long
external and short internal branches within species. (C) Admixture proportions inferred with Ohana structure analysis and trees for K=3 (top
structure plot, left tree) and K=4 (bottom structure plot, right tree). Each bar shows the inferred ancestry fraction for an individual. Labels
above and below bars identify the species and geographical location.

Introgressive-hybridization events

Previous studies have shown that introgressive-hybridization events are pervasive in canids,
and may extend far deeper than between pairs of closely related species (Gopalakrishnan et al. 2018;
Wang et al. 2020). We used D statistics (Soraggi et al. 2018) and TreeMix admixture graphs (Pickrell
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and Pritchard 2012) (Figures S8-9) to test for introgression among North-African foxes. We found
significant excess of allele sharing between North-African red foxes and Rueppell’s foxes relative to
Eurasian red foxes, providing evidence of past interspecific gene flow (Table S6). Past introgression
between North-African Rueppell’s and red foxes was also supported by inference of their joint
demographic history using GADMA (Noskova et al. 2020) and dadi (Gutenkunst et al. 2009), which
showed nonzero two-way asymmetric migration after their divergence ~576 kya (Figure S10, Table
S7). Remarkably, D statistics and admixture graphs further suggested introgression between
Rueppell’s fox and the highly divergent fennec fox (Table S6, Figure S8). Introgression in arid regions
could have facilitated evolutionary responses to climate change, as well as the long-term maintenance
of adaptive variation among ecologically similar and geographically overlapping desert-dwelling
species (Figures 1A, S2A). To identify potentially introgressed regions, we calculated f'q (Martin et
al. 2015) and Z(D) in non-overlapping windows of 200 kb (Figure 2, Figures S11-12). This revealed
several genomic regions shared between North-African Rueppell’s and red foxes (Figure 2A), and a
large ~25 Mb region shared between Rueppell’s fox and fennec (Figure 2B). To further examine the
evolutionary history of these regions, we compared the estimated average genome-wide tree with
tree topologies for genes with the most extreme values of the empirical distribution for f'4 (above the
99" percentile; Figure 2A, Tables S8-9, Figures S13-S15) and for the 25Mb region (Figure 2B,
Table S10-S11; Figure S16).

In contrast to the topology observed for the genome-wide tree, nearly all North-African red fox
individuals appeared more closely related to Ruppell's fox than to other red foxes at SLC6A16, which
shows the second strongest signal of introgression (Figure 2A, Figures S14-15). Though the gene-
species tree discordance at SLC6A16 is consistent with significant evidence for genome-wide
introgression, it could also be explained by incomplete lineage sorting (Hedrick 2013; Marques et al.
2019). To disentangle these hypotheses, we compared levels of genome-wide differentiation (Fsr)
and genetic divergence (d,y) between Rueppell’'s and North-African red foxes with those estimated at
introgressed regions (Figures $17-19). Consistent with an introgression scenario, Fst and d,y levels
across SLC6A16 were remarkably lower between North-African red and Rueppell’s foxes (below 0.5%
of the genome-wide empirical distribution) (Figures S$17-19). SLC6A16 is a member of a family of
neurotransmitter transporters involved in multiple biological processes and has been implicated in
chronic kidney disease and cellular response to oxidative stress (Pramod et al. 2013; Ainsworth et al.
2017). We also found similar gene-species tree discordances for other genes associated with
glycogen storage and starch digestion (MGAM), and pigmentation (HPSS5), although with less
convincing patterns of reduced d,,. (Figure 2A,C; Figures S14-15, Figures S17-19). Unexpectedly,
we found a very rare topology at the CRADD gene (top outlier in Figure 2A), in which some Eurasian
red foxes and the arctic fox formed a highly divergent outgroup to Vulpes (Figure S13). The
introgression signal observed between Ruppell's fox and North-African red foxes can therefore be

explained by the presence of deeply divergent alleles predating the origin of all Vulpes at the CRADD
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region and reflects a complex evolutionary history in Eurasian red foxes and arctic fox. CRADD is
associated with differences in body size in mice and humans (Kimura et al. 2008). Likely, the arctic
fox and affected Eurasian red foxes could have received their divergent CRADD haplotypes via
ancient introgression from a highly divergent unknown canid lineage (Figure S13). Alternatively, the
observed gene-species tree discordance in Eurasian red foxes could reflect an ancestral trans-
species polymorphism maintained by balancing selection. However, this hypothesis would require
multiple losses of one of the haplotypes in different species and strong recombination suppression in
the region (e.g. by means of a structural rearrangement such as an inversion) (Jamie and Meier 2020).

Next, we explored the genomic region shared between fennec and Rueppell’s foxes (Figure
2B). Enrichment analysis on the entire 25 Mb outlier region identified several gene ontology (GO)
terms that were overrepresented (Table S11; FDR p-value < 0.05). The functions of individual genes
include thyroid hormone metabolism (SULT1B1), stress response and metabolic fasting (SULT1D1),
temperature homeostasis, regulation of heat generation and feeding behavior (NMU), and
pigmentation (KIT). The gene tree for this region unambiguously grouped Rueppell’s foxes as sister
species to the fennec (Figure 2C, Figure S16). However, the pairwise divergence between the two
desert-dwelling species is not much different from the genome-wide average (Figures S20-21),
suggesting that introgression did not happen directly between fennec and Rueppell’s fox but, instead,
from a fennec-related donor species. Sliding window analyses at the affected 25 Mb region further
revealed a complex pattern in which Rueppell’s and red fox revert to being sister taxa at the KIT gene
(Figures S22-23). KIT is a well-known case of an autosomal gene with paralogues located on red
foxes supernumerary chromosomes (Bs), which may vary in number across individuals (Makunin et
al. 2014). Consistent with this, we found that red and Rueppell’s fox individuals carry different
numbers of copies of KIT that were strongly correlated with the copy number variation pattern of other
autosomal genes (Figure $22). Under a scenario of introgression from another species we would
expect KIT to be highly polymorphic in Rueppell’s foxes, as the result of divergent autosomal alleles
and Rueppell’'s unaffected supernumerary alleles mapping in the same region. Consistent with this
hypothesis, Rueppell’'s showed a peak in genetic diversity in KIT not found in other foxes (Figure
S$23). Past correspondence analysis using chromosome painting map suggest the affected 25Mb
region (Figure 2B) to chromosomes 2p in red fox, 12p in arctic fox and part of 9 in fennec
(Graphodatsky et al. 2008). A major structural rearrangement, such as the translocation of a
chromosomal arm, could therefore explain how divergent loci at this region were maintained in strong
linkage disequilibrium. Additional Vulpes long-read-based genome assemblies are needed to resolve

the evolutionary history of this large chromosomal region.
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Figure 2. Introgression in North African foxes. Manhattan plot of fraction of admixture (f"4) on non-overlapping windows of 200kb across
all chromosomes (A) Eurasian red foxes were used as H1, North African red foxes as H2 and Rueppell’s fox as H3, with the arctic fox as
outgroup; (B) All red foxes were used as H1, Rueppell’s foxes as H2, and fennec fox as H3, with the pale fox as outgroup; this is followed
by a zoom-in view on 50kb windows (some examples highlighted). Windows from the same chromosome have the same color. Dark line
threshold separates regions above the 99" percentile. We note that other genes not displayed in the figure can overlap the outlier regions.
The arctic fox was used as reference genome and scaffolds were ordered with respect to the dog (Figure S1). (C) Estimated tree topologies
for Vulpes: whole-genome tree (left), 200kb region harboring gene MGAM (center), and 4 scaffolds in the arctic fox genome (scaffold
47,155,126, 200) above the 99" percentile of the empirical distribution (right). Regions marked with a rectangle were selected for further
investigations of gene-species tree discordance.
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North-African colonization and adaptation in red foxes

After removing introgressed regions, we sought to model the joint demographic history of
North-African and Eurasian red foxes. The model with highest composite likelihood found using
GADMA (Noskova et al. 2020) and dadi (Gutenkunst et al. 2009) dates the divergence of the two
populations to ~78 kya after the end of a warm interglacial of the Marine Isotope Stage 5 (MIS5),
which spanned 130-80 kya (Figure S10, Table S7). In North-Africa, MIS5 has been associated with
a “green Sahara” period that enabled human expansion inside the continent (Osborne et al. 2008;
Hoffmann et al. 2016). Such a humid period could have also enabled an ancestral red fox population
to colonize North-Africa and expand to regions that were previously uninhabitable for the species,
thus setting the stage for divergence from Eurasia and introgression with North-African Rueppell’s.
The model also supports asymmetrical two-way migration after divergence, suggesting migration in
subsequent African humid periods (Figure $10). The absence of significant admixed individuals in
structure plots (Figure S7) suggests this is not a recent or ongoing phenomenon and, thus, red foxes
likely remained isolated ever since the Sahara attained its current desert profile.

Red foxes living in increasingly arid environments at the Saharan northern edge for numerous
generations may have faced unique selective pressures (Figure 1). To investigate signatures of
positive selection specific to North-African red foxes, we looked for genomic regions either highly
differentiated (Population branch statistic, PBS) and/or with reduced diversity (Alpha, a) in this
population relative to Eurasian red foxes and Rueppell’s foxes. A sliding window analysis revealed
several genomic regions with high PBS and -log10(a), hinting at selection in North-African red foxes
(Figure 2). We then focused on the most extreme values of the empirical distribution (above the
99.95% percentile) in both methods and identified overlapping genes (Table S12 to S14). Then, we
looked for expression differences across blood samples (n=3 Rueppell’s, n=2 red foxes North-Africa,
n=5 Iberia) for major outlier genes (Table S3, Table S15, Figure S24 to S26).

While some of the selection signals unique to North-African red foxes may be related to other
environmental factors, such as local pathogens (e.g. CD163, ranked 1% in -log10(a), Figure 3, Figure
S$26), top hits overlapped with candidate genes associated with relevant traits for life in arid regions.
For instance, the second largest increase in -log10(a), was SLC12A2, a sodium chloride transporter
that has been implicated in dry mouth disease in humans, and lack of saliva and sweat in knockout
mice (Figure 3) (Evans et al. 2000; Stodberg et al. 2020). The strong selection signal in SLC12A2
may be related to selection for changes in expression as this gene is significantly less expressed in
North-African red foxes and Rueppell’s fox than Eurasian red foxes (Figure S26; log2fold = -1.13, p-
adjustafica vs eriay= 0.00113). Though this could also reflect plastic responses to different
environmental cues, we hypothesize that selection acted on SLC12A2 in North-African red foxes to
reduce the amount of evaporative water loss through panting (salivary water loss), the main

mechanism for cooling in canids, or sweating. Consistent with this, enrichment analysis on top regions
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with reduced diversity identified several biological processes in North-African red foxes related to
water homeostasis and regulation of water loss via skin, not found in Eurasian populations, though
these were non-significant after correcting for multiple testing (FDR p-values > 0.05; see Table S14
and Tables S16-18).

North African Red fox
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Figure 3. Selection specific to North-African Red foxes. Genome-wide selection scans on windows of 50 kb with a 10kb slide across
autosomal chromosomes (x-axis) using North African Red foxes as focal group, Eurasian red foxes as closest ingroup and Rueppell’s fox
as outgroup. Dashed lines show the 99.95™ percentile of the empirical distribution population branch statistics (PBS) and negative logarithm
of alpha (a). Windows from the same chromosome have the same color. Names of genes within the highest peaks are shown (outliers in
both methods are highlighted in bold). The arctic fox was used as reference genome and scaffolds were ordered with respect to the dog
genome (Figure S1). We note that other genes not displayed in the figure can overlap the outlier regions; a full list can be found in Tables
$12-S13.

Though arid regions in North-Africa are classified as ‘hot’, they may experience extreme daily
temperature oscillations with drops of temperature at night that can go down to -0.5°C (Ward 2016).
Another highly differentiated and low diversity gene (ranked 3™ in -log10(a)) is TRPA1, encoding for
a transient receptor potential (thermoTRP) channel protein that is gated by noxious cold or heat and
also acts as sensor for environmental irritants (Sinica et al. 2019; Xu et al. 2019) (Figure 3). Several
thermoTRP sensors have been reported under selection in arctic sled dogs (Sinding et al. 2020) and
mammoths (Lynch et al. 2015) and associated with altered temperature sensation to increase cold
tolerance in high-latitude environments. North-African foxes are nocturnal, with denning behavior
during the day (Sillero-Zubiri et al. 2004). We hypothesize that reduced thermosensitivity to both

extreme cold and heat can be adaptive in arid regions with high isothermality, and North-African red
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foxes’ genetic variation has likely been targeted by selection on phenotypes linked to bidirectional
thermoception. Notably, the gene coding for thyroid adenoma-associated protein, THADA, involved
in heat production and adaptive thermogenesis, and widely associated with climate adaptation in
humans (Moraru et al. 2017), is also under selection in North-African red foxes (ranked 14" in PBS,
Tables S12-13). As the top SNPs with highest PBS values for candidate genes lie in non-coding
regions (Figure S28), we suggest that selection in North-African red foxes targeted variants affecting
the expression of genes involved in functions beneficial to physical activity at low temperatures at
night. Interestingly, we found a region harboring ZNF516, a gene involved in cold-induced
thermogenesis (Dempersmier et al. 2015), to be under selection in Eurasian red foxes (Figure S27,
Table S$16).

Signatures of selection in Rueppell’s fox and the fennec

Our results suggest that, in addition to potential adaptive introgression from Rueppell’s fox,
North-African red foxes have unique adaptations related to tolerance of extreme temperatures and
water retention that may have increased survival chances in the increasingly arid regions at the
Saharan fringes over the past ca. 78 kya. This raises the question of what signatures of selection are
to be found in other fox species adapted to life at the core of deserts for much longer time periods
such as Rueppell’s fox (476-788 kya, Table S5) and the fennec (4.8-6.2 Mya, Table S5). To address
this, we performed a genome-wide selection scan using a PBS-like method implemented in Ohana
(Cheng et al. 2019) that can be applied to several ancestral components. We run Ohana on a sliding
window to detect regions that strongly deviate in Rueppell’s and fennec from the genome-wide
covariance structure using a likelihood ratio test, and we then focused on the top differentiated genes
(above the 99.95™ percentile) (Figure 4). We found signals of selection in genes related to renal water
homeostasis in both fennec (KIRREL1, CACNA1H) and Rueppell’'s (WFS1), genes related to
pigmentation (IRF4) in the fennec, and related to thyroid hormone metabolism (SLCO4A1),
temperature homeostasis (NTSR1), thermotaxis (OPN4) and cellular response to UV radiation
(PTPRK) in Rueppell’s (Figure 4A, Tables $S19-21).

Deficiency of WFS1 in knockout mice leads to impairment of vasopressin (AVP) secretion and
decreased ability to concentrate urine with low volume under water deprivation (Kurimoto et al. 2021).
Remarkably, WFS1 not only is under selection in Rueppell’s (ranked 2") but is also more highly
expressed than in red foxes (log2fold change = 1.83, p-adjustrueppelrs vs Red foxes)= 0.0013) (Figure
4A,C). To investigate further, we sought to test if Rueppell’s had significant water-retention abilities
compared to red foxes from North-Africa and Eurasia by looking into physiological parameters on
blood samples and urine concentrating abilities (Table S3, Tables $S22-23, Figure S29-31, Text S1).
Consistent with this, we found that levels of copeptin, a biomarker for AVP, were significantly higher
in Rueppell’s compared to red foxes (Table S23, Figure $29). We thus hypothesize that mutations

changing expression of WFS1 may explain increased urine concentrating abilities in Rueppell’s
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(Figure S31). Notably, WFS1 gene is within the 25 Mb region introgressed into Rueppell’'s genome
(Figure 2B), which suggests the species may have inherited increased capacity to retain water under
dehydration from an unidentified desert species (Figure 4C). Fennecs also have higher AVP levels
and seem to concentrate more urine than red foxes (Tables S22-23, Figures $29-31). The gene with
the highest selection signal in fennec, KIRREL1 (Figure 4A, Table S20-21), encodes a protein
produced in kidney podocytes that plays a significant role in the normal function of the glomerular
permeability. In humans, mutant KIRREL1 proteins fail to localize the podocyte cell membrane,
resulting in nephrotic syndrome (Solanki et al. 2019). KIRREL1 is therefore a likely candidate gene
that may be related to fennecs’ increased kidney function (Noll-Banholzer 1979).

Collectively, these results suggest that selection in older desert-dwelling species may have
targeted renal water-retention and kidney function to a higher degree than what we observe in desert-
edge dwelling North-African red foxes which, presumably, have more access to water. Rueppell’s and
fennec also had significantly lower levels of thyroid hormone thyroxine (T4) than red foxes (Figure
S$29, Table $23), which may potentially underlie previous evidence of reduced metabolism and non-
renal water losses in these species (Maloiy et al. 1982; Williams et al. 2004) (Text S2). While we did
not find thyroid-related genes under selection in fennec, we found a solute carrier for T4, SLCO4A1,
to be under selection in Rueppell's (ranked 1%). We also noted that the 25 Mb region likely
introgressed into Rueppell’s was enriched for sulfotransferase genes (SULTs, FDR p-value= 0.017),
one of which involved in thyroid hormone metabolism (Table S11). These, and many of the candidate

genes for desert adaptation identified in this study, remain promising targets for future studies.

Conclusions

Despite decades of studies on canid evolution, North-African foxes constitute an entirely new
system on adaptation to extreme climatic conditions not previously explored. We have shown that
ancient introgressive events combined with independent selection on adaptive tolerance to extreme
temperatures and increased capacity to preserve water have enabled North-African foxes’ survival in
desert regions at different evolutionary scales. Desertification of the Sahara and expansion of arid
regions worldwide are expected to dramatically increase, which may further intensify pre-existing
selective pressures on desert-dwelling systems (Liu and Xue 2020). We expect ancestral standing
adaptive genetic variation and introgression of alleles pre-tested by natural selection in core desert
species to be crucial components of ongoing adaptation to rapidly changing climates in foxes living
at the edge of deserts. Preserving adaptive variation in these charismatic umbrella species may help

conservation efforts focused on rescuing biodiversity currently challenged by desertification.
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Figure 4. Genome-wide selection scans for Rueppell’s and fennec fox using Ohana based on the structure and tree results from
K = 4. (A) Manhattan plot of the log-likelihood ratio values for the top 500 SNPs on windows of 50 kb with a 10kb slide across chromosomes
(x-axis) for Rueppell’s fox and fennec fox (scaffolds are ordered with respect to the dog genome with each color representing a different
chromosome). To account for selection specific to Rueppell’s and not in their common ancestral with red foxes we subtracted the log-
likelihood ratio of Rueppell’s and Red fox for the same windows (delta log-likelihood ratio). Dashed lines show the 99.95" percentile of the
empirical distribution. Names of genes within the highest peaks are shown (full list can be found in Tables $19-20). (B) Representation of
the selection study performed in (A): structure plot corresponding to four Vulpes, followed by the global tree and representation of the
likelihood ratio test implemented in Ohana. This test compares a model in which the target/focal component experiences faster allele
frequency changes in a specific genomic region or locus (selection hypothesis) than expected from the genome-wide distribution of allele
frequency changes (global estimate). (C) WFS1 mRNA expression levels in blood of Rueppell’s (n=3) and red foxes (n=2 North Africa, n=5
Iberia).
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Supporting information

Material and Methods

Blood and tissue collection

We obtained blood and/or tissue samples from 97 individual foxes of the genus Vulpes from
specimens captured in the field or held in captivity and from road-killed animals collected in North Africa,
Middle East and Europe (see Table S1 and Table S3 for details). North-African fox captures took place
in two different areas of Morocco where three Vulpes species — red fox (Vulpes vulpes), Rueppell’s fox
(Vulpes rueppellii) and fennec fox (Vulpes zerda) are known to occur: the Draa Valley at the region of
Guelmim-Es Semara in Morocco, and Dakhla-Oued Ed-Dahab, Western Sahara. Before trapping, a
preliminary field inspection was performed in each region surveying the terrain in search for carnivore
signs. With the help of local Saharawi people, we were able to gather information on areas potentially
frequented by foxes to set camera-traps, namely through personal observations of live and/or road-killed
animals, compatible dens, tracks and feces.

Following the survey, North-African foxes were captured using a combination of double-door
Tomahawk cage traps (n=10), Collarum snares (n=1) and padded foothold traps (n=3) set across different
line transects. The three types of traps were combined to maximize capture success and selected based
on its efficiency and selectivity in capturing foxes while ensuring the safety of captured animals. All traps
were set using odor-free tools and gloves to prevent human scent contamination, and Tomahawks were
camouflaged with local vegetation to increase the likelihood of individual interest in cage traps. In total,
361 trap*nights (14 with Collarum, 132 with padded foothold traps and 215 with cage-traps) were
performed in Dakhla-Oued Ed-Dahab, and 340 trap*nights (100 with Collarum and 240 with cage-traps)
were performed in Guelmim-Es Semara. Twelve cage-traps were pre-baited for one night before being
activated in order to encourage animals to explore the traps without being captured the first time
(https://www.youtube.com/watch?v=Bj3nsLKdbic). Both Collarum and padded foothold traps were set
coupled to remote satellite trap-alarms, which send a GSM (Global System Mobile) message to a
predefined telephone each time the trap is activated. Traps were monitored twice every day, in the early
morning and late afternoon, and baited at the second monitoring with canned sardines (cage traps),
Collarum bait (Collarum traps) and a combination of canine scents (leg-hold). Additional free-ranging red
foxes (n=5) captured in the region of Alto Minho (Portugal) and Asturias (Spain), following similar logistics
to our North-African sampling, were incorporated in our data collection. To maximize sampling size, 17
captive foxes available at public and private zoos and biological parks were also sampled (Table S1,
Table S3).
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A total of 36 animals (free-ranging or captive-held; Table S3) were anesthetized by intramuscular
injection of a mixture of ketamine (Imalgene®, Merial, Lyon, France) and medetomidine (Domitor®,
Merial, Lyon, France) by a certified wildlife veterinary. The animals were weighted, sexed, and measured
for age (juvenile <1-year vs adult > 1-year), body, hindfoot, tail, and ear length. The health status of the
individual was checked every 10 minutes during the whole procedure. Blood was recovered by
venipuncture of the arm veins 30 minutes after administration of the anesthetic and preserved in both
clotting and EDTA tubes. Serum/plasma was separated from blood cells through centrifugation at 1500g
for 10 minutes for biochemistry measurements (plasma/serum) and genomic DNA extraction (cells).
When available, urine was retrieved using a sterilized catheter. Blood and urine samples were kept
refrigerated approximately 8-72h after captures. If the body mass of the animal was sufficiently high,
additional whole-blood was collected and stored in PAXgene® Blood RNA tubes for RNA extraction
(Iberian red foxes, n=5; North-African red foxes, n=2; Rueppell’s fox, n=4). These tubes were stored at
room temperature (RT) for no more than 2 days, followed by refrigerated storage at -20 and then -80
degrees Celsius (°C). Free-ranging (wild) individuals were additionally ear punched using an 8mm
livestock biopsy ear punch. The fresh tissues were stored at RT in 2 mL Eppendorf tubes with 96%
ethanol for DNA extraction. After sampling, free-ranging animals were marked with a microchip to control
for potential recapture, and individuals were safely released into their environment. Chemical
immobilization was reversed by the intramuscular injection of atipamezole (Revertor®, Merial, Lyon,
France) after administration of an anti-inflammatory.

To increase our sampling set for genomic analysis, we made use of an additional set of 61 tissue
samples collected from road-killed animals during past field expeditions conducted in North-Africa,
Europe and Middle East throughout November 2003 to January 2018. This set of samples consisted of
16 Rueppell’s foxes, 40 red foxes and 5 pale foxes (V. pallida), all preserved in 96% ethanol (Table $1).

The geographical location of all samples included in this study were recorded with a global
positioning system (GPS) on the WGS84 datum (Figure 1A; Figure S2A). All foxes captured in this study
were sampled under a scientific permit signed by the Moroccan entity Le Haut Comissaire aux Eaux et
Forets et a la Lute Contre la Desertification and under a collaboration protocol between the Research
Center in Biodiversity and Genetic Resources (CIBIO-InBIO, University of Porto, Portugal) and the
Institute Scientifique de Rabat (Morocco), and protocols between CIBIO-InBIO and the respective Zoos
and Biological Parks from which samples were obtained. Animals were allowed to recover under
optimized safety conditions and released unharmed, not showing any signs of trauma, as attested by the
re-capture of two individuals. All sample exportation/importation was performed under declaration of
Institute for the Conservation of Nature and Forests (ICNF), and CITES listed specimens were

accompanied with an appropriate CITES permit.
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Phenotyping

In total, 34 individual Vulpes samples were phenotyped in this study (n=13, Rueppell’s foxes;
n=11, red foxes; n= 10, fennecs; Table S3). This comprised 21 males (61.7%) and 13 (38.2 %) females
evenly distributed within species, most of which were adults (Table S$3). Blood samples were analyzed
for a total of 12 physiological parameters at a commercial laboratory (Inno, Braga, Portugal), including
hormones Total Thyroxine (T4) and Aldosterone, blood metabolites (urea, uric acid and creatinine),
electrolytes (sodium, potassium, chloride), protein (albumin) and fat (cholesterol), plasma and urine
osmolality (mOsm/Kg). Additionally, a Sandwich Canine Copeptin ELISA Kit (MBS007635) was
performed to measure copeptin levels, a biomarker for vasopressin (AVP), following the manufacturer’s
instructions. AVP is the main hormone responsible for regulating urine concentrating ability. The up-
regulation of this hormone stimulates the insertion of water channels (aquaporins) into the collecting
tubule of the kidney, increasing water reabsorption and reducing urine volume (Sands and Layton 2014;
Knepper et al. 2015; Xu and Wang 2016). Copeptin is a 39-amino acid glycopeptide that comprises the
C-terminal part of the AVP precursor (CT-proAVP). The two are released in equimolar amounts into the
blood stream by pre-vasopressin and, while AVP decays rapidly ex-vivo to nearly undetectable levels,
leading to pre-analytical errors, copeptin remains stable in plasma after collection, therefore constituting
an accurate surrogate marker for AVP (Morgenthaler et al. 2008; Morgenthaler 2010). As such, values

for copeptin ex-vivo correlate well with the values of vasopressin in-vivo.

