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Abstract

Elucidating the evolutionary process of animal adaptation to deserts is key to understanding 

adaptive responses to climate change. Here we generated 82 individual whole genomes of four 

fox species (genus Vulpes) inhabiting the Sahara Desert at different evolutionary times. We 

show that adaptation of new colonizing species to a hot arid environment has probably been 

facilitated by introgression and trans-species polymorphisms shared with older desert resident 

species, including a putatively adaptive 25 Mb genomic region. Scans for signatures of selection 

implicated genes affecting temperature perception, non-renal water loss and heat production in 

the recent adaptation of North African red foxes (Vulpes vulpes), after divergence from Eurasian 

populations approximately 78 thousand years ago. In the extreme desert specialists, Rueppell’s 

fox (V. rueppellii) and fennec (V. zerda), we identified repeated signatures of selection in genes 

affecting renal water homeostasis supported by gene expression and physiological differences. Our 

study provides insights into the mechanisms and genetic underpinnings of a natural experiment of 

repeated adaptation to extreme conditions.

As arid and hyperarid regions worldwide are increasingly becoming drier and warmer, it 

has never been more pressing to study adaptive evolution in deserts1–3. Foxes of the genus 

Vulpes are a group of canid species with geographic distributions that overlap with some 

of Earth’s harshest deserts4. The Rueppell’s fox (V. rueppellii) is a desert-adapted species 

widely distributed in hot arid and hyperarid regions of North Africa and the Middle East 

(Fig. 1a,b). In North Africa, Rueppell’s foxes share their range with a more distantly related 

congener, the fennec (V. zerda), and both species are remarkably well-adapted to the extreme 

temperatures and water scarcity in the Sahara, the largest hot desert on the planet5. Fennec 

and Rueppell’s foxes have reduced mass-adjusted basal metabolic rate and non-renal water 

loss in comparison to canid species living in habitats with water availability, suggesting 

an increased ability to reduce cutaneous and respiratory (non-renal) water loss6–8. Fennec 

foxes also have increased ability to produce hyperosmotic urine, an adaptation allowing 

increased water retention in the kidney, though it is unknown if this ability is shared with the 

Rueppell’s fox9–11.

The sister species to the 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 

(Fig. 1a,b)12. Rueppell’s and red foxes are both probably of Eurasian origin but differ 

fundamentally in ecology, morphology, behaviour and physiology, suggesting divergent 

evolution and adaptations to different ecological niches. However, the two sister species 

overlap in range at the outer edges of south Asian deserts and northern fringes of the Sahara, 

where red fox desert morphs have been described4,5. 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.

Despite decades of studies on canid adaptive evolution13–19, our understanding of the 

spatiotemporal emergence and genetic basis of repeated and successful colonization of 
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extreme hot desert environments remains limited. Here, we generated 82 whole genomes 

comprising four Vulpes species to gain insight on the origins, evolution and genetic 

underpinnings of unique and shared fox adaptations to life in the Sahara (Fig. 1). We 

also gathered gene expression and physiological data to inform the functional effects of 

genetic variation targeted by selection in desert-dwelling foxes (Supplementary Data and 

Supplementary Tables 1–3 in Supplementary Information).

Results

Divergence, differentiation and dispersal into North Africa

To uncover the origins and evolutionary history of desert adaptation in foxes, we sequenced 

the complete genomes (~4.5× coverage) of 30 North African and 18 Eurasian red foxes 

and 24 North African Rueppell’s foxes (Fig. 1a,b; Methods; Supplementary Table 1). North 

African red foxes were sampled along a climatic gradient ranging from dry subhumid to 

hyperarid regions, thus providing a broad representation of red fox diversity across its 

geographic range in North Africa. In addition, we sequenced ten genomes belonging to 

two divergent North African species: desert specialist fennec fox (n = 5) and the pale fox 

(n = 5; V. pallida), a species endemic to the semi-arid Sahel (Fig. 1a,b). We analysed our 

data together with data from other canid species (Supplementary Table 2), using a suite 

of statistical methods that take genotype uncertainty into account by working directly on 

genotype likelihoods (Methods)20. The genome assemblies of the arctic fox21 and domestic 

dog (Canis lupus familiaris)22 were both used as reference in parallel analyses to address 

issues of reference biases (Methods; Supplementary Fig. 1).

Average whole-genome (Fig. 1c,d and Supplementary Fig. 2) and mitochondrial DNA-based 

(Extended Data Fig. 1 and Supplementary Figs. 3 and 4) phylogenetic analyses and ancestral 

range reconstruction for several Vulpes species supported that Rueppell’s and red foxes are 

sister species and confirmed the phylogenetic placement of the pale fox as outgroup to the 

other groups of Vulpes12 (Supplementary Tables 4 and 5). These analyses further showed 

that Rueppell’s foxes and red foxes have a Eurasian origin with independent North African 

colonizations and share a common ancestor with Asian endemic foxes and the Eurasian and 

North American arctic fox clade, after they split from the fennec (Fig. 1c and Extended Data 

Fig. 1).