DNA and RNA extraction

From our collection of 97 individuals, 89 individual fox specimens were selected for whole genome
sequencing (Table S1). These comprised sister species Rueppell’s (n=29) and red foxes (n=50), as well
as two outgroup species, the fennec (n=5) and pale fox (h=5) (Table S1). Genomic DNA was extracted
using Qiagen DNeasy Blood & Tissue Kit (QIAGEN), following the manufacturer's protocol. Prior to the
incubation step of the extraction protocol, 4 uL of 100mg/mL RNase A was added and incubated for 10
min at RT to ensure complete removal of RNA. Road-kill samples were left at RT overnight in 1mL of
PBS buffer to clean the tissues and deplete them from potential bacterial contaminants before DNA
extraction. Because elution buffers containing high concentrations of EDTA might inhibit the end repair
step of library preparation, DNA samples were eluted in EB buffer (10 mM Tris-Cl, pH 8.5) that comes
with MinElute Kits for DNA cleanup, as opposed to the AE buffer (10 mM Tris-Cl, 0.5 mM EDTA; pH 9.0)
that comes with the Qiagen DNeasy Blood & Tissue Kit. Genomic DNA extracts were quantified using a
Qubit dsDNA High-Sensitivity Assay for blood sample extracts and Qubit dsDNA Broad-range Assay for
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tissue extracts. Each sample was run on a 0.8% agarose gel to assess extraction quality and identify
patterns of DNA fragmentation.

RNA was extracted using PAXgene® Blood RNA Kit (QIAGEN) for 11 fox specimens of
Rueppell’'s (n=4) and North-African and Iberian red fox (n=5 Iberia; n=2 North-Africa; Table $3). All
samples had sufficiently high concentration and RIN scores (> 8.2), with the exception of one individual
(one Rueppell’s fox sample, VR0O3; RIN = 6.8; Table S3),

Library Preparation and sequencing

Aliquots of 100 uL containing 0.5 to 2.5 ug of DNA were sheared to fragment sizes ranging from
200 to 600 bp using a Diagenode Bioruptor. Sonication protocols varied according to DNA quality. Fresh
tissue and blood samples were sonicated with 7 cycles of 15 seconds of shearing (on) followed by 90
seconds of pause(off). Road-kill samples received the same timing of on and off, but varying cycles from
1 to 6 based on the degree of fragmentation. After shearing, samples were selected for an average
fragment size of 350bp using AMPure XP beads as in the Double Size selection step of lllumina’s Truseq
DNA PCR-free Sample Preparation protocol. Highly degraded road-kill samples for which the large
fragment removal step was not necessary were cleaned for fragments bellow 200 bp using low fragment
single size selection with 1.6X of AMPure XP bead suspension. Sequencing libraries were built in batches
of 20 samples at a time using the KAPA Hyper Prep Kit PRCR-free protocol (KAPA Biosystems, Boston,
USA) following the manufacturer’s instructions, adjusting overall volumes of each reaction step to half.
These comprised a total of 89 libraries consisting of 29 North-African Rueppell’s foxes, 32 North-African
and 18 Eurasian red foxes, and additional 5 fennecs and 5 pale foxes to be used as outgroups in
downstream analyses (Table S1). Each library preparation session included a negative control. Libraries
were run on a 2% agarose gel to identify potential adapter dimers, which were removed through 1X bead-
clean up, quantified under Kapa Library Quantification Kit gPCR protocol and pooled equimolar based
on gPCR results into a total of two pools. Pool volumes were then bead-cleaned up with 1X ratio and
quantified using Qubit dsDNA High-Sensitivity Assay. The quality, size distribution and concentration of
pooled libraries was checked using a DNA 1000 chip on an Agilent Bioanalyzer 2100 instrument. Due to
the Truseq style Y-shaped adapters, part of unamplified single stranded libraries could not be accurately
run on an agarose gel or Bioanalyzer. To more accurately determine sizing, we first amplified a small
portion of the final library. This was done for quality control purposes only, and the amplified product was
not sequenced. For each sequencing pool a test run was performed on a single MiSeq run using the v2
Nano kit to ensure even sample representation, and then each pool was sequenced 150 bp Paired-End
in a total of two S4 lanes on the lllumina NovaSeq6000 Sequencing System (University of San Francisco,
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California, USA). Samples were sequenced to an expected average raw coverage of 5x, with 20% of the
reads expected to be lost to sequencing duplicates.

RNA sequencing libraries were built following each step of a cost-effective customized protocol
by Hou et al. (Hou et al. 2015), a method that is strand-specific (i.e. the sequencing reads maintain the
strand orientation of the transcripts) and uses oligo-dT enrichment (Hou et al. 2015). Sequencing was
performed on one lane of an lllumina HiSeq X 10 platform (Macrogen Inc.; Seoul, Republic of Korea). As
for whole-genome sequencing, reads were 150bp Paired-End.

Whole-genome sequencing data quality control

Read Processing

Adapter sequences were trimmed from pair-end lllumina raw reads with cutadapt v.1.18 using a
quality threshold of 20 to trim low-quality ends (5’ and 3’) from the reads before adapter removal. FastQC
v.0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to evaluate the quality of
paired-end raw reads and potential adaptor contamination before and after adapter trimming, resulting in
the detection of poly-G sequences. To circumvent this problem, we used the --nextseq-trim=20 option in
cutadapt v.1.18 (Martin 2011), which trims reads bellow a quality threshold of 20 before adapter removal
with the specification that high-quality G bases at the 3’end are ignored. Trimmomatic v.0.38 (Bolger et
al. 2014) was then used to perform a sliding window trimming, cutting bases once the average Phred
quality within a 4bp sliding window falls below 20 (SLIDINGWINDOW=4:20), and to remove reads that
are shorter than 30 bp (MINLEN=30). Retained read pairs were aligned to the arctic fox (Vulpes lagopus)
reference genome (Hasselgren et al. in press, Mol Ecol) using the Burrows-Wheeler Aligner (BWA)
version 0.7.17 (Li 2013) with the “mem” option and processed with samtools version 1.9 (Li et al. 2009)
to remove unmapped reads, reads with an unmapped mate, reads failing quality checks, reads whose
alignment was not primary and reads with mapping quality bellow 15. Read pairs were also independently
aligned to the domestic dog genome (Canis lupus familiaris) publicly available at NCBI (CanFam 3.1)
using the same methods. Sequencing duplicates of the resulting bam files were marked for removal with
Picard v.2.20.0 (http://broadinstitute.github.io/picard/). Read-group IDs were added to each bam file and
libraries were merged to sample level using samtools addreplacerg and merge options, respectively.
Lastly, local realignments of reads around indels were performed with GATK v.3.5.0
(https://www.broadinstitute.org/GATK) using RealignerTargetCreator to identify suspicious intervals
requiring realignment which were then realigned using IndelRealigner. Finally, read depth and coverage
were determined for realigned bams using bedtools (Table S1).
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FastQC results identified severe bacterial and adapter contaminations in 4 Rueppell’s fox road-
killed samples and as result, the final coverage was bellow 1x in these individuals after all quality control
steps. These individuals were excluded from downstream analysis (Table $1). Given that our remaining
sample set included samples from road-killed individuals for which post-mortem DNA damage is a
possibility, we followed the conventions of ancient DNA research and used MapDamage v.2.09 (Jonsson
et al. 2013) which allows both the quantification of damage patterns and the downscaling of the quality
score of potential damaged bases in such samples. Post-mortem DNA damage usually results in cytosine
deamination, which increases the transition/transversion ratio. Misincorporation plots that display
damage patterns at the 5’ and 3’ends of reads showed no difference between samples taken from live
individuals and road-killed animals. Because none of our samples had the profile characteristic of
samples with postmortem DNA damage, we opted not to downscale quality scores.

Snakefiles used for read processing and evaluation metrics throughout different quality control
filtering steps can be found in ngsQCrun.py and ngsQCevaluate.py at https://github.com/joanocha/NGS-
quality-control, respectively. High-coverage whole-genome sequencing data for other canid species were
downloaded from GenBank at NCBI and received similar read processing (Table S2). The arctic fox and
the dog assemblies were aligned with nucmer in Mummer v.3. (Kurtz et al. 2004) with -c 800 (setting the
minimum length of a cluster of matches to 800) and setting the minimum alignment identity to 90 (--delta-
filter -1 -q -i 90). This allowed us to match the scaffolds of the arctic fox reference genome to the dog
reference genome, which is assembled into chromosomes and has the best annotation among canid

genomes (Figure S1).

Site Quality filtering and SNP calling

After read processing, reliable genomic positions for population genetic analyses were obtained

using snpCleaner v.24.1, a Perl script that works with bcftools vcf file format
(https://github.com/tplinderoth/ngsQC/tree/master/snpCleaner). This was done by filtering our 85 bam
files with the following criteria: 1) at least 80% of the individuals had to be covered by at least 1
sequencing read to retain the site, 2) sites with read depth above 50x in each individual (i.e. 50 times
the number of individuals in the dataset) were excluded, 3) only reads with mapping quality of 30 and
base quality of 20 were included, 4) only read pairs mapped with proper-paired orientation were included,
5) sites with an excess of heterozygotes (min p-value of 1 x 10°) were considered potential mapping
errors and excluded, 6) if one of the two alternative alleles was biased with respect to the read base
quality (minimum p-value of 1 x 10-10), mapping quality (minimum p-value of 1 x 10*), or distance from
the end of the read (minimum p-value of 1 x 10™), the site was excluded. The subset of retained sites

(positions) from all samples will, hereafter, be designated as alF'®. Similar analyses were performed for
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a subset of the data comprising only ingroup foxes (red fox and Rueppell’s fox; ingroup®'®®) or using our
dataset with additional canid genomes to be used as outgroups in phylogenetic analysis (Table S2).

For SNP calling and downstream population genetic analyses, we used the probabilistic
framework based on genotype likelihoods implemented in ANGSD version 0.933 (Korneliussen et al.
2014) as an alternative to calling genotypes. This framework accommodates uncertainty regarding
genotypes associated with low coverage datasets such as ours. We estimated allele frequencies and
genotype likelihoods for the set of quality-controlled sites defined above (alF') using the flags: -
minMapQ 30 -minQ 20 -remove_bads 1 -uniqueOnly 1 -only proper pairs 1 -GL 1 -doMaf 1 -
doMajorMinor 1 -doGIf 2 -SNP_pval 1e-5. Additionally, a position file of all retained SNPs (only variable
sites) was created from the minor allele frequencies output to be used in downstream analysis (hereafter
alF™*). ANGSD was run with -sites alF"* to estimate the site frequency spectrum (hereafter SFS) of each
group (determined by unsupervised clustering analysis). Briefly, ANGSD computes posterior probabilities
of Sample Allele Frequency (SAF) for each site, which is then used to estimate the SFS. The shape of
the SFS was used as proxy for the adequacy of data quality control measurements, and subsequent
estimates of the SFS served as input for downstream analyses (namely Fsr, 6-based selection scans,
and demography). We examined the SFS using alF"™* estimated with -SNP_pval 1e-6 and noticed it led
to an apparent deficiency of the singleton category. While this category usually does not affect
downstream analyses because it is removed by filtering on minor allele frequency filters, it can have a
strong effect on demographic and population-size analyses. To avoid under-calling of rare alleles we,
therefore, set a less stringent cut-off of SNP_pval 1e-5 for the majority of our analysis, unless otherwise
noticed.

For mitochondrial DNA reads, consensus sequences were called for positions with a minimum
coverage of 10 and at least 80% support in covered reads. Our 85 complete mitochondrial genome
alignment was also combined with available complete mitochondrial genomes from other fox species
downloaded from Genbank (Table S2). The combined datasets were aligned using MAFFT v7.407
(Katoh and Standley 2013) and the hypervariable region (D-loop) was excluded from downstream
analyses using mitogenomes due to alignment ambiguities. With the exclusion of this region the
mitogenome sequence alignment was 15, 356 bp. We also trimmed our alignment to include only the
cyb region (~1130bp) so that we could perform downstream analysis with other available fox sequences
(Table $2). MtDNA alignments were eye-checked using SeaView v.4.7 (Gouy et al. 2010).

Relatedness
We ran NGSrelate (Korneliussen and Moltke 2015) in ANGSD to investigate the extent of

relatedness in our dataset, as most population genetic analyses require that individuals are not closely
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related to each other, and since this study is based on a low coverage genomic data. NGSrelate allows
estimation of relatedness coefficients from genotype likelihoods instead of called genotypes and thereby
accounts for the uncertainty inherent in low-depth sequencing data. NGSrelate was run on three datasets
(or bam lists): 32 North-African, 18 Eurasian red fox individuals, and 25 Rueppell’s fox individuals. For
each bam list we used ANGSD to estimate allele frequencies and genotype likelihoods with the following
options: -minMapQ 30 -minQ 20 -remove_bads 1 -uniqueOnly 1 -only_proper_pairs 1 -gl 1 -
doMajorMinor 1 -doMaf 1 -doGlIf 3 for a selected set of sites including only autosomal SNPs (i.e -sites
alF™s without X chromosome). Then, we looked into the kO, k1 and k2 coefficients for each pair of
individuals within each dataset. Briefly, kO, k1 and k2 correspond to the proportions of the genome where
the pair of individuals analyzed share 0,1 and 2 alleles identical by descent, respectively, which means
that the less related two individuals are the higher proportion of alleles with 0 identity by descent (i.e. the
higher the k0). Pairs of individuals with a kO bellow 0.75 were considered to be closely related, and for
these cases we removed the individual with the highest number of close relatives until no pair of close
relatives was left. NGSrelate was run using standard EM for optimization, allowing up to 500,000 EM
iterations for each pair and a stopping criterion of 1e-12 difference in likelihood between two consecutive
EM-iterations. This was performed 10 times with different random number seeds to ensure the
convergence of the EM-algorithm. Ultimately one single pair of k0=0.4 was identified for North-African
red fox individuals and two pairs for Rueppell’s fox, leading to the removal of one individual (with lowest
average genome-wide coverage) for each pair of related foxes (Table S1). We did not run NGSrelate on
outgroup species due to our limited sample size. Downstream whole-genome and mtDNA analyses
proceeded with a final dataset comprising 82 foxes (Table S1). As such, we repeated the steps performed
in Site Quality filtering and SNP calling but for a bam list of 82 individuals (alF"®* and alF"* without related

samples)

RNA-seq quality control and Differential expression analyses

Reads were mapped to three different reference genomes and overlaps with annotated features
were counted with the splice-aware aligner STAR (Dobin et al. 2013). The reference genomes used were
the domestic dog (canFam3.1), the red fox (vulVul2.2), downloaded from NCBI, and the arctic fox (Vulpes
lagopus) (Hasselgren et al. in press, Mol Ecol) (Figure S24, Table S$15). In the case of the domestic dog
and the red fox genomes, the respective RefSeq gene/transcript annotations in GTF format were used
for read overlap counting. For the arctic fox, the dog annotation was mapped to the arctic fox assembly
using Liftoff 1.5.1 (Shumate and Salzberg 2020) and the resulting GTF annotation was then used for
overlap counting in STAR. Mapping results were inspected with Qualimap (Okonechnikov et al. 2015)

and MultiQC (Ewels et al. 2016). To confirm the genetic relationships between the RNA-seq samples,
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genotypes were called using the reads mapped to the dog genome with BCFtools mpileup/call (Li 2011).
The resulting genotypes were filtered with VCFtools (Danecek et al. 2011) to keep only bi-allelic loci with
a minimum coverage of 4 reads, MAF of 0.05 and missing at most in 3 samples. The dataset was then
pruned for loci in high linkage disequilibrium (variants with r? >0.2 in 50kb windows and step size of 10
variants) and genotypes were used in a Principal Components Analysis (PCA) in PLINK 1.90 (Chang et
al. 2015) (Figure S25 A). Fragment counts (i.e. counts of read pairs overlapping annotated genes) from
STAR were imported and processed using R 4.0.3 3 (R Core Team 2020). Only genes with at least 10
overlapping fragments (between all samples) were considered for the downstream analyses.
Normalization, expression estimation and differential expression were performed with the DESeq2
package (Love et al. 2014). For exploratory analyses, namely PCAs based on gene expression, gene
counts were transformed using the rlog transformation (Figure $25 B-D). In the differential expression
analyses, the significance threshold was set at 5%. Differential expression was tested between the
following pairs of sample groups: Rueppell’s vs Red foxes; all North-African samples vs all Iberian
samples; North-African Red foxes vs Rueppell’s fox; all Rueppell’s vs Iberian red foxes; North-African vs
Iberian red foxes (Table S$15).

Mitochondrial DNA Phylogenetic analysis

Maximume-likelihood trees for mitogenomes and cytb alignments including representatives from
all fox species with available DNA information (Table S2, Figure S3A, Figure S4) were generated with
MEGA X 10.1.5 using the general time reversible model with 1000 bootstrap samples (Kumar et al. 2018).
The consensus phylogenies were used as inputs for ancestral range reconstruction under a maximum
likelihood framework with the R package BioGeoBEARS (Matzke 2013, 2014). Species were assigned
to North-Africa, Eurasia and North America, according to their current geographic distribution range
(accessed from IUCN, 2020). We did not assign red fox to North America, as it has been established that
red fox colonized North America from Eurasia, and we were primarily interested in ancestral ranges
(Statham et al. 2014; Sacks et al. 2018). Furthermore, our red fox samples are from Eurasian and North-
African origin. We run BioGeoBEARS, under three biogeographical models: DEC (dispersal-extinction-
cladogenesis), DIVA (dispersal-vicariance analysis) and BayArea (Bayesian inference of historical
biogeography for discrete areas), all of which tested with and without founder-event speciation (j
parameter; Matzke 2014b) (Figure S4). We then chose the best fitting model (DEC, DEC+J, DIVALIKE,
DIVALIKE+J, BAYAREALIKE and BAYAREALIKE+J) based on likelihood ratio test (LRT), the Akaike
Information criterion (AIC) and corrected AIC (AICc) (Table S4).

From the whole-mitochondrial genome alignment dataset, Bayesian phylogenetic trees and

estimates of the time to the most recent common ancestor (twrca) were performed using BEAST v1.10.4
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(Drummond and Rambaut 2007) (Figure S3B). We used the general time reversible model with a site
heterogeneity model of gamma and invariant sites (GTR+G+l), as suggested by JModelTest (Posada
2008). We ran the settings with an uncorrelated relaxed log-normal clock model to allow rate variation
among lineages. The Yule tree prior assumes a (unknown) constant lineage birth rate for each branch in
the tree, and it is usually suitable for trees describing the relationships between individuals from different
species. However, this speciation process does not allow for extinction. The Birth-death process, on the
other hand, assumes that any point in time every lineage can undergo speciation or go extinct and, given
the observed cases of extinction in the Canidae family and Vulpes genus fossil record (Bartolini Lucenti
and Madurell-Malapeira 2020), we assumed this tree prior to be the better suited to our dataset. Nodes
of the tree were calibrated using the turca using both fossil and secondary calibrations estimated from
previous studies (Perini et al. 2010; Kumar et al. 2015; Zhao et al. 2016). Fossil calibrations were set
using a gamma prior. The turca for Vulpes species and raccoon dog was set to 8.2 Mya, which coincides
with the age estimate for the oldest fossil Vulpes sp. The oldest fossil assigned to Old World Vulpes is V.
riffautae around 7 Mya (Bartolini Lucenti and Madurell-Malapeira 2020). We assumed this fossil is the
basal group to all other Vulpes in our dataset and used it to calibrate the turca for pale fox and the
remaining fox species. Using secondary calibrations estimated from previous studies as priors, the
divergence time between fennec fox and other species was set to 4.72 + 0.5 Mya. The turca for arctic fox
and reminder species was set to 3.17 + 0.09 Mya (Kumar et al. 2015). The turca for corsac/tibetan fox
(V. corsac/V. ferrilata) and reminder Vulpes was set to 1.8 + 0.5 Mya, and turca for corsac and tibetan
fox to 1.02 £ 0.3 Mya (Perini et al. 2010). The turca for bengal’s fox (V. bengalensis), red fox and
Rueppell’s fox were left unknown. We performed a single run with 150x10° iterations and sampled states
every 1,000 iteration. We used Tracer v.1.7.1 (Drummond and Rambaut 2007) and effective sample size
values to investigate convergence (Table S5). We next constructed a median-joining network for whole
mitogenomic and cytb haplogroups using PopART v.1 to assess the relationships between the different

haplotypes at a population level (http://popart.otago.ac.nz/links.shtml) (Figure S5, Table S2).

Population Genetic Analyses

To understand how different ingroup and outgroup species of Vulpes are related at the whole-
genome level, how genetically divergent and differentiated they are from each other, and what the
population history of North-African and Eurasian red foxes is, we explored our final low-coverage dataset
comprising 82 whole-genomes using different methods (see Table S1 for information on average
coverage per individual and geographic distribution). Principal Component Analysis (PCA) were executed

in PCangsd using separate Beagle-format files generated in ANGSD with -sites all*"® for all 82 foxes
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(Figure S2B), and for 48 red foxes (Figure S6A) and 24 Rueppell’'s foxes (Figure S6B), filtering for a
minor allele frequency (-minMaf) of 0.05. Eigen decomposition was performed on the estimated
covariance matrix using the “eigen’ function in R in order to obtain a PCA plot. Global Fsrt estimates based
on the joint Site Frequency Spectrum (jSFS) between maijor clusters defined by the PCA, were computed
in ANGSD. Global Fst estimates were performed between species to observe the extent to which different
Vulpes were differentiated from each other, as past evidence from microsatellite data had suggested high
genetic similarity for Rueppell’s and North African red foxes (Leite et al. 2015). The extent of genetic
differentiation seen between North-African and Eurasian red foxes, and between Rueppell's and Red
foxes was used to assess the most appropriate methods to detect signatures of selection. As input for
the different site frequency spectrums we used a set of SNPs called with all individuals (alF"™®).

In order to infer global admixture proportions and the covariance structure of allele frequencies in
Rueppell’s and red foxes (ingroups), we used the structure model implemented in the Ohana tool suite
by assuming 2 to 6 ancestral populations (K, Figure S7). For each value of K in Ohana (Cheng et al.
2019) we used 32 independent executions with different random seeds and report the ones that reached
the best likelihood. This was done using as input a beagle format file generated in ANGSD with Rueppell’s
and red fox individuals altogether, using a set of quality-controlled SNPs called from all individuals (-sites
ingroup®™®).To measure patterns of LD we filtered Beagle-format files for red fox and Rueppell’s fox to
include SNPs with at least 1x coverage in all individuals. These were then used as inputs for ngsLD. As
a last step, we ran both the Rscript provided by ngsLD and a customized python script to draw the
distribution of R? against the physical distance between SNPs. LD patterns were used to define window
size for downstream analysis on a sliding window (Figure S2C).

We also estimated whole-genome pairwise genetic distances between individuals using ngsDist,
a program that takes the uncertainty of genotype's assignation into account (v.1.0.9; (Vieira et al. 2016).
We run ngsDist with 100 bootstraps on different datasets generated with SNPs called for all 82 whole-
genomes generated in this study (a/F""°), and with additional whole-genomes from other species, which
were mapped and processed together with our dataset in a parallel analysis. We run FastME (Lefort et
al. 2015) to infer a tree for each of the resulting matrixes and then RaxML (Stamatakis 2014) to place

support on the main tree (Figure 1).

Detection of ancient admixture events

To elucidate possible patterns of gene flow between Rueppell’'s and red fox we performed an
ABBA-BABA test (D-statistics) as implemented in -doAbbababa2 of ANGSD (Soraggi et al. 2018). This
is based on the di-allelic patterns of alleles between four groups of individuals - H1, H2, H3, H4 - and

allows testing for the correctness of a hypothetical genetic relationship between the four groups, where
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H4 is the outgroup, and the correctness of the tree corresponds to absence of gene flow between H3 and
either H2 or H1. This method supports low-depth sequencing data and is calculated using all the reads
of the genomes (no -sites or -rf filter provided). We first performed D-statistics using the arctic fox as H4
(outgroup), Rueppell foxes as H3, and Eurasian and North-African red foxes as H1 and H2 and tested
for the correctness of this relationship between these four lineages. We additionally tested for the
correctness of the relationships between the four taxa used in this study: pale fox (H4), fennec (H3) and
Rueppell’'s (H2) and all red foxes (H1). These analyses were repeated using bams generated from
mapping to the domestic dog genome and using the dog as outgroup (H4). Genome-wide analyses were
run on blocks of 5Mbp followed by the Rscript DSTAT as implemented in ANGSD to obtain genome-wide
level D statistic, Z score and p-values for significance (Table S6).

For comparisons in which significant genome-wide introgression was found, the ABBA-BABA test
was performed on 200kb, 100kb and 50kb windows in order to find potentially introgressed outlier regions
or genes. D statistic and Z scores were computed on windows along the length of the genome. To
quantify deviations from the genome-wide pattern, we used the test statistic from a Pearson’s chi-square
test (https://github.com/joanocha/ngsintrogression/) in a 2x2 contingency table comparing counts of
ABBA and BABA sites genome-wide to that of the local window. We note that because of LD between
SNPs within each window, a standard chi-square test of homogeneity is not appropriate for calculating
p-values and we, therefore, just report the raw chi2 values without a probabilistic interpretation (Figure
S11 to S$12). Since spurious outliers may also arise in regions of reduced diversity, we adapted ABBA-
BABA on windows to calculate f statistics (Martin et al. 2015). Briefly we ran doAbbababa2 on windows
to get numerators for H1,H2,H3,H4, and H1,H2,H2,H4 and H1,H3,H3,H4. We then merged the
.abbababa2 outputs to estimate the fraction of introgression, f“hom=  numeratorynznsn4)/
numerator(y; y3u3u4), and fraction admixture fro=numeratoryy yz uz na)/ NUMErator yy yp o Ha)
where D=H2 or D=H3, depending on which maximized the frequency of the derived allele
(https://github.com/joanocha/ngsintrogression/). Genomic windows above the 99" percentile of the
empirical distribution of f*ywere considered to be outlier candidates for introgression between H2 and H3
(Figure 2 in Main Text). These were then presented as ranked lists from highest to lowest value (Table
S8, Table $10). The GTF annotation resulting from mapping the dog and arctic fox assembly with Liftoff
1.5.1 (Shumate and Salzberg 2020) was then used for overlap with genomic windows.

TreeMix v1.13 (Pickrell and Pritchard 2012) was also used to investigate the phylogenetic
placement of Rueppell’s and red foxes relative to the arctic fox, fennec fox and pale fox, and to further
investigate the directionality of possible introgressive-hybridization events. We first ran ANGSD to

generate allele frequency files for the following groups: North-African red foxes (n=30), Eurasian red
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foxes (n=18), Rueppell’s fox (n=24), arctic fox (n=1), fennec foxes (n=5) and pale foxes (n=5). Another
version was run with allele frequency files (hereafter maf files) for Iberian (n=4) and Middle Eastern (n=13)
red foxes. Each of the maf files was generated using a set of SNPs called with all individuals and forcing
the maijor allele frequency to be that of the ancestral (-minMapQ 30 -minQ 20 -remove_bads 1 -
uniqueOnly 1 -only_proper_pairs 1 -GL 1 -doMaf 1 -doMajorMinor 5, -SNP_pval 1e-5). These were
performed using reads mapped to the dog genome, which was used as -anc in ANGSD. The different
maf files were merged based on chromosome, position and major allele and adapted to be used as input
for TreeMix. We estimated minor allele counts by multiplying the EM frequency estimate of the maf file
by two times the number of individuals (2Nind), and maijor allele counts by subtracting the minor allele
count to 2Nind (input_for_treemix.py in ngsintrogression/). We then ran TreeMix with options -k 500, -

global, -noss and -se allowing 0 to 3 migration events, with the pale fox as outgroup (Figures S8 to S9).

Tree topologies for potentially introgressed regions and genetic divergence

We investigated the phylogenetic pattern for major outlier regions from the window-based ABBA-
BABA analyses (i.e. windows with f*s above the 99" percentile of the empirical distribution). First, we
constructed a genome-wide tree for Vulpes using one individual representative of each species (highest
covered individual per species and within Eurasian and North African red foxes; Table S1). Selected
bams were executed in ANGSD with -doHaplo 1 -doCounts 1 -minMinor 1 in order to call pseudo-haploids
based on sampling of a single base. The resulting file was transposed into a fasta format alignment which
was used as input in IQ-TREE v.1.6.12 and run with -m TEST (JModelTest model finder) and -bb 1000
(number of bootstraps). The resulting Maximum-likelihood consensus tree was then plotted in R (Figure
2C in main text). We then compared this tree topology to that estimated using ngsDist (Figure S2C). This
workflow was also used to generate maximum-likelihood trees for potentially introgressed genes, or
genomic regions, with the difference that ANGSD was run all the individuals from our dataset (Figure
3C, Figure S13A, Figure S14, Figure S16A-B, Figure S23) and with the -r option to provide the
coordinates of the reference genome for the candidate gene. ANGSD was also run with -doHaplo1 and
-r with additional available genomes (Table S2). To augment the phylogenetic analyses, we performed
Principal Component Analysis (PCA) using a single read sampling approach in ANGSD using SNPs that
were called for potentially introgressed regions based on genotype likelihoods (Figure S$15, Figure
S16C).

Finally, we used allele frequency files generated in ANGSD to perform scans of genetic
divergence (dxy) between species and red fox populations in 50kb windows with a 10kb slide and 25kb
windows with a 5kb slide using PopGenomicsTools (https://github.com/tplinderoth/). These estimates

were used to investigate whether potentially introgressed regions had lower genetic divergence between
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donor and recipient species than genome-wide levels. Similarly, we used the estimated joint Site
Frequency Spectrum (jSFS) between different fox lineages (see section Population Genetic analysis) to
compute Fstand nucleotide diversity (1) on sliding windows with ANGSD, and then investigated whether
potentially introgressed regions had lower genetic differentiation between donor and recipient species
than genome-wide levels (Figures S$17 to S21, Figure S23C). As input for the different site frequency
spectrums we used a set of SNPs called with all individuals (alF"®).

Demographic analyses

The jSFS (or 2D-SFS) of North-African Rueppell’s and red foxes was obtained using realSFS
using the same set of quality-controlled SNPs (ingroups®™*®) excluding potentially introgressed regions
and the X chromosome. This served as input for estimating a demographic history of the two species in
North-Africa with dadi (Gutenkunst et al. 2009). To jointly estimate demographic parameters such as
ancestral and current effective population sizes, population divergence times and migration rates, and a
best fitting model we ran dadi as implemented in GADMA (Genetic Algorithm for Demographic Analyses)
(Noskova et al. 2020). This software performs an automatic and unsupervised global search for a best
fitting demographic model using a genetic algorithm based on dadi parameter estimates and composite
likelihood score (Table S7, Figure S10A). For all demographic analyses we assumed a generation time
of 2, and a mutation rate similar to wolves (~4.5 x 107°) (Koch et al. 2019). Thus far, the conventional
generation time used to model the demographic history of red fox has been 1 (Kutschera et al. 2013;
Statham et al. 2014). However, this is unlikely to match the generation time in natural populations. For
instance, the generation time is presumed to be 3 for Rueppell’s fox (IUCN, 2021) and 3.4 for kit fox
(Lonsinger et al. 2018). GADMA was run independently for 100 model replicates and allowing for changes
in the effective population size of the ancestral of the two populations. We then checked whether the
resulting best models and demographic parameters were compatible with the BEAST estimates of
divergence time for mtDNA (Table S5), and evidence from whole-genome analyses, including ABBA-
BABA tests (Table S6) and admixture graphs (Figure S8). The jSFS of North African and Middle Eastern
red foxes served as input to explore the evolutionary origin of red foxes using the same approach to that
of the evolutionary history of North African Rueppell’s and red foxes (Table S7, Figure $S10B). European

red fox samples were not analyzed due the degree of divergence from Middle Eastern red foxes.

Genome-wide signatures of selection in North African red foxes
To detect signatures of positive selection in North-African red foxes we used the population
branch statistic (hereafter PBS) (Yi et al. 2010), which is a summary of a three-way comparison of allele

frequencies between a focal group, a closely related ingroup and an outgroup. PBS specifically tests for
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loci where allele frequencies in the focal group are especially differentiated from those in both of the other
populations, which could be signatures of positive selection. A population’s PBS value thus represents
the amount of allele frequency change at a given locus since the focal population diverged from other
two. To test the hypothesis of selection on North-African red foxes we used Eurasian red foxes as the
closest ingroup, and the Rueppell’s fox as outgroup. To test the hypothesis of selection on Eurasian red
foxes, North-African foxes were used as the other ingroup, and Rueppell’s fox as outgroup. All PBS
analyses were performed on the variance component files printed with ANGSD for the three-way
comparison using FstPBS.py in the ngsSelection tool suite (https://github.com/joanocha/ngsSelection/).
This script uses the printed files that contain the variance between population and total variance per SNP
to calculate three-way weighted estimates of Fst and PBS on sliding windows of base pairs or SNPs
(upon user specification). Based on considerations of the rate of decay of LD in the populations (Figure
S2C), we chose to work on windows of 50 kilo-base pairs (kb) with a 10 kb slide (genome-wide), and
25kb with a 5kb slide (for a zoom-in view of candidate genes).

We then used ANGSD to compute genome-wide estimates of average number of pairwise
differences () on windows of 50kb with a 10 kb slide, and 25kb with a 5kb slide, for each of the three
groups. To further investigate selection, we looked for windows of reduced diversity in the focal group
relative to other regions of the genome and the other populations, which could be signatures of selective
sweeps. To account for variation in T common to all foxes, due to factors such a variation in the mutation
rate or background selection, and to focus on reduced diversity unique to the focal group, we calculated
o = wPOPL /(mPoPL 4 PoP2 + PoP3) where pop1 is the focal group, pop2 is the closely related ingroup
and pop3 is the outgroup. Windows with higher -log10(a) relative to the rest of the genome might harbour
genes putatively under selection (https://github.com/joanocha/ngsSelection/).

These analyses were performed simultaneously for reads mapped to the arctic fox and domestic
dog’s reference genomes. We focused on candidate genes with extreme outlier regions under both
methods (PBS and -log10(«)) (ranked in Tables S12 to S13, Tables S16 to S17) and tested for
expression differences between groups (see RNA-seq quality control and Differential expression
analyses) (Figure S$S24-S27, Table S$15). We then run PBS on individual SNPs to detect the top variants
under selection for each of the top candidate genes for reads mapped to the dog’s reference genome

and inspected their location using the UCSC Genome Browser (Figure S$28) (Kent et al. 2002).

Genome-wide signatures of selection in core desert-dwelling species
PBS and a are powerful methods to find signatures of selection in red foxes because global
estimates of Fstbetween North-Africa and Eurasian red foxes was sufficiently low (Global Fst~ 0.13) and

we had data from their immediate outgroup, the Rueppell’s fox. While PBS has been proved effective for
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identifying population-specific selection in humans and canid populations adapted to extreme
environmental conditions (Yi et al. 2010; Malaspinas et al. 2016; Sinding et al. 2020), Fst-based methods
are not useful when genetic differentiation between the focal group and the closely related ingroup is high
(Fst > 0.2; Crawford and Nielsen, 2013). In sharp contrast to past Fsr estimates using microsatellites
(Global Fst~ 0.14 between Rueppell’s and North African red foxes, and Global Fst ~ 0.13 between
Rueppell’s and Eurasian red foxes; Leite et al., 2015), we found Rueppell’s and red foxes to be highly
differentiated using whole-genome data (Global Fst ~ 0.52 between Rueppell’s and North African red
foxes, and Global Fst~ 0.51 between Rueppell’s and Eurasian red foxes). The same rational would apply
to attempts of finding signatures of selection in the fennec. As such, we used two alternative approaches

to detect species-specific signatures of selection in either Rueppell’s fox and fennec.

Muilti-species Ohana

We ran Ohana (Cheng, Racimo and Nielsen, 2019) to obtain admixture plots and trees for our
multi-species dataset (n=24 Rueppell’s, n=48 red foxes, n=5 fennecs, n=5 pale foxes), using as input a
beagle file with SNPs called from all individuals (alF™®). Using the results from K=4, we run the “selscan”
option in Ohana, which uses a maximum likelihood method to detect SNPs that strongly deviated from
the genome-wide covariance structure. This method is distinct to PBS in the sense that it focuses on
genetic components, instead of pre-defined populations, and can incorporate more than 3 branches in a
tree, thus having greater power of analysis when more than 3 groups are present. It is also distinct from
PBS in the sense that it uses the genome-wide covariance structure to form a null hypothesis that can
be tested against using a likelihood ratio test for each SNP. The resulting likelihood ratio test can thus be
used to identify regions in a focal group that experienced a larger than expected change in allele
frequency as compared to the prediction of the genome-wide pattern. In this study, we took advantage
of this approach to test for selection in the branches leading to fennec foxes and Rueppell’s foxes.

For each SNP we introduced a scalar variable (h; see https://github.com/jade-cheng/ohana/wiki/)
that is multiplied onto the variance associated with the focal population/species and therefore allows for
two models: one in which the focal population specific allele frequency changes can be predicted from
genome-wide covariance pattern, and another that allows larger change in focal populations (i.e. higher
variance components) than expected from genome-wide pattern. In regions that have experienced
selection, we would expect increased LD and multiple SNPs showing a strong signal. However, even if
there has been selection affecting a window there may also be many SNPs that do not show strong allele
frequency differences because of low LD with the causal SNP. For that reason, we calculated the mean
log likelihood ratio for the top 500 SNPs in windows of 50kb, sliding every 10kb

(https://github.com/joanocha/ngsSelection/Ohana/). Windows with mean top likelihood ratios above the
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99.95" percentile of the empirical distribution were considered to be outliers and genes in the windows
were identified and classified as potential targets of selection (Figure 4 in main text, Table $19-20). We
denote the log likelihood ratio calculated for fennec as LLRr, Rueppell’s as LLRr, and the one calculated
for the red fox lineage as LLRRgeq..

We noted that many of the outlier regions putatively under selection were common to both
Rueppell’s (LLRru) and red foxes (LLRred), Nominally suggesting that selection has been strong on both
species and targeted inherited ancestral standing genetic variation. In reality, this is likely an artifact
caused by the fact that the nearest outgroup to Rueppell’s and red foxes is quite divergent, and for that
reason, it is difficult to distinguish between selection on the red fox branch and Rueppell’s branch. For
genes truly under selection in, say, red foxes, if not allowing selection in the red fox branch, an increase
length of the Rueppell’s fox branch will still lead to an improved likelihood compared to a model of no
selection in which neither branch is elongated. To address this problem we used a two-step inferential
approach. We first determined if there was evidence for selection in either lineage using LLR = max{
LLRred, LLRry}. For windows with evidence of selection, we then further investigated which lineage was
the most likely target of selection using the statistic: 6.r = LLRr, - LLRred, Where a positive value indicates
more evidence that the selection is in Rueppell’'s fox and a negative value indicates that the selection
most likely was in the red Fox. We note that when calculated for a single SNP, and not in windows,
Ratior can be interpreted as Bayes factor. We then focused on the 99.95" percentile of the empirical
distribution for 6.r in Rueppell’s foxes (Table S19). Finally we looked if candidate genes were differentially
expressed between Rueppell’s and red foxes (see RNA-seq quality control and Differential expression

analyses) (Figure 4 in main text).

Intra-specific Polymorphism to Inter-specific divergence

We calculated the test statistic for a chi-square test of homogeneity akin to the Hudson-Aguade-
Kreitman test (HKA) (Hudson et al. 1987; Zhai et al. 2009), as an alternative method for identifying
signatures of selection specifically on Rueppell’s and on fennec foxes, following a similar approach to
that of Liu et al (2014). We note that a main difference between this approach, and the previously
discussed approach for identifying selection, is that HKA-related tests can identify selection using
divergent species with evidence of repeated selective fixations, or recent selective sweeps, as indicated
by a reduced ratio of polymorphism to divergence compared to the rest of the genome
(https://github.com/joanocha/ngsSelection/). Using both of these tests provide an opportunity to detect
selection acting on different time scales. To perform these analyses on the low-coverage data we used
the ANGSD allele frequency estimates (obtained by running ANGSD with the flag -doMajorMinor 5 for

alPF™®) to calculate counts of A, B, C and D defined as:
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A=number of polymorphic sites in focal species;
B=number of polymorphic sites in red fox;
C=number of fixed differences between focal species and both red fox and Dog;

D=number of fixed differences between red fox and both focal species and Dog;

This analysis was repeated with both the fennec fox and Rueppell’s fox as focal species. Because we
are working on genotype likelihoods, we defined as fixed SNPs those having an estimated minor allele
frequency above 0.97 in one species and bellow 0.03 in the other. We further explore other threshold
combinations (0.99 and 0.01; 0.95 and 0.05). We considered as polymorphic the SNPs whose minor
allele frequency ranged between the minimum and maximum frequency thresholds. Then we tested for
the null hypothesis that the A/C on windows of 50 kb sliding every 10 kb are equal to A/C genome-wide
with a Pearson’s chi-square test. To find signatures of positive selection specific to the focal species we
performed a Homogeneity Test for reduction of polymorphic sites (low polymorphism-to-divergence ratio
in fox species of interest relative to red foxes). In this test the null hypothesis is that A/C=B/D (or
A/B=C/D), which is then tested with a Pearson’s chi-square test on the 2x2 contingency table. The
nominal p-values calculated from these tests are not calibrated correctly because they do not take the
variance of the coalescence process within species into account when there is LD among SNPs. For
that reason, we provide the -log10(P-value) as a raw score that should not be interpreted probabilistically,
similarly to Liu et al. (2014). Then windows were ranked based on the Homogeneity test score, filtering
for windows in which:

e C was higher than A

o ratio of C/A was always greater than the ratio of D/B

o the ratio of C/A was always higher than Cgenome-wide/ Agenome-wide-

o the ratio of D/B was always lower than Dgenome-wide/Bgenome-wide-

o HKA chi2 value higher in the focal group (Rueppell’s or fenenc) than red foxes

e HKA score in red foxes < 1.3

The rationale behind these conditions, also used for Polar bears (Liu et al. 2014), was to ensure we were
targeting outlier windows specific to the Rueppell‘s or the fennec fox lineage not found under selection in
red fox. We reported the top-20 ranked genes for Homogeneity test scores for fennec. No windows were

left for Rueppell’s after applying the same filtering (Table $21).
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Functional enrichment analysis

We computed enrichment of gene ontology (GO) terms (http://geneontology.org/) for putatively
introgressed regions between North-African foxes (i.e. above the 99.9" percentile for ABBA-BABA on
windows) using biological process or molecular function. We also computed enrichment of gene ontology
(GO) terms in the regions of the genome that displayed high -log10(«) values when using North-African
foxes or Eurasian red foxes as focal populations, and with high 5.r and LLRrennec (i.€. above the 99.95"
percentile). The GO terms were considered to be significantly enriched if false discovery rate (FDR) p-
value < 0.05. Both p-values and corrected (FDR) p-values were reported (Tables S9, $S11, S14, S18).
We repeated these analyses with GOrilla toolkit (http://cbl-gorilla.cs.technion.ac.il/) using two unranked
lists of genes: the target list for potentially introgressed genes and the top genes under selection, and a

background list of the annotated genes.

Differences in physiological parameters between desert and non-desert foxes

To further explore evidence for desert adaptation in desert-dwelling foxes we tested for species-
specific significant differences in physiological parameters between Rueppell’s, fennec foxes and red
foxes (see Phenotyping in Supplementary Material and Methods). Descriptive statistics of the data were
performed in R, including summary statistics for each parameter and box plots (Table S22, Figure S29).
As an exploratory approach to the data, pairwise t-tests comparing the three different fox species were
performed on each parameter, as well as Welch’s two-sample t-test comparing males versus females,
North-African versus European red foxes, captive versus free-ranging individuals. Juveniles were
excluded from the dataset. We then tested for significant species-specific differences in these
parameters, while accounting for additional factors (covariates) that may affect the results of exploratory
t-tests: status (captured free-ranging in the wild or held captive), sex (female or male), weight (continuous
variable measured in kilograms) and body mass index (continuous variable measured in kilogram per
square meter). Body mass index (weight divided by square of body length) was used as an alternative
covariate to body length to account for the high correlation found with weight and other body
measurements (hindfoot and tail length) (Figure S30). The linear model was implemented in R using the
Im function (Table S23). A Shapiro-Wilk test of normality was performed, and QQ-plots inspected to
determine if the residuals were normally distributed. To teste for homogeneity of variances both Levene’s
and Barttlet's test were performed in R. For the parameters in which the Shapiro-Wilk test did not led to
the rejection of the null hypothesis of the residuals being normally distributed, we based our conclusions
on the p values provided by Im. For the cases in which assumptions of normality were violated, as well
as the assumptions of homogeneity of variances, the response variable was log-transformed. We also

used certain physiological parameters as covariates in order to account for putative correlated responses
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(Table $23). Finally, we were not able to collect enough urine samples for inferential statistics. As such,
we compared the maximum values for urine concentrating ability obtained in this study with 121
mammalian species published in a recent review (Rocha et al. 2021) by plotting these values along an
aridity gradient. This allowed to us to gain a general perspective on where our values lie in the general

distribution of mammalian maximum urine osmolalities (Figure S31).

Supplementary text

Text S1. Physiological differences between core desert foxes and red foxes

We looked for differences in 12 physiological measurements in 34 individual foxes (n=13
Rueppell’s foxes, n=11 red foxes, and n=10 fennec foxes; Table $22) in order to determine potential
adaptive phenotypes specific to the two species. Box plots for different blood parameters showed clear
visual differences between red foxes and core desert species, particularly for water- retention hormones
such as aldosterone and vasopressin (AVP, here measured with copeptin), as well as thyroxin (T4), a
metabolism-related hormone (Figure $29). Pairwise comparisons using t-tests with Bonferroni correction
showed significant differences in the three hormones between red foxes and Rueppell’'s (Pcopeptin=
0.00037; Paidosterone=0.0034; P1s= 8.8e-05) and between red foxes and fennec
(Pcopeptin=0.0227 3;Paidosterone =0.0027; PT4=1.0e-06). No significant differences were found between
Rueppell’'s and fennec (Pcopeptin= 0.55044; Paidosterone =1.00; P14= 0.16). For each of these three
parameters, Welch’s two-sample t-tests also did not show statistically significant differences between
North African and European red foxes (Pcopeptin=0.7087; Paidosterone =0.7769; P14=0.2591), nor between
captive and wild-caught individuals (Pcopeptin=0.9811; Pagosterone =0.3522; P14=0.3867). This seems to
suggest that, at least for these three hormones, there is no evidence of significant intraspecific differences
in red foxes (n=4 North Africa and n=6 Iberia), and also that the differences observed are not due to the
fact that some of our sampled individuals were free ranging while others had been held captive, though
this should be stated with caution given that sample size is rather small. No significant differences
between species were found in levels of uric acid, electrolytes, albumin, cholesterol and plasma
osmolality, though we found outliers for creatinine and urea levels in both core desert-dwelling foxes, and
for chloride and uric acid in Rueppell’s fox (Figure $29).

There are several confounders that can affect the results of our pairwise comparisons. To account
for these, we specifically tested for differences in hormone levels between fox species using a linear
model that included sex, weight, body mass index and whether the individuals were caught free-ranging

or captive as covariates (Table $23). With the exception of T4, both copeptin and aldosterone were log-
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transformed in order to meet the assumptions of normality and homogeneity of variances (Table $23).
After correcting for the potentially confounding factors, we still found the same pattern of significant
differences between red fox and Rueppell’s fox, and between red fox and fennec (Table S23). These
results suggest that physiological differences are more likely attributable to differences between species,
rather than the result of sex, body mass, or different plastic responses in the status of captivity versus
free ranging animals.

Thyroid hormone thyroxine (T4) levels were significantly higher in red foxes compared to desert
foxes (Figure $29). Lower levels of T4 have been associated to lower metabolisms in many desert
organisms (Scott, Irene; Yousef, Mohamed K., Johnson 1976; Kamau and Maloiy 1983; Hulbert et al.
1985a, 1985b; Chaouacha-Chekir et al. 1997; Hulbert 2000; Banta and Holcombe 2002; Ishikawa and
Kitano 2012). The selective advantages of lower metabolism in deserts include reduced energy demand,
low energy expenditures, lower production of metabolic heat, and subsequent reduced need for
evaporative cooling and water loss. This could therefore explain past observations of reduced
evaporative water loss and basal metabolism in core desert-dwelling foxes (Williams et al. 2002, 2004;
Careau et al. 2007).

Copeptin levels (biomarker for AVP) were significantly higher in core desert-dwelling foxes than
red foxes, indicating that the former seem better able to retain water than the latter. AVP plays critical
roles in water-reabsorption at the kidneys, resulting in increased urine concentrating ability and reduced
urine volume, and species-specific differences in this hormone have been associated with potential
adaptations related to water-retention in desert-dwelling mammals. In particular, plasma vasopressin
levels in some desert-dwellers are higher than in non-desert counterparts, and correlate with urine
concentrating abilities (Schwimmer and Haim 2009; Donald and Pannabecker 2015). For example, the
neurohypophysis of the Australian hopping mouse — the species with highest record of maximum urine
osmolality — contains three times the amount of vasopressin of laboratory rats (per body unit) (Bridges
and James 1982; Donald and Pannabecker 2015). It is, therefore, very likely that selection targeted
vasopressin or vasopressin-related pathways, in core desert-dwelling foxes to a different extent than in
red foxes. In the particular case of Rueppell’s, this could potentially be explained by selection acting on
the gene WFS1 (see Figure 4 in main text). We were able to measure urine concentrating ability in three
individuals of Rueppell’'s (n=3) and red foxes (n=3). Our maximum urine osmolality observed for one
Rueppell's was of 5126 mOsm/kg, while minimum urine osmolality observed was of 3224 mOsm/kg in
another individual. Maximum urine osmolality observed for Iberian red foxes was of 3027 mOsm/kg, while
minimum urine osmolality observed was of 2358 mOsm/kg. As we did not have sample size for inferential
statistics, we plotted the maximum values obtained for Rueppell’s and Iberian red foxes alongside other

mammalian species, including fennec foxes, and re-plotted the dataset from Rocha et al. 2021. While
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acknowledging the inherit limitation that different mammal species were captured under different
circumstances (some dehydrated others water-fed and others unknown) and urine osmolality was
measured with different methods, we note that the highest urine concentrating ability for one Rueppell’s
is similar to that of a Kangaroo rat and slightly above the maximum recorded value for the fennec fox
(4022 mOsm/kg). The higher levels of copeptin seen in both Rueppell’s and fennec could potentially
explain the increased urine concentrating ability in core desert-dwelling fox species (Figure S31).

Plasma levels of aldosterone in core desert foxes were lower than the red fox. Aldosterone is a
major hormone of the RAAS regulating sodium (and water) reabsorption at the kidney, as well as other
life-determinant processes such as blood volume and pressure. Different levels of this hormone have
been found in comparative physiological studies targeting other desert-adapted species (Schwimmer and
Haim 2009; Stockand 2012; Donald and Pannabecker 2015). While cases with higher plasma
aldosterone have been interpreted as contributing to increased water-retention abilities alongside
vasopressin, lower levels of aldosterone have been explained in the light of other observed phenotypes,
such as increased plasma sodium, increased urine sodium excretion, low cardiac rate and blood
pressure, and increased vasodilation (Schwimmer and Haim 2009; Stockand 2012; Donald and
Pannabecker 2015). Dromedaries, wild Bactrian camels and desert spiny mice, for example, tolerate a
high dietary intake of salt, yet they do not develop hypertension, maintaining both cardiac rate and blood
pressures at remarkably low levels (Dickinson et al. 2007; Schwimmer and Haim 2009; Ali et al. 2012,
2019; Donald and Pannabecker 2015). In the absence of severe pathologies the selective advantages of
aldosterone-induced low blood pressure would include lower risk for heat stroke, kidney and heart
disease (Ali et al. 2019).

Collectively, these results suggest that some aspects of evolutionary adaptation in North-African
foxes is context dependent, with core desert-specialist species seemingly being more able to retain water

at the kidney than the generalist red fox.
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Supplementary Figures

Arctic fox scaffolds
N

Dog (CanFam 3.1)

Figure S1. Reference genome mapping. Mummer plot obtained from mapping the arctic fox reference genome to the dog reference genome.

Dot’s represent matches with identity higher than 90%.
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Figure S2. Geographic location of samples, species distribution range and overall species relationships using whole-genome data
(related to Figure 1). (A) Species distribution range (shape files downloaded from IUCN, 2021) and sampling areas (points; see Table S1 for
details; C in fennec stands for captive); (B) Principal component analyses (PCA) of 82 whole-genomes of Vulpes sp. PC1 separates North
African outgroups pale fox (V. pallida) and fennec fox (V. zerda) used for comparative analysis from ingroups red fox and Rueppell’s fox
(V.vulpes/rueppellii) used in population genomics. PC2 separates Eurasian and North African red foxes (V. vulpes) from Rueppell’s fox (PC2);
(C) Linkage disequilibrium (LD) distribution of Rueppell’s fox (red), North African red foxes (orange) and Eurasian red foxes (green).
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Figure S3. Mitogenomics of Vulpes using the raccoon dog as an outgroup (A) Maximum-likelihood tree followed by species distribution
range downloaded from IUCN (2021). (B) Bayesian phylogenetic tree and time to the most recent common ancestor estimates; time scale in
Mya represented bellow (see Table S5 for the median time estimates and 95% HPD for each node). Accession numbers of published sequences
are available in Table S2. North African red foxes are colored in orange, Eurasian red foxes green and Rueppell’s fox in red. Rueppell’s foxes

are outgrouped by a non-colored clade of 6 red foxes (n=1 North-Africa, n= 6 Middle East), revealing a paraphyletic pattern in red foxes.
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Figure S4. Ancestral range reconstruction for Vulpes species under the DEC+J model implemented in BioGeoBEARS. Maximum-
likelihood trees for A) complete mtDNA genomes and B) cytb. Pie charts show the relative probability of each potential range. Squares at the

tips represent the current range of extant species.
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Figure S5. MtDNA haplotype networks. (A) Network for complete mitochondrial genomes from North African Rueppell’s (V. rueppellii) and

North-African and Eurasian red foxes (V. vulpes) from our dataset; B) mtDNA network for a 978 bp sequence alignment containing cytochrome

b with additional 6 Asian Rueppell’s and 58 red foxes from Iran (see Table S2). Rueppell’s fox haplotypes are highlighted with a circle.
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Figure S6. Principal component Analysis. (A) PCA of 48 whole-genomes of red foxes (Vulpes vulpes), which can be separated into North
African and Eurasian (PC1, 14.64%), and Asian (Middle Eastern) and European (lberia and Greece) (PC2, 3.13%). Consistent with this, the
levels of genome-wide differentiation are greater between North-Africa and the Middle East (Global Fst= 0.13), and between North-Africa and
Europe (Global Fst=0.19), than between Middle East and Europe (Global Fst= 0.09). North African red foxes show isolation by distance along
a latitudinal gradient from northern to southern regions in North Africa (PC3, 2. 49% ). (B) PCA of 24 whole-genomes of Rueppell’s foxes (V.
rueppellii; PC1 = 7.72%, PC2=4.65%, PC3=4.59%) do not show strong geographic structure. Abbreviations are as follows: Alg- Algeria, Mo-
Morocco, Ma-Mauritania, Tu-Tunisia, Eg-Egypt, Ir-Iran, Ar-Armenia, Tk-Turkey, Sp-Spain, Pt-Portugal, Gr-Greece, WS-Western Sahara.
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Figure S7. Ohana admixture results. Ancestry proportions and trees estimates inferred with Ohana from K=2 until K=6 for a dataset containing
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72 individuals from ingroup species red fox (V. vulpes) and Rueppell’s fox (V. rueppellii). On the left, ancestry proportions are shown, and each
bar shows the inferred ancestry fraction for an individual. Individual colors illustrate the inferred admixture components, Ks values are indicated
at the top. Species and geographic clusters are detailed at the bottom inside grey bars. On the right, population trees for the ancestry components
that are most compatible with the inferred covariance matrix for each respective value of K. Branch length is an indication of drift.
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Figure S8. Phylogenetic placement of different Vulpes species using TreeMix admixture graphs on 83 individuals. TreeMix relationship
of major lineages in our genomic dataset. Admixture graphs computed using TreeMix first for 6 lineages from 0 to 3 migration edges, and then
7 lineages with 2 to 3 migration edges. The pale fox (V. pallida) was used as outgroup. Pale fox — vpallida; fennec fox — vzerda; Arctic fox —
vlagopus; Rueppell’s fox — vrueppellii; North African red fox — vwNA; Eurasian red fox — vwEU; European red fox (Iberia and Greece) — vvIB;

Asian red fox (Middle East) — vvME.
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Figure S9. Residuals for the TreeMix admixture graphs presented in Figure S8. The pale fox (V. pallida) was used as outgroup. Pale fox —

vpallida; fennec fox — vzerda; Arctic fox — vlagopus; Rueppell’s fox — vrueppellii; North African red fox — vwNA; Eurasian red fox — vwEU; European

red fox (Iberia and Greece) — vvIB; Asian red fox (Middle East) — vwvME.
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Figure S10. Demographic inference with dadi and using GADMA. The joint demographic history of Rueppell’s and red foxes
in North Africa (A) and the joint demographic history of North-African and Eurasian red foxes (B), was inferred using diffusion
approximation to the site frequency spectrum (SFS) as implemented in dadi. These analyses were performed on autosomes,
removing potentially introgressed outliers (highlighted in Figure 2). Divergence times are represented in thousands of years
(kya). The estimated effective population sizes and the migration rates are also indicated. Despite the inherent uncertainty in
the genome-wide mutation rate estimate (set to be the same as wolves, u = 4.5 x 10 -°) and variance in generation time (here
assumed to be of 2 years), we find divergence time estimates between the Rueppell’s fox and the red fox (A) to be in accordance
with consensual earliest fossil records of red fox (Bartolini Lucenti and Madurell-Malapeira 2020). The best model in GADMA
supports a population bottleneck in the red fox North-African population after divergence from Eurasian populations, followed
by a recent exponential expansion (B). This model also supports the maintenance of the ancestral population size in Eurasian
populations after divergence from North-African red foxes, followed by a linear population decline and smaller long-term effective

population size (B).
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Figure S11. ABBA-BABA on windows using the arctic fox as reference genome (related to Figure 2). D statistics between Rueppell’s fox

(Vulpes rueppellii) and North African red fox (V. vulpes) (A, B) and between Rueppell’s fox and fennec fox (V. zerda) (C, D) after mapping reads

to the Dog (Canis lupus familiaris) reference genome. The pattern of ABBA/BABA in (A) is as follows: red fox Eurasia - state A or H1 - and

North African red foxes — state B or H2 have a recent common ancestor that diverged from the ancestral of the Rueppell’s fox (state B or H3),

using the arctic fox as outgroup (state A or H4). The pattern of ABBA/BABA in (C): all red foxes - state A or H1 - and Rueppell’s foxes — state

B or H2 have a recent common ancestor that diverged from the ancestral of the fennec fox (state B or H3), using the pale fox as outgroup (state

A or H4). (B, D) Manhattan plot of the Z-transformed D statistic and Chi2 value for non-overlapping windows of 200 kb across all chromosomes,

according to pattern described in A and C, respectively. Each dot represents a window and windows from the same chromosome have the same

color. Line threshold represents regions with Z score and Chi2 values above the 99.5" (B) and 99" (D) percentiles of the empirical distribution.
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Figure S12. ABBA-BABA on windows using the domestic dog as reference genome and outgroup (related to Figure 2). D statistics
between Rueppell’s fox (Vulpes rueppellii) and North African red fox (V. vulpes) (A, B) and between Rueppell’s fox and fennec fox (V. zerda)
(C, D) after mapping reads to the Dog (Canis lupus familiaris) reference genome. The pattern of ABBA/BABA in (A) is as follows: red fox Eurasia
- state A or H1 - and North African red foxes — state B or H2 have a recent common ancestor that diverged from the ancestral of the Rueppell’s
fox (state B or H3). The pattern of ABBA/BABA in (C): all red foxes - state A or H1 - and Rueppell’s foxes — state B or H2 have a recent common
ancestor that diverged from the ancestral of the fennec fox (state B or H3); the dog (state A or H4) was used as the outgroup. (B, D) Manhattan
plot of the Z-transformed D statistic and Chi2 value for non-overlapping windows of 200 kb across all chromosomes, according to pattern
described in A and C, respectively. Each dot represents a window and windows from the same chromosome have the same color. Line threshold

represents regions with Z score and Chi2 values above the 99.5" (B) and 99" (D) percentiles of the empirical distribution.
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Figure S13. CRADD gene — top outlier above the 99" percentile of the empirical distribution for fA4 and Z(D) in ABBA-BABA on
windows (related to Figure 2A). (A) Maximum-likelihood tree estimated with IQtree for a sequence alignment of pseudo-haploids comprising
the CRADD gene (~180kb) based on sampling of a random base (samples from our dataset are highlighted in the legend of the figure, see
TableS2 for additional genomes with legend in the tree). (B) PCA with 48 Red foxes and 25 Rueppell’s using 23,016 SNPs called from a 1.3Mbp
region containing CRADD; (C) Read depth-based estimate for CRADD per individual (depth for CRADD divided by the genome-wide coverage

per individual). There is no evidence for CRADD copy number variation.
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Figure S14 — Tree topologies for SLC6A16 (ranked 2") and two other genes (MGAM, HPS5) in outlier regions above the 99" percentile
of the empirical distribution for fA4 in ABBA-BABA on windows (related to Figure 2A). (A-D) Maximum-likelihood tree topologies were
estimated with IQtree for a haploid sequence called using random based sampling with ANGSD (-doHaplo 1).
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Figure S15. Principal component analysis for SLC6A16 (ranked 2"%) and two other genes in Figure S14. PCA based on sampling of a
single read at each site for 4 genes above the 99" percentile of fAs empirical distribution (related to Figure 2A). North African red foxes individuals
unambiguously cluster close to Rueppell’s than other red foxes. Arrows highlight hidden North-African red fox individuals clustering with Eurasian
red foxes (SLC6A16) and Rueppell’'s fox (MGAM).
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Figure S16. Tree topologies and Principal Component Analysis on the ~25Mb outlier region above the 99'" percentile of the empirical
distribution for fA4 in ABBA-BABA on windows (related to Figure 2B). Maximum-likelihood tree estimated with IQtree for the affected
chromosomal region called with ANGSD (-doHaplo 1) using both (A) the dog genome (NC_006595.3, 38236300-63241923), and (B) the arctic
fox as references (scaffolds 47, 126, 155, 200); (C) PCA of 25Mb region in 48 red foxes, 24 Rueppell’'s fox and 5 fennecs, based on sampling

of a single read at each site. PC1 first separates Rueppell’s and fennec and PC2 separates Rueppell’s and red foxes.
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Figure S17. Genetic differentiation for SLC6A16 (ranked 2"!) and two other genes (MGAM, HPS5) above the 99" percentile of the
empirical distribution for fA4 in ABBA-BABA on windows (related to Figure 2A). Estimated Fst between different pairs of species on

sliding windows of 25kb overlapped every 5kb for the candidate genes and for all of the autosomes (excluding the CRADD gene).
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Figure S18. Zoom in view of SLC6A16 (ranked 2"!) and two other genes (HPS5, MGAM) above the 99" percentile of the empirical
distribution for f*4 in ABBA-BABA on windows (related to Figure 2A). Genetic differentiation (Fst) between different pairs of populations

and species on sliding windows of 25kb overlapped every 5kb for scaffolds harboring genes SLC6A15, MGAM and HPS5.
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Figure S19. Zoom in view of SLC6A16 (ranked 2") and two other genes (HPS5, MGAM) above the 99'" percentile of the empirical
distribution for fA4in ABBA-BABA on windows (related to Figure 2A). Genetic divergence (dxv) between different pairs of populations and
species on sliding windows of 25kb overlapped every 5kb for scaffolds harboring genes SLC6A16, MGAM and HPS5. Threshold lines mark the

95% confidence interval of the genome-wide empirical distribution for dxv.
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Figure S20. Zoom in view of the 25Mb region above the 99" percentile of the empirical distribution for f*s in ABBA-BABA on windows

(related to Figure 2B). (A) Genetic differentiation (Fst) and (B) divergence (dxv) between different pairs of Vulpes species on sliding windows

of 50kb overlapped every 10kb. Threshold lines mark the 95% and 5% of the genome-wide empirical distribution.
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Figure S21. Genetic Divergence for the 25Mb region above the 99" percentile of the empirical distribution for f*y in ABBA-BABA on
windows (related to Figure 2B). Estimated genetic divergences (dxy) between different pairs of Vulpes species on sliding windows of 50 kb

overlapped every 10 kb for the affected chromosomal region and for all of the autosomes (excluding the CRADD gene).
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Figure S22. Read depth-based estimate of KIT copy number in 82 foxes and correlation with other genes (related to figure 2B). (A)

Manhattan plot of the coefficient of correlation between depth of KIT and remainder regions of the genome on non-overlapping windows of

100kb; (B) Read depth-based estimate for KIT, ENOX1 and LRP1B per individual (depth for each gene divided by the genome-wide coverage
per individual); (C) Scatterplot correlating estimated depth for LRP1B and ENOX1 with that of KIT. Both genes are located in distinct
chromosomes and are strongly correlated with KIT, suggesting location in B chromosomes.
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Figure S23. Evidence for introgression of the 25 Mb region supported by KIT (related to Figure 2B). (A) Tree topology for one of the four

scaffolds comprising the 25 Mb region above the 99" percentile of the empirical distribution for fA4 in ABBA-BABA on windows; fennec and

Rueppell’s are sister species. (B) Tree topology for KIT; Rueppell’'s and red foxes become sister species, as in the genome-wide tree. (C)

Nucleotide diversity for the ~25Mb outlier region in 4 Vulpes species; KIT stands as being highly polymorphic in Rueppell’s fox, suggesting the

simultaneous mapping of divergent alleles likely introduced via introgression and alleles located in the B chromosomes which are closer to red

foxes. The fact that KIT is not highly polymorphic in red foxes, which also have autosomal and B alleles mapped to the same region further

confirms our hypothesis.
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Figure S24. RNA seq quality control. (A) Number of read pairs for each sample used in, before and after trimming. (B) Number of alignments

N
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to each reference genome, as reported by STAR. canFam3.1: dog; vulVul2.2: red fox; V. lagopus: arctic fox.
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Figure S25. Principal Component Analysis for RNAseq data. (A) PCA based on called genotypes; (B-D) PCA based on read counts mapping
reads to the transcriptomes of the following references: (B) dog (canFam3.1), (C) red fox (vulVul2.2) and (D) arctic fox (V. lagopus).
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Figure S26. Gene expression differences between North-African and Eurasian red foxes and Rueppell’s foxes. The plots represent top
candidate genes putatively under selection in North African red foxes (CD163, SLC12A2) for which differential expression was significant
between North-African and Eurasian foxes (p-adjusted CD163 = 9.3e-08, p-adjusted SLC12A2 = 0.001), and/or North-African red fox and
Eurasian red foxes (p-adjusted CD163 = 2.5e-06; p-adjusted SLC12A2 = 0.079). The arctic fox transcriptome was used as reference.
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Figure S27. Selection specific to Eurasian red foxes. Genome-wide selection scans on windows of 50 kb with a 10kb slide across autosomal

chromosomes, displayed as in the dog genome (x-axis): population branch statistics (PBS) and alpha (negative logarithm of alpha) were

estimated using Eurasian red foxes as focal group, North-African red foxes as closest ingroup and Rueppell’s fox as outgroup; genes in grey

are genes that stand out above the 99" percentile of the empirical distribution of f statistics in ABBA-BABA on windows for introgression between

Rueppell’s and North African red foxes. The CRADD region and the 25Mb region identified in Figure 2 in main text were removed from the

analysis. Dashed lines show the 99.95" percentile of the empirical distribution. Names of genes within the highest peaks are shown (non-label

peaks represent no overlap with genes). The arctic fox (V. lagopus) was used as reference genome. We note that other genes not displayed in

the figure can overlap the outlier regions; a full list can be found in Tables $16-S17. The arctic fox (V. lagopus) was used as reference genome.
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Figure S28 . Zoomed-in view of the top SNPs harboring regions with highest PBS value for top candidate genes in North-African red
foxes (A-C). The top SNPs with highest PBS value in genes SLC12A2 (A), TRPA1 (B), and THADA (C) are visualized in the UCSC Genome

Browser. All variants putatively under selection lie outside non-coding regions.
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Figure S29. Physiological differences between three species of Vulpes (relative to Tables S$22-23). Boxplots of 12 physiological
parameters measured from the serum/plasma of red fox (V. vulpes; n=10), desert-dwelling Rueppell’s fox (V. rueppellii; n=13), and fennec fox
(V. zerda; n=10): (A) Copeptin (used as biomarker for vasopressin; pmol/L), (B) Aldosterone (pg/mL), (C) Total T4 (ug/dL), (D) Urea (mg/dL),
(E) Uric acid (mg/dL), (F) Creatinine (mg/dL); (G) Albumin (g/dL), (H) Cholesterol (mg/dL), (I) Osmolality (mOSm/Kg), (J) Sodium (mEq/L), (K)
Potassium (mEg/L), (L) Chloride (mEg/L); Juveniles were excluded. No significant differences between species were found except for A-C
(pairwise comparisons using t-tests with Bonferroni correction, pcopeptn= 0.00037; paidosterone=0.0034; prs= 8.8e-05) and between red fox and
fennec (Pcopeptin=0.02273; paidosterone =0.0027; pt4=1.0e-06). After correcting for the potentially confounding factors caused by sex, weight, body
mass index and whether the individuals were caught free-ranging or captive as covariates, we still found the same pattern of significance.
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Figure S$30. Plots measuring the degree of correlation between body length and weight (A), hindfoot length (B) and tail length (C) in Rueppell’s

fox, fennec fox and red fox (Table S3). For each comparison, the correlation coefficient (R) and associated p-value are shown.
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Figure S31. Maximum urine osmolality (mOsm/kg) in mammals and mean aridity index (Al). The values provided in this study for North-

African Rueppell’'s fox (V. rueppellii) and red fox from Northern Iberia peninsula (V. vulpes) are plotted and highlighted with the fennec fox (V.

zerda) and 120 mammalian species reviewed in Rocha et al. (2021). Both desert dwelling Vulpes species (V. rueppellii/’zerda) show urine

concentrating abilities similar to desert rodents and higher than red foxes.



Supplementary Tables

DATASETS

FCUP (195
Life in Deserts: a genomic history of

adaptation and introgression in North-African foxes

Table S1. Whole genome sequencing data. Information on the whole genome sequenced samples used in this study. The

samples average coverage refers to final coverage after mapping to arctic fox genome and quality control.

ID Species Continent Region Status Coverage | Featured analysis
84 V. rueppelli | North Africa | Mauritania Roadkill 6.2 all

131 V. rueppellii | North Africa | Mauritania Roadkill 3.5 all

542 V. rueppellii | North Africa | Western Sahara Roadkill 5.0 all

785 V. rueppellii | North Africa | Western Sahara Roadkill 57 all

795 V. rueppellii | North Africa | Western Sahara Roadkill 4.9 ngsRelate
2782 V. rueppellii | North Africa | Western Sahara Roadkill 3.9 all

3213 V. rueppellii | North Africa | Mauritania Roadkill 4.0 all

3625 V. rueppelli | North Africa | Mauritania Roadkill failed none
4964 V. rueppellii | North Africa | Mauritania Roadkill 4.5 all

5704 V. rueppellii | North Africa | Egypt (W. Desert) | Roadkill 3.7 all

6010 V. rueppellii | North Africa | Mauritania Roadkill 5.5 all

7367 V. rueppelli | North Africa | Mauritania Roadkill 44 all

7902 V. rueppellii | North Africa | Mauritania Roadkill 2.5 all

8391 V. rueppellii | North Africa | Algeria Roadkill failed none
13667 | V. rueppellii | North Africa | Mauritania Roadkill failed none
VRO1 | V. rueppellii | North Africa | Western Sahara Captured 9.8 all

VRO2 | V. rueppellii | North Africa | Western Sahara Captured 5.7 all

VRO3 | V. rueppellii | North Africa | Western Sahara Captured 4.6 all

VRO04 | V. rueppellii | North Africa | Western Sahara Captured 5.2 ngsRelate
VRO5 | V. rueppellii | North Africa | Western Sahara Captured 3.0 all

VRO6 | V. rueppellii | North Africa | Western Sahara Captured 5.1 all

VRO7 | V. rueppellii | North Africa | Western Sahara Captured 4.6 all

VRO8 | V. rueppellii | North Africa | Western Sahara Captured 41 all

VR09 | V. rueppellii | North Africa | Western Sahara Captured 3.7 all

VR10 | V. rueppellii | North Africa | Western Sahara Captured 4.5 all

VR11 | V. rueppellii | North Africa | Western Sahara Captured 4.8 all

VR12 | V. rueppellii | North Africa | Western Sahara Captured 3.5 all

VR13 | V. rueppellii | North Africa | Western Sahara Captured 3.9 all

VR14 | V. rueppellii | North Africa | Western Sahara Roadkill 3.9 all

305 V. vulpes North Africa | Tunisia Roadkill 4.8 all

707 V. vulpes North Africa | Morocco Roadkill 5.1 all

1092 V. vulpes North Africa | Morocco Roadkill 8.3 all

1446 V. vulpes North Africa | Morocco Roadkill 3.2 all

1515 V. vulpes North Africa | Algeria Captured 3.9 all

2790 V. vulpes Europe Spain Roadkill 4.2 all but demography
2794 V. vulpes Europe Greece Roadkill 5.1 all but demography
3642 V. vulpes North Africa | Morocco Roadkill 4.8 all

3643 V. vulpes North Africa | Morocco Roadkill 3.8 all

5627 V. vulpes Middle East | Turkey Captured 53 all

5701 V. vulpes North Africa | Morocco Roadkill 4.7 all

5705 V. vulpes Middle East | Egypt (Sinai) Roadkill 3.6 all
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5706 V. vulpes Middle East | Armenia Roadkill 5.2 all

5710 V. vulpes North Africa | Morocco Roadkill 4.7 all

6588 V. vulpes North Africa | Morocco Roadkill 4.2 all

6589 V. vulpes North Africa | Morocco Roadkill 3.4 all

6820 V. vulpes North Africa | Tunisia Roadkill 4.2 all

6824 V. vulpes North Africa | Tunisia Roadkill 5.1 all

6891 V. vulpes North Africa | Morocco Roadkill 4.2 all

7024 V. vulpes North Africa | Morocco Roadkill 4.3 all

8030 V. vulpes North Africa | Morocco Roadkill 3.1 all

8047 V. vulpes Middle East | Iran Roadkill 5.0 all

8050 V. vulpes Middle East | Iran Roadkill 5.0 all

8079 V. vulpes North Africa | Morocco Roadkill 3.9 all

8522 V. vulpes North Africa | Morocco Roadkill 3.3 all

8645 V. vulpes Middle East | Iran Roadkill 4.5 all

8953 V. vulpes Middle East | Iran Roadkill 3.8 all

9053 V. vulpes North Africa | Morocco Roadkill 3.6 all

9055 V. vulpes North Africa | Morocco Roadkill 4.3 all

10185 | V. vulpes North Africa | Morocco Roadkill 3.1 all

10470 | V. vulpes Middle East | Iran Roadkill 44 all

10476 | V. vulpes Middle East | Iran Roadkill 5.2 all

10608 | V. vulpes North Africa | Morocco Roadkill 4.2 all

11464 | V. vulpes Middle East | Iran Roadkill 3.7 all

11466 | V. vulpes Middle East | Iran Roadkill 4.0 all

11469 | V. vulpes Middle East | Iran Roadkill 5.0 all

11470 | V. vulpes Middle East | Iran Roadkill 54 all

12146 | V. vulpes North Africa | Morocco Roadkill 4.7 all

12238 | V. vulpes North Africa | Morocco Roadkill 4.0 all

13451 | V. vulpes North Africa | Morocco Roadkill 3.3 all

VVO01 | V. vulpes North Africa | Morocco Captured 3.7 all

VV02 | V. vulpes North Africa | Morocco Captive 3.8 ngsRelate

VV03 | V. vulpes North Africa | Morocco Captive 4.1 all

VV04 | V. vulpes North Africa | Morocco Captive 3.9 all

VV05 | V. vulpes North Africa | Morocco Captive 4.0 all

VVO07 | V. vulpes Europe Portugal Captured 5.2 all but demography
VV10 | V. vulpes Europe Portugal Captive 4.7 all but demography
VV11 V. vulpes Europe Portugal Captive 5.7 all but demography
VV12 | V. vulpes North Africa | Western Sahara Roadkill 3.8 all

VV13 | V. vulpes North Africa | Western Sahara Roadkill failed none

VZ01 V. zerda North Africa | Morocco Captive 3.3 selection, D statistics
VZ02 | V. zerda North Africa | Morocco Captive 3.2 selection, D statistics
VZ03 V. zerda North Africa | Morocco Captive 41 selection, D statistics
VZ05 V. zerda North Africa | Morocco Captive 3.2 selection, D statistics
VZ07 V. zerda North Africa | Morocco Captive 3.3 selection, D statistics
468 V. pallida North Africa | Senegal Roadkill 3.6 selection, D statistics
968 V. pallida North Africa | Mauritania Roadkill 9.0 selection, D statistics
1001 V. pallida North Africa | Mauritania Roadkill 5.9 selection, D statistics
3483 V. pallida North Africa | Mauritania Roadkill 3.7 selection, D statistics
10358 | V. pallida North Africa | Senegal Roadkill 3.9 selection, D statistics




Table S2. Whole genome and mitochondrial sequencing data obtained from NCBI.
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ID Species Region Data Type Featured analysis
KU378369 V. rueppellii Iran mtDNA, cytb Haplotype network
KU378368 V. rueppellii Iran mtDNA, cytb Haplotype network
KU378373 V. rueppellii Iran miDNA, cytb Haplotype network
KU378372 V. rueppellii Iran mtDNA, cytb Haplotype network
KU378370 V. rueppellii Iran mtDNA, cytb Haplotype network
KU378371 V. rueppellii Iran mitDNA, cytb Haplotype network,
BioGeoBEARS
KU378543 V. vulpes Iran mtDNA, cytb Haplotype network
KU378531 V. vulpes Iran mtDNA, cytb Haplotype network
KU378551 V. vulpes Iran mitDNA, cytb Haplotype network
KU378550 V. vulpes Iran mtDNA, cytb Haplotype network
KU378553 V. vulpes Iran mtDNA, cytb Haplotype network
KU378554 V. vulpes Iran mtDNA, cytb Haplotype network
KU378558 V. vulpes Iran mtDNA, cytb Haplotype network
KU378533 V. vulpes Iran miDNA, cytb Haplotype network
KU378538 V. vulpes Iran mtDNA, cytb Haplotype network
KU378524 V. vulpes Iran mtDNA, cytb Haplotype network
KU378536 V. vulpes Iran mitDNA, cytb Haplotype network
KU378530 V. vulpes Iran mtDNA, cytb Haplotype network
KU378559 V. vulpes Iran mtDNA, cytb Haplotype network
KU378505 V. vulpes Iran mtDNA, cytb Haplotype network
KU378504 V. vulpes Iran mtDNA, cytb Haplotype network
KU378503 V. vulpes Iran miDNA, cytb Haplotype network
KU378557 V. vulpes Iran mtDNA, cytb Haplotype network
KU378563 V. vulpes Iran mtDNA, cytb Haplotype network
KU378528 V. vulpes Iran miDNA, cytb Haplotype network
KU378555 V. vulpes Iran mtDNA, cytb Haplotype network
KU378556 V. vulpes Iran mtDNA, cytb Haplotype network
KU378564 V. vulpes Iran mtDNA, cytb Haplotype network
KU378506 V. vulpes Iran mtDNA, cytb Haplotype network
KU378513 V. vulpes Iran miDNA, cytb Haplotype network
KU378508 V. vulpes Iran mtDNA, cytb Haplotype network
KU378509 V. vulpes Iran mtDNA, cytb Haplotype network
KU378510 V. vulpes Iran mtDNA, cytb Haplotype network
KU378512 V. vulpes Iran mtDNA, cytb Haplotype network
KU378549 V. vulpes Iran miDNA, cytb Haplotype network
KU378547 V. vulpes Iran mtDNA, cytb Haplotype network
KU378548 V. vulpes Iran mtDNA, cytb Haplotype network
KU378542 V. vulpes Iran miDNA, cytb Haplotype network
KU378546 V. vulpes Iran mtDNA, cytb Haplotype network
KU378545 V. vulpes Iran mtDNA, cytb Haplotype network
KU378552 V. vulpes Iran mtDNA, cytb Haplotype network




FCUP (198

Life in Deserts: a genomic history of
adaptation and introgression in North-African foxes

KU378571 V. vulpes Iran mtDNA, cytb Haplotype network
KU378572 V. vulpes Iran mitDNA, cytb Haplotype network
KU378573 V. vulpes Iran mtDNA, cytb Haplotype network
KU378574 V. vulpes Iran mtDNA, cytb Haplotype network
KU378577 V. vulpes Iran mtDNA, cytb Haplotype network
KU378578 V. vulpes Iran mtDNA, cytb Haplotype network
KU378579 V. vulpes Iran miDNA, cytb Haplotype network
KU378507 V. vulpes Iran mtDNA, cytb Haplotype network
KU378511 V. vulpes Iran mtDNA, cytb Haplotype network
KU378514 V. vulpes Iran mitDNA, cytb Haplotype network
KU378520 V. vulpes Iran mtDNA, cytb Haplotype network
KU378521 V. vulpes Iran mtDNA, cytb Haplotype network
KU378522 V. vulpes Iran mtDNA, cytb Haplotype network
KU378523 V. vulpes Iran mtDNA, cytb Haplotype network
KU378561 V. vulpes Iran mitDNA, cytb Haplotype network
KU378500 V. vulpes Iran mtDNA, cytb Haplotype network
KU378560 V. vulpes Iran mtDNA, cytb Haplotype network
KU378562 V. vulpes Iran miDNA, cytb Haplotype network
KU378529 V. vulpes Iran mtDNA, cytb Haplotype network
KU378527 V. vulpes Iran mtDNA, cytb Haplotype network
KU378526 V. vulpes Iran mtDNA, cytb Haplotype network
KU378525 V. vulpes Iran mtDNA, cytb Haplotype network
GQ374180 V. vulpes China mtDNA, complete Haplotype network
KF387633 V. vulpes Tibet mtDNA, complete Haplotype network
JN711443 V. vulpes South Korea mtDNA, complete Haplotype network
MN122913 V. vulpes mtDNA, complete Haplotype network
NC_008434 V. vulpes mtDNA, complete Haplotype network
KU378587.1 V. cana cytb BioGeoBEARS
L11734.2 V. velox cytb BioGeoBEARS
JF489127.1 V. macrotis cytb BioGeoBEARS
KT033906 V. ferrilata Tibet mtDNA, complete BEAST, BioGeoBEARS
NC_027935 V. ferrilata Tibet mtDNA, complete BEAST
KJ140137 V. corsac Mongolia mtDNA, complete BEAST
NC_023958 V. corsac Mongolia mtDNA, complete BEAST, BioGeoBEARS
NC_045533 V. bengalensis India mtDNA, complete BEAST,
BioGeoBEARS
KJ603240 V. zerda mtDNA, complete BEAST,
BioGeoBEARS
NC_026529.1 V. lagopus mtDNA, complete BEAST, BioGeoBEARS
KP342451.1 V. lagopus mtDNA, complete BEAST
NC_013700 Nyctereutes procyonoides mtDNA, complete BEAST, BioGeoBEARS
SRR7704840 V. lagopus genome ngsDist, gene trees
SRR5280501 V. vulpes Russian farm genome CRADD gene tree
SRR5280502 V. vulpes Russian farm genome CRADD gene tree
SRR5280503 V. vulpes Russian farm genome CRADD gene tree
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SRR5280504 V. vulpes Russian farm genome CRADD gene tree
SRR5280505 V. vulpes Russian farm genome CRADD gene tree
SRR5280506 V. vulpes Russian farm genome CRADD gene tree
SRR5280507 V. vulpes Russian farm genome CRADD gene tree
SRR5280508 V. vulpes Russian farm genome CRADD gene tree
SRR5280509 V. vulpes Russian farm genome CRADD gene tree
SRR5280510 V. vulpes Russian farm genome CRADD gene tree
SRR5280486 V. vulpes Russian farm genome CRADD gene tree
SRR5280487 V. vulpes Russian farm genome CRADD gene tree
SRR5280488 V. vulpes Russian farm genome CRADD gene tree
SRR5280489 V. vulpes Russian farm genome CRADD gene tree
SRR5280490 V. vulpes Russian farm genome CRADD gene tree
SRR5280491 V. vulpes Russian farm genome CRADD gene tree
SRR5280492 V. vulpes Russian farm genome CRADD gene tree
SRR5280493 V. vulpes Russian farm genome CRADD gene tree
SRR5280494 V. vulpes Russian farm genome CRADD gene tree
SRR5280495 V. vulpes Russian farm genome CRADD gene tree
SRR5280476 V. vulpes Russian farm genome CRADD gene tree
SRR5280477 V. vulpes Russian farm genome CRADD gene tree
SRR5280478 V. vulpes Russian farm genome CRADD gene tree
SRR5280479 V. vulpes Russian farm genome CRADD gene tree
SRR5280480 V. vulpes Russian farm genome CRADD gene tree
SRR5280481 V. vulpes Russian farm genome CRADD gene tree
SRR5280482 V. vulpes Russian farm genome CRADD gene tree
SRR5280483 V. vulpes Russian farm genome CRADD gene tree
SRR5280484 V. vulpes Russian farm genome CRADD gene tree
SRR5280485 V. vulpes Russian farm genome CRADD gene tree
SRR1138360 Canis familiaris Tibetan Mastiff genome ngsDist, gene trees
SRR8049195 Canis lupus Greenland genome CRADD gene tree
SRR8049186 Canis latrans Alaska genome CRADD gene tree
SRR8049196 Canis anthus Africa genome CRADD gene tree
SRR2149878 Canis aureus Eurasia genome CRADD gene tree
SRR7874817 Lycaon pictus Zimbabwe genome CRADD gene tree
SRR1066703 Lycalopex culpaeus South America genome CRADD gene tree
SRR5198016 Urocyon littoralis USA genome CRADD gene tree
SRR5198017

SRR5198018

SRS1937014 Urocyon cinereoargenteus | USA genome CRADD gene tree
SRR942310 Ursus maritimus genome CRADD gene tree
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Table S3. Phenotypic and Transcriptomic data collected in this study. Abbreviations are as follows: F- female, M — Male,

NA — not applicable.

ID Species Status | Age Sex | Trap Region Territory Selected

VRO1 | V. rueppellii wild Adult F Tomahawk | North Africa | Morocco Phenotyping

VRO2 | V. rueppellii wild Adult M Leghold North Africa | Morocco Phenotyping

VRO3 | V. rueppellii wild Adult F Tomahawk | North Africa | Morocco Phenotyping RNA-seq*
VRO4 | V. rueppellii wild Adult M Tomahawk | North Africa | Morocco Phenotyping

VRO5 | V. rueppellii wild Adult F Tomahawk | North Africa | Morocco Phenotyping

VRO6 | V. rueppellii wild Adult M Tomahawk | North Africa | Morocco Phenotyping

VRO7 | V. rueppellii wild Adult F Tomahawk | North Africa | Morocco Phenotyping RNA-seq
VRO8 | V. rueppellii wild Adult M Leghold North Africa | Morocco Phenotyping

VRO9 | V. rueppellii wild Adult M Leghold North Africa | Morocco Phenotyping RNA-seq
VR10 | V. rueppellii wild Adult M Tomahawk | North Africa | Morocco Phenotyping

VR11 | V. rueppellii wild Adult M Tomahawk | North Africa | Morocco Phenotyping RNA-seq
VR12 | V. rueppellii wild Adult M Tomahawk | North Africa | Morocco Phenotyping

VR13 | V. rueppellii wild Adult F Tomahawk | North Africa | Morocco Phenotyping

VV01 | V. vulpes wild Juvenile | M Collarum North Africa | Morocco Phenotyping

VW02 | V. vulpes captive | Adult F NA North Africa | Morocco Phenotyping

VV03 | V. vulpes captive | Adult M NA North Africa | Morocco Phenotyping RNA-seq
VV04 | V. vulpes captive | Adult M NA North Africa | Morocco Phenotyping

VV05 | V. vulpes captive | Juvenile | M NA North Africa | Morocco Phenotyping RNA-seq
VVO06 | V. vulpes wild Adult F Leghold Iberia Portugal Phenotyping

VVO07 | V. vulpes wild Adult F Leghold Iberia Portugal Phenotyping

VV08 | V. vulpes wild Adult M Leghold Iberia Portugal Phenotyping

VV09 | V. vulpes captive | Adult F NA Iberia Portugal Phenotyping RNA-seq
VV10 | V. vulpes captive | Adult F NA Iberia Portugal Phenotyping RNA-seq
VV11 | V. vulpes captive | Adult F NA Iberia Portugal Phenotyping RNA-seq
VV14 | V. vulpes wild Adult NA | Leghold Iberia Spain RNA-seq

VV15 | V. vulpes wild Adult NA | Leghold Iberia Spain RNA-seq

VZ01 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ02 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ03 | V. zerda captive | Adult F NA North Africa | Morocco Phenotyping

VZ04 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ05 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ06 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ07 | V. zerda captive | Adult F NA North Africa | Morocco Phenotyping

VZ08 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ09 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

VZ10 | V. zerda captive | Adult M NA North Africa | Morocco Phenotyping

*Failed due to low RIN score.
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PHYLOGENETIC ANALYSES

Table S4. Ancestral Range reconstruction in BioGeoBEARS using complete and cytb mtDNA maximum-likelihood trees. Model
comparison for dispersal-extinction-cladogenesis (DEC), dispersal-vicariance-like (DIVAKIKE), and Bayesian Inference of

historical biogeography for discrete areas (BAYAREALIKE), with and without founder-event speciation (with or without +J).

Models Ln likelihood Number of | d e j AlIC AlCc
Parameters

Complete mitochondrial genomes with 8 Vulpes

DEC -18.06 2 348 [1.00E-12 [0 4013 41.84
DEC+J -14.40 3 221 | 1.00E-12 | 0.15 34.80 38.8
DIVALIKE -18.03 2 453 [ 1.00E-12 [0 40.07 41.78
DIVALIKE+J -14.55 3 248 [ 1.00E-12 | 0.12 35.12 39.12
BAYAREALIKE -21.20 2 288 |5 0 46.40 48.12
BAYAREALIKE + J -14.56 3 248 | 1.00E-12 | 0.122 3512 3912
Cytochrome B-based with 11 Vulpes

DEC -24.74 2.00 1.76 | 0.00 0.00 53.48 54.57
DEC+J -16.87 3.00 0.49 | 0.00 0.18 39.74 42.14
DIVALIKE -25.71 2.00 279 | 0.00 0.00 55.42 56.51
DIVALIKE+J -18.63 3.00 0.63 | 0.00 0.21 43.25 45.65
BAYAREALIKE -33.48 2.00 1.25 | 5.00 0.00 70.95 72.04
BAYAREALIKE + J -18.63 3.00 0.63 | 0.00 0.21 43.25 45.65

Abbreviations are as follows: d, rate of dispersal; e, rate of extinction; j, likelihood of founder event speciation at cladogenesis; AIC, Akaike's

information criterion; AlCc, Akaike's information criterion, with correction for sample size.

Table S5. Posterior estimates of the time to the most recent common ancestor (Twurca) of Vulpes mtDNA. The median

node age for Vulpes sp. based on complete mitochondrial genomes is followed by the 95% highest posterior density intervals.

Node Median 95% HPD

Twmrea (V. pallida + other Vulpes sp.) 7.06 mya 7.0-7.2 mya
Tmrea (V. zerda + other Vulpes sp.) 5.50 mya 4.8-6.2 mya
Tmrea (V. lagopus + other Vulpes sp.) 3.21 mya 3.0-3.4 mya
Twmrea (V. ferrilata + V. corsac + other Vulpes sp.) 2.44 mya 2.1-2.8 mya
Turea (V. bengalensis + V. rueppellii + V. vulpes) 1.24 mya 927 kya-1.6 mya
Twvrea (V. ferrilata + V. corsac) 0.99 mya 689 kya-1.3 mya
Turea (V. rueppellii + V. vulpes) 625 kya 476-788 kya
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INTROGRESSION AND DEMOGRAPHY

Table S6. D-statistics as implemented in ANGSD. All D-statistics were computed using either arctic fox (Vulpes lagopus) or
dog (Canis lupus familiaris) as reference genomes and with different outgroups. Only significant cases for significant allele
sharing between H2 and H3 are presented. Abbreviations are as follows: vwNA — red fox North Africa, vwEU — red fox Eurasia,

vr — Rueppell’s fox, vz — fennec fox, vp — pale fox.

D statistic Z p-value nABBA nBABA nBlocks | H1(A) | H2 (B) H3 H4 (A) Ref
score (B)

0.033774 39.63 | 0.000001 899736 840945 4090 | vvEU vwNA vr arctic arctic
0.031359 59.15 | 0.000000 889746 835639 4035 | vvEU vwNA vr vz arctic
0.029141 54.28 | 0.000000 901861 850787 4065 | vvEU vwNA vr vp arctic
0.028694 | 42.53 | 0.000000 1015207 958571 1465 | vvEU vwNA vr vz dog
0.024829 36.89 | 0.000000 1056349 1005163 1615 | vvEU vwNA vr vp dog
0.008460 8.64 | 0.000000 1222508 1201997 1772 | vvEU vwNA vr dog dog
0.015214 10.08 | 0.000000 593273 575491 3780 vV vr vz vp arctic
0.012988 6.02 | 0.000000 689425 671746 1390 vV vr vz vp dog
0.010753 5.91 0.000000 940562 920550 1471 vV vr vz dog dog

Table S7. Demographic Inference. Joint demographic parameters inferred with dadi using GADMA for the history of divergence
between Rueppell’s fox and red fox, and between North-Africa and Middle Eastern red foxes. The mutation rate (1) was set to

4.5 x 10 and generation time (gt) of 2 years (divergence time estimates are also provided for generation time of 3 years).

Model parameters

Rueppell’s and red fox North Africa

Red fox North-Africa and Middle East

Loglikelihood -9570062.64* -1545461.83
Ancestral size 162,186 149,241

Time of ancestral size change (kya) NA gtr=244
according to generation time (gt) gt;=366
Ancestral size change NA 995,897
Divergence time (kya) according to gto=576 gt,=78
generation time (gt) gt;=863 gts=117
Population size after divergence of vr: 27,053 vwME: 979,010
ancestral vwNA: 135,132 vwNA: 16,887

Migration Rates

(migrants/generation)

vvNA to vr: 2.46E-06
vr to vvNA: 1.93E-06

vvNA to vwME: 1.93E-05
vME to vwNA: 3.74E-05

Current population size

vr: 186,048
vwNA: 173,135

vwME: 12,730
vvNA: 295,225

*The Logelikelihood of a model with no migration is of -170222606.78
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Table S8 — Genomic regions above the 99th percentile of empirical distribution of the fraction of admixture (f*d) on non-

overlapping windows of 200 kb using red fox (V. vulpes) Eurasia as H1, red fox North Africa as H2 and Rueppell’s fox (V.

rueppellii) as H3, outgrouped by arctic fox (V. lagopus).

Dog chr | Arctic start end fAhom | fAd overlapping genes

Chr15 scaffold_3 30400000 | 30599999 0.77 | 0.77 | CRADD

X scaffold_69 12200000 | 12399999 0.55 | 0.55 | GPM6B,OFD1,RAB9A, TCEANC,TRAPPC2

Chr1 scaffold_99 4600000 4799999 0.48 | 0.48 | C1H190rf73,CD37,HRC,PPFIA3,SLC6A16,TE
AD2,TRPM4

Chr8 scaffold_63 200000 399999 0.40 | 0.40 | LOC100855826

Chr18 scaffold_61 13400000 | 13599999 0.40 | 0.40 | COR4C1P,COR4C31,COR4C32,COR4C38,0
R14D11

Chr22 scaffold_38 21000000 | 21199999 0.40 | 0.40 | ALG11,ATP7B,NEK5

Chr19 scaffold_14 2000000 2199999 0.37 | 0.37 | AMMECR1L,NDUFA, ISOC2,POLR2D,WDR33

Chr21 scaffold_39 10200000 | 10399999 0.28 | 0.28 | HPS5,SAA1,SAAL1

Chr9 scaffold_59 13800000 | 13999999 0.27 | 0.27 | LOC100686518

Chr33 scaffold_25 8600000 8799999 0.27 | 0.27 | B4GALT4,C33H30rf30,IGSF11,UPK1B

Chr3 scaffold_15 23000000 | 23199999 0.25 | 0.25 | LOC100686296

Chr3 scaffold_121 2600000 2799999 0.24 | 0.24 | GABRG3

Chr18 scaffold_27 25200000 | 25399999 0.24 | 0.24 | LOC102157067,LOC106557501,LOC1110916
56,L0C111097868,SEPT14

Chr38 scaffold_136 600000 799999 0.23 | 0.23 | CD1A6,CD1B,CD1C,CD1E,OR10R3B,0R10R
3C,0R10R3,0R10T1,0R10T2,0R10K2

Chr16 scaffold_30 14600000 | 14799999 0.23 | 0.23 | KCNU1

Chr4 scaffold_36 7800000 7999999 0.23 | 0.23 | NPR3

Chr21 scaffold_39 0 199999 0.23 | 0.23 | NLRP14,0R10F05,ZNF214,ZNF215

Chr15 scaffold_3 30200000 | 30399999 0.22 | 0.22 | PLXNC1

Chr7 scaffold_7 1200000 1399999 0.22 | 0.22 | DNAH14

Chr16 scaffold_127 600000 799999 0.22 | 0.22 | CLEC5A,MGAM,MGAM2,TAS2R38

Chr22 scaffold_6 2000000 2199999 0.21 | 0.21 | LOC111091646

Chr32 scaffold_46 7600000 7799999 0.20 | 0.20 | HSD17B11,HSD17B13,KLHL8

Chr21 scaffold_22 21600000 | 21799999 0.19 | 0.19 | GDPD4,LOC111091524,PAK1

Chr30 scaffold_5 25000000 | 25199999 0.19 | 0.19 | FAM227B,FGF7,GALK2

Chr7 scaffold_7 36400000 | 36599999 0.19 | 0.19 | NEK7

Chr21 scaffold_168 1400000 1599999 0.18 | 0.18 | OR2D3

Chr7 scaffold_7 15400000 | 15599999 0.18 | 0.18 | ANKRD45,CENPL,DARS2,KLHL20,SLC9C2, T
EX50

Chr27 scaffold_107 1000000 1199999 0.18 | 0.18 | LMO3,LOC102152174

Chr12 scaffold_95 6200000 6399999 018 | 0.18 | .

Chr8 scaffold_142 2800000 2999999 0.18 | 0.18 | LOC611720

X scaffold_101 1200000 1399999 0.18 | 0.18 | LOC100856306

Chr7 scaffold_7 5200000 5399999 0.17 | 0.17 | CATSPERE,DESI2

Chr1 scaffold_106 3000000 3199999 0.17 | 0.17 | C1H9orf64,HNRNPK,KIF27,MIR7-1,RMI1

Chr8 scaffold_24 2400000 2599999 017 | 017 ].

Chr28 scaffold_64 11200000 | 11399999 0.17 | 0.17 | MARCH8,WASHC2C,ZFAND4

Chr15 scaffold_3 25200000 | 25399999 0.16 | 0.16 | ACTR6,DEPDC4,SCYL2,UHRF1BP1L

Chr22 scaffold_38 11600000 | 11799999 0.16 | 0.16 | KBTBD7,MTRF1,NAA16

Chr27 scaffold_74 11800000 | 11999999 0.16 | 0.16 | MUC19

Chr15 scaffold_3 10400000 | 10599999 0.16 | 0.16 | LOC111098920

Chr19 scaffold_41 15800000 | 15999999 0.16 | 0.16 | LOC111091096

Chr8 scaffold_142 2600000 2799999 0.22 | 0.16 | ADAM20,ADAM21,MAD2L1

Chr32 scaffold_55 13400000 | 13599999 0.16 | 0.16 | LOC102151449,L0C102153596,LOC1021546
15

Chr1 scaffold_99 3800000 3999999 0.16 | 0.16 | CARD8,CCDC114,LIG1,ZNF114,ZSWIM9

Chr22 scaffold_38 12600000 | 12799999 0.16 | 0.16 | AKAP11

Chr18 scaffold_27 14000000 | 14199999 0.16 | 0.16 | NAMPT

Chr37 scaffold_16 10800000 | 10999999 0.16 | 0.16 | LOC102154178

Chr22 scaffold_6 4200000 4399999 0.15| 0.15 | LOC111091751
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Chr25 scaffold_48 6200000 6399999 0.15 | 0.15 | DOCK10

Chr19 scaffold_41 9000000 9199999 0.15 | 0.15 | LOC102157193

Chr3 scaffold_45 17400000 | 17599999 0.15| 0.15 | LOC111095398

Chr14 scaffold_0 0 199999 0.15| 0.15 | SLC13A1

Chr18 scaffold_27 4000000 4199999 0.15| 0.15 | LOC111090859

Chr27 scaffold_67 3400000 3599999 0.15 | 0.15 | CSRNP2,HIGD1C,LETMD1,POU6F1,SLC11A2
,TFCP2

Chr19 scaffold_41 11400000 | 11599999 0.15| 0.15 | PCDH10

Chr23 scaffold_72 600000 799999 0.15 | 0.15 | LOC111091977,PLOD2,PLSCR4

Chr11 scaffold_52 4800000 4999999 0.15 | 0.15 | INIP,KIAA1958,LOC111089963

Chr18 scaffold_27 21600000 | 21799999 0.15 | 0.15 | CACNA2D1

Chr22 scaffold_6 32200000 | 32399999 015| 0.15 .

Chr23 scaffold_56 14200000 | 14399999 0.15| 0.15 | LOC100687988,LOC111092988

Chr18 scaffold_27 0 199999 0.15 | 0.15 | ABCA13,C18H70rf57,SUN3

Chr20 scaffold_1 24800000 | 24999999 0.15 | 0.15 | APPL1,ASB14,DNAH12

Chr26 scaffold_187 400000 599999 0.15 | 0.15 | LOC100683217,LOC100856527,LOC1021557
37

Chr13 scaffold_43 14600000 | 14799999 0.15 | 0.15 | MRPL13,MTBP,SNTB1

Chr2 scaffold_53 12200000 | 12399999 0.14 | 0.14 | CCDC7

Chr10 scaffold_4 7400000 7599999 0.14 | 0.14 | CCT4,COMMD1

Chr16 scaffold_117 1800000 1999999 0.14 | 0.14 | CNTNAP2

Chr26 scaffold_84 7400000 7599999 0.14 | 0.14 | BCL7A,IL31,LOC100683019,MLXIP,WDR66

Chr27 scaffold_67 13000000 | 13199999 0.14 | 0.14 | LOC102157056,L0C102157106

Chr7 scaffold_8 11400000 | 11599999 0.14 | 0.14 | EMILIN2,SMCHD1

Chr20 scaffold_1 5600000 5799999 0.14 | 0.14 | MBD3L1

Chr25 scaffold_119 3200000 3399999 0.14 | 0.14 | HMBOX1,INTS9,LOC111092294

Chr27 scaffold_107 600000 799999 014 | 0.14 | .

Chr5 scaffold_17 6200000 6399999 0.14 | 0.14 | DDX10

Chr16 scaffold_158 0 199999 0.14 | 0.14 | AGA,LOC102151763,NEIL3

Chr16 scaffold_117 4400000 4599999 0.14 | 0.14 | CASP2,CLCN1,EPHA1,FAM131B,TAS2R41,T
AS2R60,Z2YX

Chr12 scaffold_12 20000000 | 20199999 0.14 | 0.14 | IL17A,IL17F,LOC100687519,MCM3,PAQRS8

Chr22 scaffold_38 5200000 5399999 0.14 | 0.14 | DIAPH3

Chr6 scaffold_9 9200000 9399999 0.14 | 0.14 | AGL,MFSD14A,SASS6,SLC35A3

Chr18 scaffold_27 21000000 | 21199999 0.14 | 0.14 | LOC100687935

Chr12 scaffold_12 7600000 7799999 0.13 | 0.13 | DNAH8,GLO1

X scaffold_101 1600000 1799999 013 | 0.13 .

Chr36 scaffold_166 800000 999999 0.13 | 0.13 | GALNT13

Chr11 scaffold_29 15200000 | 15399999 013 | 0.13 .

Chr17 scaffold_54 200000 399999 013 ] 0.13 .

Chr25 scaffold_119 2800000 2999999 0.13 | 0.13 | FBXO16,FZD3

Chr15 scaffold_3 29600000 | 29799999 0.13 | 0.13 | NDUFA12,NR2C1,TMCC3

Chr25 scaffold_119 1400000 1599999 0.13 | 0.13 | STMN4

Chr22 scaffold_38 20800000 | 20999999 0.13 | 0.13 | ATP7B,CCDC70,WDFY2

Chr25 scaffold_48 10800000 | 10999999 0.13 | 0.13 | SP100,SP140

Chr13 scaffold_43 6200000 6399999 0.13 | 0.13 | ADCY8,LOC111098451
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Table S9 — Gene ontology enrichment based on the regions in the top 99™ percentile of the empirical distribution of the fraction

of admixture (f*d) calculated using ABBA-BABA on windows for potential introgression between Rueppell’s fox and North-African

red fox. FDR p-values are non-significant.

Description of bilogical process Gene count | P-value | FDR p-value
Gene Ontology using a ranked list in http://geneontology.org/

renal system process (G0O:0003014) 2| 1.77E-03 1.00E+00
superior temporal gyrus development (GO:0071109) 1] 1.96E-03 1.00E+00
inorganic ion transmembrane transport (GO:0098660) 4 | 3.50E-03 1.00E+00
protein localization to juxtaparanode region of axon (GO:0071205) 1| 3.92E-03 1.00E+00
membrane depolarization during bundle of His cell action potential

(G0O:0086048) 1] 3.92E-03 1.00E+00
anterior head development (GO:0097065) 1] 3.92E-03 1.00E+00
osteoclast proliferation (G0:0002158) 1] 4.89E-03 1.00E+00
bundle of His cell action potential (GO:0086043) 1] 4.89E-03 1.00E+00
bundle of His cell to Purkinje myocyte signaling (GO:0086028) 1| 4.89E-03 1.00E+00
inorganic anion transmembrane transport (GO:0098661) 2 | 5.23E-03 1.00E+00
regulation of calcium ion transmembrane transport via high voltage-gated

calcium channel (GO:1902514) 1| 5.87E-03 1.00E+00
protein localization to axon (G0:0099612) 1] 5.87E-03 1.00E+00
observational learning (G0O:0098597) 1] 5.87E-03 1.00E+00
imitative learning (GO:0098596) 1| 5.87E-03 1.00E+00
vocal learning (GO:0042297) 1| 5.87E-03 1.00E+00
protein O-linked glycosylation via threonine (GO:0018243) 1| 6.84E-03 1.00E+00
learned vocalization behavior or vocal learning (GO:0098598) 1| 7.82E-03 1.00E+00
protein O-linked glycosylation via serine (GO:0018242) 1| 8.79E-03 1.00E+00
positive regulation of urine volume (GO:0035810) 1| 8.79E-03 1.00E+00
auditory behavior (GO:0031223) 1| 8.79E-03 1.00E+00
membrane depolarization during cardiac muscle cell action potential

(G0O:0086012) 1] 8.79E-03 1.00E+00
renal water homeostasis (GO:0003091) 1] 9.76E-03 1.00E+00
protein localization to endosome (GO:0036010) 1] 9.76E-03 1.00E+00
mechanosensory behavior (GO:0007638) 1] 9.76E-03 1.00E+00

There are no GO terms with significant enrichment empirical p-values for GQOrilla enrichment analysis.
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Table S10 — Genomic regions above the 99th percentile of the empirical distribution of the fraction of admixture (f*d) on non-

overlapping windows of 200 kb with red fox (V. vulpes) as H1, Rueppell’s fox (V. rueppellii) as H2 and fennec (V. zerda) as H3,

outgrouped by pale fox (V. pallida).

Dog chr Arctic start end fAhom | fAd overlapping genes

Chr13 scaffold 47 11000000 11199999 0.32 0.30 | .

Chr13 scaffold 47 1800000 1999999 0.30 0.30 | LOC111098609

Chr13 scaffold 47 5400000 5599999 0.30 0.30 | LNX1

Chr13 scaffold_47 14400000 14599999 0.29 0.28 | .

Chr13 scaffold_47 3600000 3799999 0.28 0.28 | FRYL

Chr13 scaffold 47 2800000 2999999 0.28 0.27 | ATP10D,CORIN

Chr13 scaffold 47 4600000 4799999 0.26 0.26 | USP46

Chr22 scaffold 6 41000000 41199999 0.26 0.26 | .

Chr13 scaffold_47 4000000 4199999 0.26 0.26 | CWH43,DCUN1D4

Chr13 scaffold 47 14200000 14399999 0.26 0.26 | LOC612669

Chr13 scaffold 47 8600000 8799999 0.25 0.25 | .

Chr13 scaffold 47 400000 599999 0.25 0.25 | GNPDA2,GUF1,YIPF7

Chr13 scaffold_47 14600000 14799999 0.25 0.25 | TECRL

Chr13 scaffold_47 800000 999999 0.25 0.25 | LOC100687522,L0C111098466,LOC111
098608

Chr13 scaffold 47 6200000 6399999 0.24 0.24 | .

Chr13 scaffold_126 1200000 1399999 0.23 0.23 | ANKRD17,COX18

Chr13 scaffold_126 1800000 1999999 0.25 0.23 | ADAMTS3,NPFFR2

Chr13 scaffold_47 2200000 2399999 0.23 0.23 | GABRA4,GABRB1

Chr13 scaffold 47 4200000 4399999 0.23 0.23 | LRRC66,SGCB,SPATA18

Chr13 scaffold_126 2000000 2199999 0.23 0.23 | NPFFR2

Chr13 scaffold_47 12000000 12199999 0.22 0.22 | ADGRL3,LOC102153251

Chr13 scaffold 47 1400000 1599999 0.22 0.22 | GABRG1

Chr13 scaffold_47 16400000 16599999 0.21 0.21 |.

Chr13 scaffold 47 15400000 15599999 0.22 0.21 | EPHAS5

Chr13 scaffold_47 16600000 16799999 0.20 0.20 | LOC100684630

Chr13 scaffold_126 3000000 3199999 0.20 0.20 | ENAM,GRSF1,JCHAIN,RUFY3,UTP3

Chr13 scaffold 47 11600000 11799999 0.20 0.19 | LOC111098628

Chr13 scaffold_47 1600000 1799999 0.19 0.19 | GABRA2

Chr13 scaffold_126 2600000 2799999 0.20 0.19 | SLC4A4

Chr13 scaffold 47 5600000 5799999 0.19 0.18 | LOC111098427,L0C111098617

Chr13 scaffold 47 9400000 9599999 0.19 0.18 | LOC100683616

Chr13 scaffold_200 200000 399999 0.18 0.18 | LOC111098461,L0C111098462,LOC111
098463

Chr13 scaffold_47 9600000 9799999 0.18 0.18 | LOC111098627

Chr21 scaffold 22 0 199999 0.17 0.17 | LOC111091471

Chr13 scaffold 47 15200000 15399999 0.16 0.16 | .

Chr13 scaffold 47 4800000 4999999 0.16 0.16 | RASL11B,SCFD2

Chr13 scaffold_155 400000 599999 0.16 0.15 | GRXCR1

Chr13 scaffold 47 5800000 5999999 0.15 0.15 | CHIC2,GSX2,LOC100856597

Chr13 scaffold 47 6000000 6199999 0.15 0.15 | PDGFRA

Chr13 scaffold 47 200000 399999 0.15 0.15 | .

Chr13 scaffold_155 800000 999999 0.14 0.14 | ATP8A1,SHISA3

Chr13 scaffold_47 4400000 4599999 0.14 0.14 | LOC102152757

Chr13 scaffold 47 600000 799999 0.14 0.14 | LOC111098465,L0C111098608

Chr13 scaffold_155 1000000 1199999 0.14 0.14 | BEND4,SLC30A9

Chr13 scaffold_47 7200000 7399999 0.14 0.14 | NMU

Chr13 scaffold 47 16800000 16999999 0.15 0.14 | .

Chr13 scaffold_47 1200000 1399999 0.13 0.13 | LOC111098467,L0C111098468

Chr3 scaffold 13 31200000 31399999 0.13 0.13 | CHRNA7

Chr13 scaffold 47 14800000 14999999 0.13 0.12 | LOC100684472,L0C102153987

Chr16 scaffold_158 1800000 1999999 0.12 0.12 | LOC102153584

Chr33 scaffold_25 19400000 19599999 0.11 0.11 | LOC102156904
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Chr13 scaffold_47 0 199999 0.11 0.11 | KCTD8

Chr13 scaffold_47 6800000 6999999 0.12 0.11 | CLOCK,SRD5A3,TMEM165
Chr13 scaffold_47 1000000 1199999 0.11 011 | .

Chr13 scaffold_155 0 199999 0.11 0.11 | LOC100684895,L0C102156700
Chr13 scaffold_126 600000 799999 0.11 0.11 | CXCL8,PPBP

Chr13 scaffold_47 3200000 3399999 0.10 0.10 | LOC106559633,TEC, TXK

Chr21 scaffold_168 0 199999 0.10 0.10 | COR56A20,COR56A24, cOR56A13P
Chr13 scaffold_155 1200000 1399999 0.10 0.10 | PHOX2B,TMEM33

Chr13 scaffold_47 8000000 8199999 0.10 0.10 | ARL9,HOPX,SRP72,THEGL
Chr13 scaffold_47 9200000 9399999 0.10 0.10 | LOC102153092

Chr10 scaffold_71 3200000 3399999 0.10 0.10 | HMGAZ2,LLPH,TMBIM4

Chr13 scaffold_47 8400000 8599999 0.09 0.09 | IGFBP7,POLR2B
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Table S11 — Gene ontology enrichment analysis for the ~25Mb chromosomic region detected in ABBA-BABA analysis on

windows for potential introgression from a fennec-like species into Rueppell’s fox.

Molecular function

‘ p-value

‘ FDR p-value

Genes

Function of individual genes

Gene Ontology using a ranked list in http://geneontology.org/

aryl sulfotransferase

activity

1.21E-05

1.70E-02

SULT1B1

Sulfotransferase enzyme that sulfates dopamine,
small phenols such as 1-naphthol and p-
nitrophenol and thyroid hormones, including
thyroxine. Involved in thyroid hormone metabolic

process.

SULT1D1

Sulfotransferase involved in catecholamine
metabolic process. Sult1d1 in mice is directly
induced by glucocorticoids and may attenuate
elevated catecholamine activity during the stress

response and metabolic fasting.

SULT1E1

Sulfotransferase involved in estrogen metabolic
process

Neuromedin, U

receptor binding

1.32E-04

4.66E-02

NMU

The encoded protein is a precursor that is
proteolytically processed to generate a
biologically active neuropeptide that plays a role
in pain, stress, immune-mediated inflammatory

diseases and feeding regulation.

protein tyrosine

kinase activity

1.79E-05

1.89E-02

KIT

This gene encodes a receptor tyrosine kinase. c-
KIT activation has been shown to have oncogenic
activity in gastrointestinal stromal tumors,
melanomas, lung cancer, and other tumor types.
It is also associated with melanocyte
differentiation and pigmentation.

KDR

This gene encodes a tyrosine kinase receptor that
plays an essential role in the regulation of
angiogenesis, vascular development, vascular

permeability, and embryonic hematopoiesis.

EPHAS

Receptor tyrosine kinase involved in the ephrin
receptor signaling pathway. Eph receptors are
implicated in many processes, particularly cancer

development and progression.

PDGFRA

Tyrosine-protein kinase that plays a role in organ
development, wound healing, and tumor

progression.

TEC

Non-receptor tyrosine kinase that is involved in
regulation of the adaptive immune response
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TXK Non-receptor tyrosine kinase that plays a
redundant role with ITK in regulation of the
adaptive immune response.

transmembrane 1.54E-04 4.65E-02 KIT, KDR, EPHA5, PDGFRA
receptor protein
tyrosine kinase
activity

4.08E-05 1.91E-02 GABRB1 Components of the heteropentameric receptor for
ligand-gated ion GABRA4 | GABA, the major inhibitory neurotransmitter in the
channel activity GABRG1 | vertebrate brain. GABA mediates neuronal

GABRA2 | inhibition by binding to the GABA/benzodiazepine
receptor and opening an integral chloride channel.

ligand-gated 4.08E-05 2.15E-02 CNGAT1 Subunit of the rod cyclic GMP-gated cation

channel activity channel, which is involved in the final stage of the
phototransduction pathway. Involved in visual
perception.

GABA receptor 4.67E-06 9.86E-03 GABRB1, GABRA4, GABRG1,GABRA2

activity

GABA-A receptor 2.66E-06 1.12E-02

activity

GABA-gated 3.61E-05 2.18E-02 GABRA4, GABRG1,GABRA2

chloride ion channel

activity

benzodiazepine 2.85E-05 2.40E-02

receptor activity

inhibitory 7.98E-05 3.37E-02

extracellular ligand-

gated ion channel

activity

ligand-gated anion 1.29E-04 4.94E-02

channel activity

2.85E-05 2.00E-02 CXCLS, Major mediators of the inflammatory response

CXCR chemokine CXCL7

receptor binding

interleukin-8 1.32E-04 4.30E-02 CXCL8 Diseases associated with CXCL8 include

receptor binding Melanoma and Adult Respiratory Distress
Syndrome.

GOirilla results using two unranked lists of genes (target and background)
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GABA-gated 7.47E-07 3.41E-03 GABRG1, GABRB1, GABRA2, GABRA4
chloride ion channel

activity

ligand-gated anion | 3.12E-06 7.13E-03 GABRG1, GABRB1, GABRA2, GABRA4
channel activity

GABA-A  receptor | 3.94E-06 5.99E-03 GABRG1, GABRB1, GABRA2, GABRA4
activity

GABA receptor | 7.34E-06 8.37E-03 GABRG1, GABRB1, GABRA2, GABRA4
activity

benzodiazepine 3.07E-05 2.80E-02 GABRG1 , GABRA2, GABRA4

receptor activity

inhibitory 8.33E-05 6.33E-02 GABRG1, GABRA2, GABRA4

extracellular ligand-
gated ion channel

activity
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SELECTION IN NORTH AFRICAN RED FOXES

Table $12. Genomic regions above the 99.95th percentile of the PBS empirical distribution for North African red fox, using
Eurasian red foxes as closely related ingroup and Rueppell’s fox as outgroup (removing the CRADD region and the 25 Mb
chromosomic introgressed region). For overlapping windows the window with highest PBS value is represented. The arctic fox

was used as reference. The same outliers are obtained when using the dog as reference (not shown).

Dog Chr Arctic ID start end pbs overlapping genes
Chr35 scaffold_31 15610000 15660000 | 0.980 | .

Chr27 scaffold_80 2300000 2350000 | 0.962 | CD163

Chr27 scaffold_80 7230000 7280000 | 0.904 | BAGALNT3

Chr8 scaffold_75 9210000 9260000 | 0.869 | DHRS1,RPL27A,LTB4R2,NOP9,RABGGTA, TGM1
Chr3 scaffold_13 30260000 30310000 | 0.844 | MCEE,MPHOSPH10
X scaffold_35 6830000 6880000 | 0.830 | .

Chr6 scaffold_115 1220000 1270000 | 0.827 | SDK1

Chr14 scaffold_0 51270000 51320000 | 0.812 | .

Chr4 scaffold_23 23310000 23360000 | 0.783 | ARID5B

X scaffold_62 2900000 2950000 | 0.774 | OR13H2P, OR13K7P
Chr14 scaffold_0 51260000 51310000 | 0.774

Chr10 scaffold_71 9360000 9410000 | 0.769 | .

Chr11 scaffold_29 3920000 3970000 | 0.754 | SLC12A2

Chr10 scaffold_4 23870000 23920000 | 0.754 | THADA

Chr29 scaffold_37 21000000 21050000 | 0.727 | TRPA1

Chr35 scaffold_31 8890000 8940000 | 0.716 | ATXN1

X scaffold_35 12860000 12910000 | 0.713 | ATPBAP2

X scaffold_146 1850000 1900000 | 0.703 | SH3BGRL

Chr32 scaffold_46 6220000 6270000 | 0.701 | FAM13A

Chr26 scaffold_96 2850000 2900000 | 0.700 | PRKG1

Chr1 scaffold_28 17710000 17760000 | 0.700 | .

Chr10 scaffold_4 6810000 6860000 | 0.689 | EHBP1

Chr16 scaffold_92 7080000 7130000 | 0.684 | SUMO2

Chr10 scaffold_4 43430000 43480000 | 0.682 | MAFF,TMEM184B
Chr34 scaffold_19 18090000 18140000 | 0.681 | SI

Chr32 scaffold_46 7630000 7680000 | 0.678 | HSD17B11,HSD17B13
Chr9 scaffold_57 550000 600000 | 0.678 | CACNA1B

Chr29 scaffold_37 20990000 21040000 | 0.677 | .

Chr4 scaffold_36 6490000 6540000 | 0.677 | BRIX1,DNAJC21,RAD1
Chr6 scaffold_151 770000 820000 | 0.676 | TRRAP

X scaffold_76 2210000 2260000 | 0.675 | .

Chr16 scaffold_92 7550000 7600000 | 0.675 | IRF2

Chr10 scaffold_71 9270000 9320000 | 0.672 | SRP14

Chr8 scaffold_24 8110000 8160000 | 0.670 | .

Chr32 scaffold_46 8150000 8200000 | 0.670 | PTPN13

Chr26 scaffold_129 1220000 1270000 | 0.669 | SDA1, ZNF74

Chr35 scaffold_31 12850000 12900000 | 0.666 | HIVEP1

Chr32 scaffold_46 10770000 10820000 | 0.660 | .

Chr1 scaffold_28 20420000 20470000 | 0.659 | FAM69C

X scaffold_62 9430000 9480000 | 0.659 | TENM1

Chr11 scaffold_29 8120000 8170000 | 0.657 | HSPA4




FCUP|212
Life in Deserts: a genomic history of
adaptation and introgression in North-African foxes

Table $13. Genomic regions above the 99.95th percentile of the negative logarithm of alpha for North African red fox as focal
group, using Eurasian red foxes as closely related ingroup and Rueppell’s fox as outgroup (removing CRADD and the 25MB
region). For overlapping windows the window with highest value is represented. The arctic fox was used as reference. The same

outliers are obtained when using the dog as reference (not shown).

Dog chr | Arctic start end -log10(alpha) | overlapping genes

Chr27 scaffold_80 2300001 2350001 0.95 | CD163,

Chr11 scaffold_29 3920001 3970001 0.94 | SLC12A2

Chr29 scaffold_37 21000001 | 21050001 0.94 | TRPA1

Chr17 scaffold_54 890001 940001 0.93 | KIDINS220

Chr1 scaffold_2 32530001 | 32580001 0.91 | GRM1

Chr3 scaffold_121 2810001 2860001 0.86 | GABRG3

Chr14 scaffold_0 43530001 | 43580001 0.86 | AKAP9

Chr8 scaffold_24 550001 600001 0.86 | .

Chr12 scaffold_12 6880001 6930001 0.86 | ZFAND3

Chr1 scaffold_28 20420001 | 20470001 0.85 | FAM69C

X scaffold_35 12850001 | 12900001 0.84 | .

Chr1 scaffold_28 21130001 | 21180001 0.83 | TSHZ1

Chr16 scaffold_92 7080001 7130001 0.82 | LOC100682962

X scaffold_164 960001 1010001 0.82 | .

Chr3 scaffold_13 5760001 5810001 0.82 | FGFR3,LETM1

Chr38 scaffold_10 22510001 | 22560001 0.82 | TTC17

Chr6 scaffold_115 1140001 1190001 0.82 | SDK1

Chr35 scaffold_31 16120001 | 16170001 0.82 | LDHB

Chr35 scaffold_31 6020001 6070001 0.82

Chr29 scaffold_40 4650001 4700001 0.82 | .

Chr1 scaffold_2 41890001 | 41940001 0.82 | PDE4D

X scaffold_112 2200001 2250001 0.82 | DACH2

X scaffold_156 340001 390001 0.81 | CENPN

Chr1 scaffold_28 17170001 | 17220001 0.81 | RBMS1,RTTN

Chr35 scaffold_31 12850001 | 12900001 0.81 | HIVEP1

X scaffold_138 460001 510001 0.81

Chr8 scaffold_24 780001 830001 0.81

Chr16 scaffold_118 4040001 4090001 0.80 | .

Chr32 scaffold_46 7640001 7690001 0.80 | HSD17B13

Chr5 scaffold_66 3000001 3050001 0.80 | ALOX12B,ALOXE3,TRNAK-UUU,TRNAL-
UAG, TRNAQ-CUG

Chr5 scaffold_17 4610001 4660001 0.80 | GUCY1A2,DPY30

Chr10 scaffold_4 23870001 | 23920001 0.80 | THADA

Chr16 scaffold_92 7550001 7600001 0.80 | IRF2

Chr22 scaffold_6 28930001 | 28980001 0.80 | GNB1,TM9SF2

Chr38 scaffold_10 31170001 | 31220001 0.80 | CCDC73,SETSIP

Chr6 scaffold_128 1250001 1300001 0.79 | COG7,SCNN1B

Chr29 scaffold_40 16460001 | 16510001 0.79 | SGK3

X scaffold_35 10870001 | 10920001 0.79 | RPGR
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Table S14. Gene ontology enrichment based on the regions in the top 99.95 percentile of the empirical distribution of the negative

logarithm of alpha, with North African red fox as the focal group.

GO term Description of biological process Gene count P-value FDR p-value
Gene Ontology using a ranked list in http://geneontology.org/

G0:0030104 water homeostasis 3 6.94E-05 | 2.44E-01
GO0:0051121 hepoxilin metabolic process 2 5.62E-05 2.64E-01
G0:0043651 linoleic acid metabolic process 2 9.62E-05 2.71E-01
GO0:0019372 lipoxygenase pathway 2 1.20E-04 2.82E-01
GO0:0051122 hepoxilin biosynthetic process 2 5.62E-05 3.96E-01
G0:0042759 long-chain fatty acid biosynthetic process 2 2.08E-04 4.18E-01
G0:0048878 chemical homeostasis 7 2.62E-04 | 4.62E-01
G0:0050878 regulation of body fluid levels 4 3.89E-04 5.48E-01
G0:0070633 transepithelial transport 2 3.60E-04 5.64E-01
G0:0050891 multicellular organismal water homeostasis 3 4.98E-05 7.01E-01
G0:0061436 establishment of skin barrier 2 6.66E-04 8.53E-01
G0:0055065 metal ion homeostasis 5 7.63E-04 8.95E-01
G0:0033561 regulation of water loss via skin 2 8.53E-04 9.24E-01
G0:0055078 sodium ion homeostasis 2 1.14E-03 1.00E+00
G0:0065008 regulation of biological quality 12 1.22E-03 1.00E+00
G0:0055080 cation homeostasis 5 1.31E-03 1.00E+00
G0:0098771 inorganic ion homeostasis 5 1.41E-03 1.00E+00
GO0:0019369 arachidonic acid metabolic process 2 1.46E-03 1.00E+00
G0:0050801 ion homeostasis 5 1.89E-03 1.00E+00
G0:0019233 sensory perception of pain 2 1.92E-03 1.00E+00
GOrilla results using two unranked lists of genes (target and background)

G0:0019233 sensory perception of pain 3 9.23E-05 4.67E-01
GO0:0007600 sensory perception 6 1.47E-04 5.58E-01
GO:0051121 hepoxilin metabolic process 2 8.17E-05 6.21E-01
G0:0050891 multicellular organismal water homeostasis 2 2.70E-04 8.19E-01
G0:0019372 lipoxygenase pathway 2 4.04E-04 8.78E-01
GO0:0030104 water homeostasis 3 3.53E-04 8.93E-01
G0:0048878 chemical homeostasis 8 6.17E-04 9.37E-01
G0:0061436 establishment of skin barrier 2 8.03E-04 9.38E-01
G0:0042759 long-chain fatty acid biosynthetic process 2 8.82E-04 9.57E-01
G0:0055065 metal ion homeostasis 6 6.97E-04 9.63E-01
G0:0033561 regulation of water loss via skin 2 9.65E-04 9.77E-01
G0:0032501 multicellular organismal process 14 7.75E-04 9.81E-01
G0:0043651 linoleic acid metabolic process 2 5.23E-04 9.92E-01
G0:0050877 nervous system process 5.88E-04 9.92E-01
G0:0051122 hepoxilin biosynthetic process 2 8.17E-05 1.00E+00
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Table S15. Number of genes differentially expressed in the different comparisons, for three reference genomes (canFam3.1:

dog; vulVul2.2: red fox; V. lagopus: arctic fox).

Comparison canFam3.1 vulVul2.2 V. lagopus
(19 144 genes) (16 525 genes) (19 618 genes)
North Africa vs Iberia 3719 3644 3756
(19.4%) (22%) (19.1%)
Red fox North Africa vs Iberia 1947 3524 3654
(10%) (21.3%) (18.6%)
Rueppell’s vs red fox Iberia 3578 3524 3654
(18.7%) (21.3%) (18.6%)
Rueppell’'s vs red fox Africa 524 524 524
2.7%) (3.2%) 2.7%)
Rueppell’'s vs red fox 1474 1522 1502
(7.7%) (9.2%) (7.7%)
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SELECTION IN EURASIAN RED FOXES

Table $16. Genomic regions above the 99.95th percentile of the PBS empirical distribution for Eurasian red fox as focal group,
using North African red foxes as closely related ingroup and Rueppell’s fox as outgroup (removing the CRADD and the 25Mb
region). For overlapping windows the window with highest PBS value is represented. The arctic fox was used as reference. The

same outliers are obtained when using the dog as reference (not shown).

Dog Arctic start end pbs overlapping genes

Chr1 | scaffold_28 | 21600000 | 21650000 | 1.034 | ZNF516

Chr1 | scaffold_99 | 4710000 | 4760000 | 0.803 | SLC6A16

Chr6 | scaffold_86 | 1150000 | 1220000 | 0.782 | FIS1,IFT22,CLDN15,PLOD3,ZNHIT1

Chr8 | scaffold_75 | 3230000 | 3300000 | 0.747 | COCH

Chr13 | scaffold_47 | 10400000 | 10450000 | 0.711

Chr34 | scaffold_85 | 7240000 | 7290000 | 0.695 | SEMASA

Chr33 | scaffold_25 | 13290000 | 13340000 | 0.682 | CCDC191,GRAMD1C, ZDHHC23

Chré | scaffold_115 | 3530000 | 3580000 | 0.653

Chr11 | scaffold_100 | 4700000 | 4750000 | 0.645 | SEMAGA

Chr27 | scaffold_80 | 7210000 | 7260000 | 0.642 | B4GALNT3

Chr32 | scaffold_46 | 6380000 | 6430000 | 0.634 | FAM13A

Chr21 | scaffold_22 | 20560000 | 20610000 | 0.632 | NARS2

Chr4 | scaffold_23 | 24340000 | 24390000 | 0.626 | RHOBTB1

Chr8 | scaffold_75 | 9270000 | 9320000 | 0.625 | CHMP4A,GMPR2,IPO4,RPL37,MDP1,NEDD8,REC8,TM9SF1,
TSSK4

Chr10 | scaffold_4 37530000 | 37580000 | 0.601 | POLR3B

Chr6 | scaffold_178 | 930000 980000 0.600 | PKD1,TSC2

Chr32 | scaffold_46 | 8150000 | 8200000 | 0.594 | PTPN13, SLC10A6
Chr1_ | scaffold_28 | 910000 960000 0.593 | .

Chr4 | scaffold_23 | 24320000 | 24370000 | 0.588

Chr32 | scaffold_46 | 4600000 | 4650000 | 0.586 CCSER1

Chr33 | scaffold_25 | 8600000 | 8650000 | 0.586 | B4GALT4,UPK1B

Chr18 | scaffold_61 1820000 | 1870000 | 0.582 | NRXN2

Chr26 | scaffold_96 | 2850000 | 2900000 | 0.575 | PRKG1

Chr1 | scaffold_28 | 21940000 | 21990000 | 0.574

Chr6 | scaffold_86 | 6950000 | 7000000 | 0.568 | AUTS2




FCUP |216
Life in Deserts: a genomic history of
adaptation and introgression in North-African foxes

Table S17. Genomic regions above the 99.95" percentile of the negative logarithm of alpha for Eurasian red fox as focal group

(removing the CRADD region and large chromosomic introgressed region). For overlapping windows the window with highest
alpha value is represented. The arctic fox was used as reference. The same outliers are obtained when using the dog as

reference (not shown).

Dog chr Arctic start end -log10(alpha) overlapping genes
Chr24 scaffold 44 14890001 14940001 0.830 | DTD1

Chr34 scaffold_85 7240001 7290001 0.819 | SEMA5A

Chr26 scaffold_187 460001 510001 0.815 | PNRC1,RPL7L1,IGLV1-40
Chr1 scaffold_28 13970001 14020001 0.814 | .

Chr16 scaffold_135 680001 730001 0.808 | CSMD1

Chr3 scaffold_15 6770001 6820001 0.791 | .

Chr30 scaffold_5 4360001 4410001 0.777 | ARIH1

Chr3 scaffold_15 5000001 5050001 0.771 | .

Chr8 scaffold_75 3220001 3270001 0.762 | COCH,STRN3
Chr9 scaffold_26 25130001 25180001 0.761 | SGSM2,MNT,TSR1
Chr3 scaffold_15 4380001 4430001 0.759 | .

Chr33 scaffold_25 14630001 14680001 0.757 | CD200

Chr27 scaffold_80 1990001 2040001 0.757 | LOC111092727
Chr24 scaffold_44 14600001 14650001 0.755 | DZANK1

Chr27 scaffold_80 1970001 2020001 0.752 | SLC2A3

Chr11 scaffold_52 10760001 10810001 0.752 | FSD1

Chr3 scaffold_15 4570001 4620001 0.751 | .

Chr6 scaffold_128 1640001 1690001 0.751 | HS3ST2

Chr3 scaffold_15 3880001 3930001 0.744 | FBXL17

Chr15 scaffold_3 13220001 13270001 0.742 | MND1

Chr3 scaffold_15 4580001 4630001 0.739 | EFNA5

Chr15 scaffold_3 26500001 26550001 0.739 | APAF1

Chr3 scaffold_15 5010001 5060001 0.739 | .

Chr20 scaffold_1 52320001 52370001 0.737 | CAND2,RPL32
Chr33 scaffold_25 14590001 14640001 0.737 | LOC487974
Chr24 scaffold 44 14680001 14730001 0.736 | RBBP9,SEC23B
Chr24 scaffold_44 14410001 14460001 0.734 | KAT14,PET117
Chr24 scaffold_44 15610001 15660001 0.734 | SLC24A3

Chr3 scaffold_15 5520001 5570001 0.732

Chr3 scaffold_15 5510001 5560001 0.729

Chr24 scaffold_44 15110001 15160001 0.728 | .

Chr8 scaffold_24 8900001 8950001 0.725 | DNAAF2,MGAT2,POLE2,RPL36AL
Chr33 scaffold_25 14470001 14520001 0.725 | ATG3,SLC35A5




FCUP |217
Life in Deserts: a genomic history of
adaptation and introgression in North-African foxes

Table $18. Gene ontology enrichment based on the regions in the top 99.95 percentile of the empirical distribution of the negative

logarithm of alpha, with Eurasian red fox as the focal group.

GO term Description of bilogical process Gene count P-value FDR p-value

Gene Ontology using a ranked list in http://geneontology.org/

G0:0008643 | carbohydrate transport 3| 9.74E-05 1.00E+00
G0:1904659 | glucose transmembrane transport 2 | 8.85E-04 1.00E+00
G0:0008645 | hexose transmembrane transport 2 | 9.46E-04 1.00E+00
G0:0015749 | monosaccharide transmembrane transport 2| 1.01E-03 1.00E+00
G0:0034219 | carbohydrate transmembrane transport 2| 1.14E-03 1.00E+00
G0:0000086 | G2/M transition of mitotic cell cycle 2 | 1.35E-03 1.00E+00
G0:0044839 | cell cycle G2/M phase transition 2 | 1.50E-03 1.00E+00
G0:0050919 | negative chemotaxis 2 | 1.90E-03 1.00E+00
G0:0098656 | anion transmembrane transport 4| 2.61E-03 1.00E+00
G0:1990708 | conditioned place preference 1] 2.94E-03 1.00E+00
G0:1904465 | negative regulation of matrix metallopeptidase secretion 1 2.94E-03 1.00E+00
G0:0150072 | positive regulation of arginase activity 1] 2.94E-03 1.00E+00
GO0:0150070 | regulation of arginase activity 1 2.94E-03 1.00E+00
G0:0048588 | developmental cell growth 2 | 3.51E-03 1.00E+00
G0:0016049 | cell growth 2 | 3.74E-03 1.00E+00
G0:0010265 | SCF complex assembly 1] 4.40E-03 1.00E+00
positive regulation of protein-glutamine gamma-
G0:0150074 | glutamyltransferase activity 1] 4.40E-03 1.00E+00
regulation of protein-glutamine gamma-glutamyltransferase
G0:0150073 | activity 1] 4.40E-03 1.00E+00
G0:0045089 | positive regulation of innate immune response 2| 4.61E-03 1.00E+00
G0:0061387 | regulation of extent of cell growth 2 | 5.42E-03 1.00E+00

There are no GO terms with significant enrichment empirical p-values for GOrilla enrichment analysis.
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SELECTION IN CORE DESERT-DWELLING SPECIES: RUEPPELL’S AND FENNEC FOXES

Table $19. Genomic regions above the 99.95th percentile of the delta & log-likelihood ratio (LLR) empirical distribution for

Rueppell’'s fox (for K=4). The arctic fox genome was used as reference.

Dog Arctic start end LLRRu LLRrea | Max 8 LLR | genes

Chr24 scaffold_134 | 1120000 | 1170000 | 589.13 | 341.37 | 589.13 | 247.76 | NTSR1,
SLCO4A1

Chr13 scaffold_155 | 1750000 | 1800000 1400.24 | 1167.83 | 1400.24 | 232.41 | WFS1

Chr34 scaffold_19 | 29650000 | 29700000 | 594.69 | 370.47 | 594.69 | 224.21

Chr24 scaffold_134 | 1360000 | 1410000 | 542.54 | 318.49 | 542.54 | 224.05 | LAMAS

Chr34 scaffold_19 | 17740000 | 17790000 | 600.31 | 379.92 | 600.31 | 220.39

Chr33 scaffold_25 | 21700000 | 21750000 | 695.64 | 477.30 | 695.64 | 218.33

Chr24 scaffold_134 | 640000 690000 568.78 | 352.57 | 568.78 | 216.20 | CHRNA4,
COL20A1,
KCNQ2

Chr15 scaffold_3 31580000 | 31630000 | 473.86 | 262.51 | 473.86 |211.35 | LOC111090035

Chr7 scaffold_7 39960000 | 40010000 | 588.52 | 377.69 | 588.52 | 210.83 | LGRG, PTPRK

Chr24 scaffold_134 | 710000 760000 668.20 | 459.60 | 668.20 | 208.59 | ARFGAP1,
BIRC7,NKAIN4

Chr24 scaffold_134 | 1200000 | 1250000 | 545.66 | 340.74 | 54566 | 204.92 | MIR1-1,
MIR133C

Chr25 scaffold_175 | 200000 250000 521.86 31745 | 521.86 204.42 | ANKMY1,
GPC1,
MIR149

Chra scaffold_23 | 2750000 | 2810000 | 522.06 | 323.25 | 522.06 | 198.80 | LDB3,0PN4

Chr26 scaffold_187 | 500000 550000 458.00 | 259.77 | 458.00 | 198.23

Chr31 scaffold_110 | 4730000 | 4780000 | 696.16 | 498.14 | 696.16 | 198.02 | FAM207A

Chr13 scaffold_148 | 2150000 | 2200000 | 506.31 | 308.90 | 506.31 197.42 | LOC102155929,
TSNARE1

Chr3 scaffold 45 | 6450000 | 6500000 | 487.24 | 29423 | 487.24 | 193.01 | EVC

Chr13 scaffold_47 | 11260000 | 11310000 | 1166.35 | 973.59 | 1166.35 | 192.76 | LOC111098476

Chr8 scaffold_51 | 14620000 | 14670000 | 596.24 | 406.02 | 596.24 | 190.22

Chr13 scaffold_47 | 15930000 | 15980000 | 1052.80 | 863.51 | 1052.80 | 189.29 | .

Chr20 scaffold_1 26240000 | 26290000 | 342.75 | 155.42 | 342,75 | 187.33 | C20H3orf67

Chr10 scaffold_83 | 1990000 | 2040000 | 694.03 | 510.78 | 694.03 | 183.26 | FAM19A5

Chr32 scaffold 46 | 9500000 | 9550000 | 619.50 | 436.65 | 619.50 | 182.84 | ARHGAP24

Chr4 scaffold_ 23 | 15440000 | 15490000 | 704.72 | 522.68 | 704.72 | 182.04

Chr24 scaffold_134 | 1790000 1840000 400.14 | 218.22 | 400.14 181.92 | CDH4

Chr13 scaffold_126 | 2940000 | 2990000 | 766.11 | 584.64 | 766.11 181.47 | LOC111095751
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MOB1B
Chr13 scaffold_109 | 3120000 3170000 448.67 268.57 | 448.67 180.10 | LOC102156107
Chr10 scaffold_83 2820000 2870000 774.33 594.48 | 774.33 179.85 | LOC102154327
Chr11 scaffold_29 14490000 | 14540000 | 614.15 | 435.04 | 614.15 179.11 | KDM4C
Chr13 scaffold_47 18370000 | 18420000 | 432.89 253.87 | 432.89 179.02
Chr25 scaffold_175 | 500000 550000 535.41 357.03 | 535.41 178.38 | CROCC2
Chr34 scaffold_85 1530000 1580000 654.30 | 476.55 | 654.30 177.76
Chr1 scaffold_28 1540000 1590000 500.54 323.26 | 500.54 177.28 | .
Chr38 scaffold_136 | 1670000 1720000 476.24 298.98 | 476.24 177.26 | FCRL6, SLAMF8
Chr4 scaffold_23 3160000 3210000 441.01 264.03 | 441.01 176.98 | GRID1
Chr15 scaffold_3 34710000 | 34760000 | 447.45 270.54 | 447.45 176.91 | LOC102153513
Chr21 scaffold_168 | 1260000 1310000 304.38 127.48 | 304.38 176.90
Chr38 scaffold_10 24400000 | 24450000 | 460.00 284.59 | 460.00 175.41 | LRRC4C
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Table S20. Genomic regions above the 99.95th percentile of the log-likelihood ratio (LLR) empirical distribution for fennec fox

(for K=4). The arctic fox genome was used as reference.

Dog Arctic start end LLR genes

Chr38 scaffold_136 330000 380000 1032.50 | KIRREL1

Chr18 scaffold_61 13630000 13680000 981.18 | COR4C30, OR4C28
Chr38 scaffold_136 210000 260000 970.35 | DISP1,SUSD4,TLR5
Chr10 scaffold_83 1890000 1940000 965.37 | .

Chr18 scaffold_61 13620000 13670000 929.85 | LOC483582

Chr35 scaffold_31 23850000 23900000 912.12 | DUSP22,IRF4
Chr15 scaffold_3 46770000 46820000 883.12 | EDDM3B, RNASE4
Chr6 scaffold_181 360000 410000 882.49 | CACNA1H

Chr4 scaffold_23 2370000 2420000 872.37 | GPRIN2,LOC489080
Chr8 scaffold_51 16310000 16360000 862.00 | ADARB2

Chr10 scaffold_83 2000000 2050000 855.46 | FAM19A5

Chr17 scaffold_114 600000 650000 851.98 | SNTG2

Chr9 scaffold_102 5310000 5360000 843.98 | BAIAP2

Chré scaffold_181 270000 320000 814.04 | SSTR5

Chr26 scaffold_269 0 50000 810.62 | LOC111092524
Chr3 scaffold_89 190000 240000 787.60 | CPLX1,GAK,

Chr6 scaffold_181 240000 290000 779.29 | SOX8

Chr9 scaffold_102 6700000 6750000 777.11 | B3GNTL1,TBCD
Chr8 scaffold_63 700000 750000 773.59 | PACS2

Chr16 scaffold_188 580000 630000 767.90 | LOC491446,MYOM2
Chr25 scaffold_175 510000 560000 759.15 | CROCC2, SNED1
Chr8 scaffold_51 16780000 16830000 752.56 | DIP2C

Chr36 scaffold_18 1990000 2040000 752.26 | ITGAV
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Table S21. Top-20 regions ranked by Homogeneity Test for reduction of polymorphic sites (low polymorphism-to-divergence

ratio) in fennec foxes relative to red foxes and the dog. The dog genome was used as reference.

Chr Dog ID start end Homogeneity Overlapping genes
Test Score
38 | NC_006620.3 23520000 23570000 143.7 | KIRREL1
4 | NC_006586.3 34090000 34140000 130.3 | GRID1
38 | NC_006620.3 23700000 23750000 127.8 | DISP1,TLR5
2 | NC_006584.3 32250000 32300000 124.4 | PFKP
10 | NC_006592.3 18130000 18180000 121.8 | FAM19A5
2 | NC_006584.3 56890000 56940000 115.6
3 | NC_006585.3 76130000 76180000 114.9
30 | NC_006612.3 34000000 34050000 113.7 | .
36 | NC_006618.3 28740000 28790000 106.7 | ZC3H15
36 | NC_006618.3 29750000 29800000 105.6
3 | NC_006585.3 60510000 60560000 1053 | .
38 | NC_006620.3 22170000 22220000 105 | IGSF9,LOC106558344,SLAMF9
26 | NC_006608.3 32170000 32220000 104.7 | .
17 | NC_006599.3 1910000 1960000 104.3 | EIPR1
39 | NC_006617.3 3600000 3650000 103.6 | SLC22A23
16 | NC_006598.3 15610000 15660000 103.4 | PRKAG2
27 | NC_006609.3 35490000 35540000 102.3 | LOC111092750
4 | NC_006586.3 77920000 77970000 101.2 | .
9 | NC_006591.3 50800000 50850000 101.2 | COL5A1
13 | NC_006595.3 28170000 28220000 101
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Table $22. Summary statistics describing physiological parameters collected from blood of three Vulpes sp. (red fox, V. vulpes;

Rueppell’s fox, V. rueppellii; fennec fox, V. zerda).

Plasma

contents Parameter Species Mean s.d. min-max
Hormones V. vulpes 4.41 1.32 2.02-6.18
Copeptin (pmol/L) V. rueppellii 16.86 9.33 4.68 -34
V. zerda 13.02 5.73 6.64- 22.9
V. vulpes 241.8 206.14 38-646
Aldosterone(pg/ml) V. rueppellii 55.62 49.31 8-184
V. zerda 40.2 2411 82-66
V. vulpes 4.73 1.38 2.83- 6.52
Total T4 (ug/dL) V. rueppellii 2.26 1.33 0.59-4.53
V. zerda 1.24 0.7 0.74-2.85
Metabolites V. vulpes 71.35 35.7 24-130.1
Urea (mg/dL) V. rueppellii 51.33 24.39 22.6-106.1
V. zerda 43.46 28.2 24-120.3
V. vulpes 0.7 0.39 0.3-1.4
Uric acid (mg/dL) V. rueppellii 0.81 0.54 0.2-2.3
V. zerda 0.51 0.25 0.3-0.8
V. vulpes 0.32 0.18 0.1-0.66
Creatinine (mg/dL) V. rueppellii 0.34 0.37 0.1-1.21
V. zerda 0.37 0.46 0.1-1.56
Protein V. vulpes 1.49 0.61 0.68-2.44
Albumin (g/dL) V. rueppellii 1.74 0.47 0.55-2.34
V. zerda 1.62 0.72 0.82-2.95
Fat V. vulpes 76.32 39.66 23.6-138.7
Cholesterol (mg/dL) V. rueppellii 94.73 37 4.6-135.9
V. zerda 65.12 47.41 15.2-168.9
Electrolytes Sodium (mEg/L) V. vulpes 15217 7.05 143-163
V. rueppellii 154.83 4.07 148-159
Potassium (mEg/L) V. vulpes 4.6 0.41 3.9-5
V. rueppellii 5.02 0.4 4.5-56
Chloride (mEq/L) V. vulpes 112.5 3.45 107-116
V. rueppellii 112.33 3.98 107-119
Osmolality Osmolality (mOsm/Kg) V. vulpes 314.27 9.57 299.74-325.96
V. rueppellii 312.59 6.84 303.11-320.16
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Table S23. ANOVA table generated for a linear model where Y is a given physiological parameter using linear models that

included species, sex, weight, body mass index and status as covariates. The status of the individuals means weather they were

caught in the wild or had been previously held captive. Some of the variables were log-transformed to meet the assumptions of

normality and homogeneity in linear models.

DF Sum of Squares
Logarithm of Copeptin
Species 2 9.551
Weight 1 0.333
BMI 1 0.000
Sex 1 0.033
Status 1 0.059
Residuals 26 6.612
Logarithm of Aldosterone
Species 2 16.351
Weight 1 0.947
BMI 1 0.130
Sex 1 0.090
Status 1 0.865
Residuals 26 19.692
Thyroxine(T4)
Species 2 65.01
Weight 1 0.26
BMI 1 4.95
Sex 1 0.00
Status 1 3.70
Residuals 26 34.06
Logarithm of Copeptin using T4 and Aldosterone as two additional covariates
Species 2 9.551
T4 (ug/dL) 1 0.050
Aldosterone (pg/mL) 1 0.028
Weight 1 0.328
BMI 1 0.007
Sex 1 0.036
Status 1 0.119
Residuals 24 6.468
Logarithm of Aldosterone using T4 and Copeptin as two additional covariates
Species 2 16.351
T4 (ug/dL) 1 0.772
Copeptin (pmol/L) 1 0.398
Weight 1 0.599
BMI 1 0.506
Sex 1 0.129
Status 1 2.070
Residuals 24 17.250
T4 using Aldosterone and Copeptin as two additional covariates
Species 2 65.01
Aldosterone(pg/mL) 1 1.08
Copeptin (pmol/L) 1 0.96
Weight 1 0.18
BMI 1 5.11

Mean Sum of squares

4.775
0.333
0.000
0.033
0.059
0.254

8.175
0.947
0.130
0.090
0.865
0.757

32.50
0.26
4.95
0.00
3.70
1.31

4.775
0.050
0.028
0.328
0.007
0.036
0.119
0.270

8.175
0.772
0.398
0.599
0.506
0.129
2.070
0.719

32.50
1.08
0.96
0.18
5.11

F value

18.779
1.309
0.000
0.131
0.231

10.795
1.251
0.172
0.119
1.143

24.815
0.201
3.778
0.000
2.823

17.719
0.185
0.104
1.216
0.027
0.135
0.442

11.374
1.075
0.554
0.833
0.704
0.179
2.880

26.045
0.862
0.767
0.147
4.098

Pr(>F)

8.99e-06
0.263
0.985
0.720
0.635

0.000386
0.273633
0.681549
0.733120
0.294921

9.37e-07
0.6579
0.0628
0.9854
0.1049

1.88e-05
0.671
0.749
0.281
0.870
0.717
0.513

0.000335
0.310217
0.463945
0.370484
0.409563
0.675713
0.102619

9.7e-07
0.3623
0.3899
0.7047
0.0542
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Sex 1 0.14 0.14 0.111 0.7424
Status 1 5.54 5.54 4.442 0.0457
Residuals 24 29.95 1.25
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Chapter IV.

General Discussion

This dissertation presents a window into the genetic basis of desert adaptation. By
synthesizing methods and current genomic research on different mammalian species we were able
to identify shared patterns of adaptation at the genetic, pathway and/or phenotypic level in biological
systems with different evolutionary ages, occupying distinct ecological niches and at distinct stages
of adaptive evolution in different deserts of the world (Chapter Il, Paper 1). By integrating eco-
physiological data obtained from the literature with bioclimatic variables and phylogenetic comparative
methods we also demonstrated that, among the many physical and climatic challenges faced by
desert species, aridity has been one of the main selective pressures driving phenotypic evolution in
different desert mammalian lineages (Chapter Il, Paper 2). Tough these meta-analyses offer important
insights into the most relevant genes and primary physiological traits involved in mammalian
adaptation to arid regions, as well as on key environmental factors driving phenotypic evolution, the
evolutionary mechanisms at play during adaptive evolution remain poorly understood. We could not
draw major patterns on the nature of desert adaptive genetic variation, nor on the sources by which
adaptive genetic variants may arise (Chapter I, Paper 1). Furthermore, the majority of selection
studies struggled to identify links between genes, phenotypes and desert environments, either
through direct association testing or, indirectly, by looking for changes in gene expression and/or
physiology. Our comprehensive scan of the existing literature ultimately raises more questions than
provides answers, owing to lack of segregating phenotypic variation, lack of biological sampling
infrastructures and expense of researching in remote desert regions.

In Chapter lll, we defied logistical challenges and set off to the Sahara Desert to study the
evolutionary mechanisms driving adaptation in North-African foxes. By combining state-of-the-art
genomics with eco-physiological and expression data, we were able to address outstanding questions
concerning adaptive evolution in arid regions, and on the evolutionary history of these iconic models.
Our study reveals a complex history of past interspecific gene flow among geographically overlapping
sister species and highly divergent clades that lends additional evidence on the pervasive nature of
introgression in canids. In addition, this work underscores the important roles of introgressive-
hybridization events and ancestral standing genetic variation as sources for adaptive genetic variation
at different spatiotemporal scales. Finally, we provide important insights on the genes and gene

changes potentially underlying adaptation in an entirely new system, including decreased renal and
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non-renal water losses and adaptive tolerance to extreme temperatures. The next few sections will
be devoted to discussions on how studying North-African foxes has increased our general
understanding of the evolutionary history of the genus, as well as the evolutionary processes shaping
life in deserts, and how complex ancestral hybridization events may have facilitated evolutionary
responses to environmental change, but also confound our understanding of evolutionary history.

Lastly, | discuss outstanding challenges and perspectives.

4.1. On the origins and evolution of North-African Vulpes

The most extraordinary study-systems to investigate the genetic mechanisms underlying rapid
and recent adaptation to novel environments, or lifestyles, are pairs of closely related and recently
diverged groups of organisms that differ fundamentally in ecology, morphology, behavior or
physiology (Li et al. 2014; Liu et al. 2014; Zhang et al. 2014; Sinding et al. 2020). On the other hand,
the independent colonization and local adaptation to similar environments by distant lineages
provides a unique opportunity to study mechanisms underlying shared adaptations and the evolution
of similar solutions to the same adaptive problem (Ferreira et al. 2021). North-African desert-dwelling
foxes such as the fennec fox (V. zerda) and Rueppell’s fox (V. rueppellii) constitute remarkable
examples of independent colonization and adaptation to the same desert environment by distant
lineages of the same genus. Up until this study, little had been known about the geographical origins
of some pairs of closely related species of Vulpes. For instance, previous studies focused on the
evolutionary history of Rueppell’s fox (V. rueppellii) and red fox (V. vulpes) could not convincingly
discriminate if the two sister species differentiated in Eurasia, followed by independent colonization
of North-Africa, or if they originated and migrated out of Africa (Leite et al. 2015).

Phylogenetic analysis and ancestral range reconstruction with mitochondrial genomes in
Paper 3 show that Rueppell’s fox and red fox likely differentiated in Eurasia. We further show that the
two sister species are outgrouped by the Bengal fox (V. bengalensis; Figure 4.1A), a species from
scrub and semi-arid grassland habitats, and avoider of dense forests and ‘true deserts’ (Sillero-Zubiri
et al. 2004). Canid specialists refer to Rueppell’s as desert specialists and red foxes’ as generalists
not found in extreme deserts and with a natural habitat defined as dry, mixed landscape with abundant
scrub and woodland (Sillero-Zubiri et al. 2004). As such, while Rueppell’s differentiated from red foxes
~576 kya and evolved to inhabit some of the most extreme hot deserts on Earth, including the heart
of the Lut desert of Iran, the Rub Al-Khali of the Arabian Peninsula, and the North-African Sahara,
being considered ‘true desert-dwellers’, red foxes radiated from Eurasia into different regions of the
globe and came to occupy different ecological niches (Sillero-Zubiri et al. 2004). With this study, we
show that North-African red foxes have diverged from Eurasian populations ~78 kya, and since then
successfully adapted to life in increasingly arid and hyper-arid regions at the northern Saharan fringes

(Brito et al. 2009), providing a prime example of recent adaptation to rapidly changing climates.
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Furthermore, we show that separation from Eurasia and local adaptation in North-Africa is related to
the paleoclimatic history of the Sahara, offering an unprecedented opportunity to understand how
climatic oscillations over the last ~78 kya promoted and shaped adaptive evolution. North-African
foxes (fennec, Rueppell’'s fox and red fox) can therefore be viewed as the current outcome of
consecutive replications of a natural experiment in which different ancestral Vulpes lineages were
able to independently colonize and adapt to life in hot arid and hyper-arid regions, providing an
exciting opportunity to study the processes and sources underlying shared and/or independent

adaptive evolution at different spatiotemporal scales.

4.2. Introgression in canids and implications to desert life

Introgressive hybridization is an important and pervasive source of genetic variation in many
groups of canid species, as attested by evidence of recurrent interspecific gene flow between wolves
and dogs (Miao et al. 2017; von Holdt et al. 2017; Schweizer et al. 2018; Signore et al. 2019; Wang
et al. 2020), coyotes and wolves (VonHoldt et al. 2016), Eurasian golden jackals and the gray wolf/dog
clade (Koepfli et al. 2015), gray and Ethiopian wolves and the African golden wolf (Gopalakrishnan et
al. 2018). Phylogenomic analyses of the Canis diversification further revealed complex histories of
ancient hybridization among the ancestors of extant species, and between highly divergent and
unidentified lineages of canids (called ‘ghost lineages’). For instance, coyotes and gray wolves
(Gopalakrishnan et al. 2018) and Tibetan/Himalayan wolves (Wang et al. 2020) likely carry genetic
material introgressed from unidentified lineages. These results have shown that introgression can
extend well-beyond recent or ongoing hybridization between extant and/or closely related pairs of
species and may occur as deep in a phylogeny as the origin of a genus.

Our work with different North-African foxes underscores an equally complex history of
interspecific gene flow at different evolutionary scales, including significant genome-wide
introgression between more closely related North-African Rueppell’s and red foxes, and distantly
related Rueppell’s and fennec foxes (Chapter Ill). Subsequent attempts to explore these results led
us to propose that Rueppell’s fox may carry a large chromosomal region (25 Mb) likely introgressed
from an as-yet-undefined fennec-like fox. Future phylogenomic analyses with all extant members of
Vulpes are needed to appraise the extent of interspecific gene flow throughout the genus. For
instance, with high-quality long-read-based genomes for all fox species we would be able to resolve
the structure of the putatively introgressed 25 Mb region — which we speculate might be the result of
a translocation — and test if it is phylogenetically closer to the fennec or its sister species, the
Blanford’s fox (Vulpes cana), which overlaps in range with Rueppell’s fox in the Middle East (Figure
4.1B). We would also be able to accurately reconstruct haplotypes and explore the extent of
recombination suppression at this region. Future studies should also ask if the phylogenetic

placement of Bengal’s fox, Tibetan fox (V. ferrilata) and corsac fox (V. corsac) in the tree topology for
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the 25 Mb region is consistent with overall species relationships. For example, if the 25 Mb region
has been specifically introgressed into Rueppell’s from a species closely related to the fennec, then
the three Asian species should be phylogenetically closer to red foxes at this region, and outgrouped
by the arctic fox clade (V. lagopus, V. macrotis, V. velox). On the other hand, if they are
phylogenetically placed with Rueppell’s fox, this would reflect a more complex history in which the

affected 25 Mb region would concern the red fox and arctic fox instead (Figure 4.1).
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The fact that introgressive-hybridization events observed in this work concerned
geographically overlapping species inhabiting arid and hyper-arid regions for multiple generations,
facing shared challenges related to extreme temperatures and scarce resources, suggests that
introgression may have played an important role in facilitating desert adaptation. Introgression has
the potential of introducing different combinations of alleles, involving one or multiple genes, that have
already been pre-tested in nature. Rueppell’s carry a putatively introgressed 25 Mb region significantly
enriched for genes involved in for sulfotransferase activity (SULT1B1, SULT1D1, SULT1E1),
neuromedin receptor binding (NMU), protein tyrosine kinase activity (KIT, KDR, EPHAS, PDGFRA,
TEC, TXK), and GABA-related activity (GABRB1, GABRA4, GABRG1,GABRA2), and CXCR
chemokine receptor binding (CXCL7, CXCL8). Functions of individuals genes include thyroid
hormone metabolic process (SULT1B1; GeneCards/UniProt), attenuation of catecholamine activity
during stress response and metabolic fasting (SULT1D1; GeneCards/UniProt), energy homeostasis,
positive regulation of smooth-muscle contraction and heart rate, temperature homeostasis, stress
responses, negative regulation of eating behavior, and regulation of circadian sleep/wake cycle
(NMU, Brighton et al. 2004), all of which could be relevant to life in extreme desert conditions (Chapter
Il, Paper 1). Genome-wide scans for signatures of adaptation further revealed that the gene with
second strongest signal of selection, WFS1, is within this 25 Mb region and appears related to
Rueppell’s fox increased ability to produce hyperosmotic urine. Though we could not directly assess
the functional significance for all these genes, we have indirect evidence that, under water deprivation,
knockout mice for WFS1 suffer from an impairment of vasopressin (AVP) that prevents them to
concentrate urine (Kurimoto et al. 2021). Therefore, variants affecting the expression of this gene in
Rueppell’s fox could underlie increased abilities to concentrate urine via increased AVP production.

We were also able to link more recent introgression between Rueppell’s fox and North-African
red foxes to a still poorly investigated gene, SLC6A16, that may be involved in chronic kidney disease
and oxidative stress (Pramod et al. 2013; Ainsworth et al. 2017). While the functional relevance of
this gene to life in arid environments is not entirely clear, introgressed variants have nearly become
fixed in the North-African population, suggesting some adaptive significance. Adaptive introgression
of SLC6A16 seems to be supported by high allele frequency differences between the North-African
red fox population and Eurasian red foxes, and remarkably low allele frequency differences and
divergence between Rueppell’s and North-African red foxes. Our analyses also suggested potential
introgression of genes with functions that appeared related with adaptation to life in North-African arid
environments, such as associated with starch digestion and glycogen storage (MGAM, Axelsson et
al. 2013), and pigmentation (HPS5, Pavan and Sturm 2019). However, because introgressed variants
at these genes are present in fewer North-African red fox individuals, we could not argue that they

may have been targeted by selection, nor rule out a scenario of incomplete lineage sorting. Functional
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analyses are therefore needed to understand if or how these candidate genes may have contributed
to North-African red foxes desert adaptation.

Overall, providing convincing evidence that introgression has an adaptive significance is
extremely challenging when we lack detailed knowledge on the traits involved, and are not able to
explicitly demonstrate that introgressed variants have fitness effects in the recipient species. We
followed the approach of first detecting introgressed regions and then using selection scans to find
signatures of adaptive advantage. The statistics we used rely on the premise that selection is
expected to increase linkage disequilibrium and create shifts in allelic frequencies (Nielsen 2005).
The problem with this approach is that introgression can in itself create changes in allele frequency
and confound tests for detecting positive selection that rely on allele frequency differences. Future
analyses using coalescent simulations are thus needed to provide significance for introgression, and
functional analysis would be required for additional clarity on its adaptiveness.

Despite widespread evidence of both ancestral hybridization and recent introgression in canid
species, introgression has rarely been directly linked to environmental adaptation (Anderson et al.
2009; Schweizer et al. 2018; Wang et al. 2020). So far, the only documented cases in canids are from
studies in which introgression was detected in regions previously suggested to be under positive
selection (Miao et al. 2017; Wang et al. 2020). For instance, Fst-based selection scans first discovered
EPAS1 alleles to be highly differentiated between lowland and highland dogs (Li et al. 2014), and
between lowland wolves and highland wolves (Zhang et al. 2014). Then, follow-up studies found that
these adaptive alleles were deeply divergent to an extent that could not be explained by selection
alone and, therefore, were likely evolved in a presently unknown diverged lineage, having persisted
in both Tibetan dogs and wolves due to their adaptive significance to life in high altitudes (Wang et al.
2020). Although a hypoxia-related gene is an obvious candidate for adaptive introgression in high
altitudes, evidence for the adaptive significance of introgression in these studies was indirect, without
further functional studies that assess the fithess effects of introgressed variants. On the other hand,
there is compelling evidence from humans to support both arguments of ancient hybridization with an
extinct lineage and of adaptive significance, as EPAS1 was introgressed into Tibetans from a
Denisovan-like population, and association studies were able to link variation at this gene with
adaptation to high-altitude hypoxia in humans (Yi et al. 2010; Huerta-Sanchez et al. 2014). Although
our study does not consistently provide direct functional significance of introgression, it is reasonable
to suggest that interspecific gene flow played an important role in the adaptive evolution of desert
foxes, particularly when taking into account the increasing body of literature supporting the potential
for introgressive hybridization to promote adaptation and contribute with adaptive genetic variation in
different spatiotemporal contexts (Liu et al. 2015; Jones et al. 2018; Edelman et al. 2019; Giska et al.
2019; Marques et al. 2019; Oziolor et al. 2019; Witt and Huerta-Sanchez 2019; Jamie and Meier 2020;
Cao et al. 2021; Ferreira et al. 2021).
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4.3. Insights into complex evolutionary histories

A general lesson from different studies in canids is that introgressive-hybridization events are
complex and often confound our understanding of evolutionary history. The narrative around canid
adaptation at the Tibetan plateau is a remarkable illustration of this: what was first explained as the
result of adaptive introgression from wolves into dogs (Miao et al. 2017; von Holdt et al. 2017) has
recently been revised as an ancient introgressive hybridization event with a ghost lineage (Wang et
al. 2020). Our work revealed a striking signal for shared genetic variation between Rueppell’s foxes
and North-African red foxes compared to Eurasian red foxes at the CRADD gene. While this pattern
would suggest introgression between Rueppell’s and Red foxes, phylogenetic analysis at the CRADD
region revealed that this actually resulted from the fact that some Eurasian red foxes and one arctic
fox share deeply divergent alleles that predate the origin of all extant members of the Vulpes genus.
By analyzing our dataset with other members of the Canidae family, and also including published
genomes for red foxes from the Russian farm experiment, which are of North American origin
(Kukekova et al. 2018) we were able to confirm the occurrence of deeply divergent alleles at the
CRADD gene within red foxes. Although we have no means to directly assess the functional
significance of CRADD, this gene has been associated with changes in body size in mice, and has
been associated to body height, heel bone mineral density and BMI-adjusted hip circumference ratio
in humans (GWAS catalog, GeneCards). This gene has also been found to be under selection in
arctic sled dogs (Sinding et al. 2020) and humans (Kimura et al. 2008).

The occurrence of such deeply divergent alleles at a locus within a species could reflect:
1) two introgression events involving an extinct canid species that predates the origin of all extant
members of Vulpes and both arctic fox and Eurasian foxes, either as independent introgressions from
the unknown lineage into each of the two species, or only into one species which then served as an
intermediate donor to the other; 2) the maintenance of ancestral polymorphisms tightly linked in strong
linkage disequilibrium across multiple speciation events throughout the Vulpes radiation by strong
balancing selection on an inversion. Both hypotheses are incredibly complex and difficult to
convincingly explain. First, we don’t have data on red fox populations that currently overlap in range
with the arctic fox to be able to appraise the geographical extent of this gene-species tree discordance
in red foxes. The only evidence we have is that affected Eurasian red fox individuals that form a
divergent clade with the arctic fox for CRADD either come from the Middle East or include farm-bred
foxes that trace back their origin to North America (Kukekova et al. 2018). The southern European
foxes included in this study, on the other hand, do not carry the divergent CRADD haplotype. As such
we may only speculate that red foxes and arctic foxes may have once overlapped in range with an
ancestral canid species. Secondly, we only have one arctic fox individual and therefore cannot

appraise whether a highly divergent CRADD haplotype is fixed in this species or shows the same
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paraphyletic pattern as red foxes, with some individuals clustering as expected in the Vulpes
phylogeny, while others remaining as outgroups to the genus. There is a growing body of empirical
evidence that shows that ancestral polymorphisms (or trans-species polymorphisms) can be
maintained for millions of years and across multiple speciation events by balancing selection and may
even predate the first speciation events in a clade (Marques et al. 2019; Jamie and Meier 2020). On
the other hand, balancing selection should leave a very narrow trace. Since a large region harboring
CRADD can’t be explained by balancing selection alone unless there is also recombination
suppression, we hypothesize that this would have to involve a structural rearrangement such as an
inversion. Phylogenomics studies comprising all extant members of Vulpes are needed to dissect the
complex evolutionary history of this genomic region. Future sampling efforts should also include a
larger number of red fox and arctic fox individuals from diverse localities across their geographic

distribution in Eurasia and North America, in order to allow a large-scale comparative study.

4.4. A gradual understanding of the mechanisms underlying desert

adaptation

To date, the different sources and nature of adaptive variation in deserts remain largely
understudied (Chapter Il, Paper 1). Empirical evidence from other extreme-environmental settings,
such as the arctic and high altitudes, suggests that both standing genetic variation and introgression
are critical components of adaptation (Bedford and Hoekstra 2015; Witt and Huerta-Sanchez 2019;
Sinding et al. 2020), and sometimes with equally important contributions to the same evolutionary
history (Fumagalli et al. 2015; Racimo et al. 2016). Our work with North-African foxes is concordant
with those findings, showing that, though introgressive hybridization events may have, to a certain
extent, facilitated desert adaptation by extending the pool of variation on which selection can act upon,
standing genetic variation has also been critical for desert adaptation at different evolutionary scales.

In line with what has been reported for other desert mammalian species, selection in desert-
dwelling foxes appears to have targeted genetic variation involved in very distinct functions, consistent
with the complexity and variety of phenotypes they had to evolve in order to cope with life in extreme
conditions of water deprivation, food scarcity and extreme thermal amplitudes (Chapter I, Paper 1).
For instance, we find that North-African red foxes recently adapted to their current ecological
circumstances of increased aridity via reduced non-renal water losses in mechanisms such as panting
and sweating, consistent with what has been reported in other desert mammals (Chapter I, Paper 1).
North-African red foxes also adapted to cope with life in extreme temperatures as attested by selection
on genes related to both temperature perception and thermoregulation through adaptive
thermogenesis. Notably, genes involved in energy metabolism, heat production and adaptive
thermogenesis have also been extensively described in different desert mammals (Chapter I, Paper

1). In contrast with other desert-dwelling foxes such as Rueppell’'s and fennec, we did not find
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signatures of selection in North-African red foxes related to kidney function. Instead, the evidence of
introgressed genetic variation from Rueppell’s fox into almost all North-African red foxes at a gene,
SLC6A16, which may be implicated in chronic kidney disease (Ainsworth et al. 2017). This could
suggest a complementary role of interspecific gene flow as a rapid source for adaptive variation, as
the Sahara continues to expand (Liu and Xue 2020). These results also suggest that selective
pressures on water retention mechanisms may have been more constrained at the core of deserts,
where water is barely available, (Chapter Il). Further investigations of the top candidate genes
putatively under selection in North-African red foxes (SLC12A2, THADA, TRPA1) show that most
variants targeted by selection lie outside coding regions. This suggests that changes in noncoding or
regulatory areas of the genomes affecting the expression of genes are likely to play a more important
role in driving North-African red foxes recent desert adaptation than changes affecting protein
structure. Future analyses are needed to investigate the nature of genetic variants targeted by
selection in core desert-dwelling species adapted to life in hyper-arid regions for longer evolutionary
times. This will allow us to appraise the extent to which the nature of desert adaptation relates to

evolutionary age (Chapter II).

4.5. Challenges in dissecting the genetic basis of traits in non-model

organisms

| started this PhD thesis with the preliminary knowledge from microsatellite data that
Rueppell’'s and red foxes were much more closely related than what would be expected for two
divergent species (Fst =0.14), and with a possible explanatory scenario that Rueppell’s fox could
constitute a desert ecotype evolved from red foxes (Leite et al. 2015). We had hoped that with such
low genetic differentiation between the two species we could use a population genomics approach to
perform a selection study oriented towards dissecting the genetic basis of desert related traits,
including textbook examples such as urine concentrating ability (Chapter Il, Paper 2). To this end, we
performed a comprehensive literature search for phenotypic traits potentially relevant to life in deserts
(Chapter Il) and attempted the sampling of different physiological parameters (Chapter IIl). However,
whole-genome analysis revealed that Rueppell’s and red foxes were highly differentiated (Fst=0.5),
undermining the possibility of linking genotypes with phenotypes directly. First, the majority of
population-based methods lack power to disentangle selection from random genetic drift when
average genome-wide differentiation is high in natural populations (Crawford and Nielsen 2013).
Secondly, it is not possible to establish genotype-phenotype associations if traits of interest are not
found segregating in nature, and only very closely related groups of organisms with low genome-
wide differentiation are likely to display trait polymorphism (Crawford and Nielsen 2013). Lastly,
capturing foxes in the field proved to be a difficult task, and we lacked the time and the infrastructures

to obtain the required sample sizes for genotype-phenotype associations. These and many other
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challenges extensively explored in our review paper (Chapter Il) underscore why our understanding
of the genetic basis for phenotypic diversity is concentrated around a narrow range of species and/or
very specific traits. As such, while our work with North-African foxes adds to our review (Chapter II)
by shedding light on some of the evolutionary mechanisms underlying desert adaptation at different
spatiotemporal scales, our review adds to this empirical work (Chapter Ill) by providing a set of

perspectives that may help guide future and ongoing work.

4.6. Concluding Remarks and Perspectives

Deserts make up a third of the planet's land surface, comprising alien landscapes
characterized by never-ending tracts of sand or rocks, as well as extreme harsh climatic conditions
apparently too hostile to sustain life. And yet, life finds a way. | write this from the personal experience
of someone who had the privilege of witnessing deserts extraordinary scenery and intriguing life
forms, and with the hope that the scientific outputs presented in this dissertation may contribute to a
better understanding of the evolutionary mechanisms underlying desert life.

The first part of this thesis offers a general perspective on the state-of-the-art and integrates
knowledge from classical studies in desert eco-physiology with emerging research on the genomics
of adaptation to deserts (Paper 1, Chapter Il). This chapter also contributes to the establishment of
the general hypothesis that aridity is one of the main selective pressures driving phenotypic evolution
in different desert mammalian lineages (Paper 1, Chapter Il). Future studies investigating association
of diverse bioclimatic variables with desert phenotypes and genotypes are needed, as they hold the
potential to elucidate future adaptative responses to increasingly arid conditions. In addition, we
present a valuable discussion on the importance of working with a diverse set of desert-dwelling
organisms and provide explicit recommendations on how future research could be guided to help
circumvent outstanding challenges and help rescue biodiversity threatened by desertification (Paper
1, Chapter Il). The second part of this dissertation (Chapter Ill) provides an outstanding empirical
example on how different species adapted to extreme desert conditions throughout different
evolutionary times. Studying the genetic basis of desert adaptation in North-African foxes not only
allowed us to scratch the surface of the many outstanding questions concerning the evolutionary
mechanisms driving adaptation in desert environments, but also provided a glimpse into the origins
and evolution of some of the most elusive desert-dwelling animals.

Despite the challenges of establishing genotype-phenotype associations, we were able to
generate the most comprehensive genomic dataset for Vulpes to date, including whole genomes for
82 foxes belonging to 4 distinct species, and successfully sampled many individuals for which we
could gather expression data to be used as intermediate steps between genes and phenotypes and
help inform the functional effects of adaptive genetic variation. With this dataset we were able to study

the evolutionary history of these charismatic species in terms of possible introgressive-hybridization
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events, divergence time, demographic history and selection, and therefore significantly contribute with
new insights on the evolutionary mechanisms at play during desert adaptation. In particular, we have
shown that ancient introgressive events combined with independent selection on adaptive tolerance
to extreme temperatures and increased capacity to preserve water have enabled North-African foxes’
survival in desert regions at different evolutionary scales. Ultimately, we open a window into North-
African foxes’ adaptive genetic variation and show that the joint role of introgression and selection on
ancestral standing variation may extend well-beyond extant sister species and may involve genes
associated with complex structural rearrangements.

Desertification of the Sahara and expansion of arid regions worldwide are expected to
dramatically increase, which may further intensify pre-existing selective pressures on desert-dwelling
systems (Vale and Brito 2015; lknayan and Beissinger 2018; Liu and Xue 2020). Given the role of
aridity as a major selective pressure driving phenotypic evolution, we expect ancestral standing
adaptive genetic variation and potential introgression of alleles pre-tested by natural selection in core
hyper-arid dwelling species to be crucial components of ongoing adaptation to rapidly changing
climates in foxes living at the increasingly arid edges of deserts. Though preserving adaptive variation
in these charismatic umbrella species may help conservation efforts focused on rescuing biodiversity
currently challenged by desertification, we still require a deeper understanding of the direct
relationships between genes, phenotypes, the environment and how these relationships translate into
fitness. Our inability to provide genotype-phenotype-fitness maps for North-African foxes lends itself
to the many challenges of working with elusive and poorly studied organisms in remote arid regions.
As follow-up to our selection scans, and considering the future directions offered in the first part of
this thesis, we hope to be able to validate and test functional hypothesis about our candidate genes
by resorting to novel techniques such as CRISPR-Cas9 or cell culture. We also hope to gather high-
quality Vulpes genomes not only to elucidate the role of potential structural rearrangements as drivers
of adaptive evolution, but also to take advantage of phylogenetic comparative methods to test for
associations between different variables on a phylogeny with several Vulpes species.

In sum, this dissertation comprises a group of diverse contributions - including a review, a
meta-analysis and empirical research - that will hopefully be of interest to desert researchers, and
integrative biologists that wish to address the genetic basis of desert adaptation. Finally, | would like
to highlight the importance of going into the desert when studying deserts and not thinking so much
about nature and biodiversity as “systems” more or less suitable to address questions, or amenable
to the available methodologies. In the course of this work, | have learned from foxes in the Sahara

that one only truly understands the things that one captivates.
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