Though past studies have placed the Middle East as the cradle of modern red fox genetic 

diversity23, little is known of how the genetic diversity and past population dynamics 

seen in Middle Eastern and European red foxes24 relates to those currently inhabiting the 

African continent. Principal component and admixture analyses first separated Eurasian and 

North African red foxes and then Eurasian populations into Europe and Asia (Fig. 2a and 

Supplementary Fig. 5a). We found higher levels of admixture between Middle Eastern and 

European red foxes than between Middle Eastern and North African red foxes and a single 

red fox from the Sinai Peninsula exhibiting a small proportion of North African ancestry 

(Figs. 2b and Supplementary Fig. 6). Consistent with this, the levels of red fox genome-wide 

differentiation were greater between North Africa and the Middle East (global Fst = 0.13) 

and Europe (global Fst = 0.19), than between the Middle East and Europe (global Fst = 

0.09). This suggests more limited gene flow between North Africa and Eurasian red foxes 
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than among Eurasian populations, consistent with red fox isolation in North Africa (Fig. 2a). 

Higher rates of linkage disequilibrium (LD) decay in North African compared to Eurasian 

red foxes seem to suggest a bottleneck in population size affecting Eurasian red foxes 

and/or more admixture LD caused by population structure (Fig. 2c). We found evidence 

for genetic continuity throughout the Sahara within North African Rueppell’s fox, with 

eastern (Egypt) and western (Mauritania and Western Sahara) individuals clustering together 

(Supplementary Figs. 5b and 6).

To explore when Rueppell’s fox and red fox diverged and infer their joint demographic 

history in North Africa, we used GADMA25 with dadi26. The best-fitting model estimated 

a divergence time of ~576 thousand years ago (ka), with subsequent non-zero, two-way 

asymmetric migration (Fig. 2d). Despite the inherent uncertainty in the genome-wide 

mutation rate estimate and variance in generation time we found divergence time estimates 

between the two species to be in accordance with the earliest fossil records of red fox27 and 

within the coalescent time interval of 476–788 kyr estimated with mitogenomes from several 

Vulpes species (Methods; Supplementary Table 5). The absence of admixture between North 

African Rueppell’s fox and red fox in admixture plots (Fig. 2b; K = 2) suggests that the 

interspecific gene flow is not a recent phenomenon.

We next set out to resolve the demographic history of red fox dispersal into North Africa. 

The model with highest composite likely-hood found using GADMA and dadi dates the 

divergence of Eurasian and North African populations to ~78 ka (Supplementary Table 7), 

centred around a Saharan humid period or wet phase that ended 72 ka (refs. 28–30). In 

North Africa, several different ‘green Sahara’ periods spanning marine isotope stages 5e, 

4 and 3 are thought to have enabled human expansion inside and outside the continent 

and across an otherwise inhospitable desert28–32. Such a humid period could also have 

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 Eurasian red foxes and introgression with Rueppell’s fox as subsequent climate 

change caused population isolation (Fig. 4a). Consistent with this, the best-fitting model 

supports a population bottleneck in the red fox North African population after divergence 

from Eurasian populations, followed by a recent expansion. The model also supports 

the maintenance of the ancestral population size in Eurasia immediately after divergence 

from North Africa followed by asymmetrical two-way migration (Supplementary Table 7), 

suggesting population movements between Eurasia and North Africa during subsequent 

African humid periods. The absence of substantially admixed individuals in admixture plots 

(Fig. 2b) suggests that this is not a recent or ongoing phenomenon and, thus, red foxes have 

probably remained isolated ever since the Sahara attained its current desert profile.

Ancient introgressive-hybridization events

Past introgression among ecophysiologically similar and geographically overlapping desert-

dwelling foxes (Fig. 1a,b) could have facilitated evolutionary responses to climate change 

in arid regions. Motivated by this, we used D statistics33 and TreeMix admixture graphs34 

to test for introgression among North African foxes (Methods). We found a significant 

excess of allele sharing between North African red foxes and Rueppell’s fox relative to 
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Eurasian red foxes (Fig. 3a, top, Extended Data Fig. 2, Supplementary Figs. 7 and 8 and 

Supplementary Table 6) providing evidence of past interspecific gene flow consistent with 

demographic inference (Fig. 2d and Supplementary Table 7). Remarkably, the same analyses 

further suggested introgression between Rueppell’s fox and the highly divergent fennec 

fox (Fig. 3a, bottom). A sliding window analysis of the introgression statistic ƒd (ref. 35) 

revealed several genomic regions shared between North African Rueppell’s and red foxes 

(Fig. 3b, top) and a large ~25 megabase (Mb) region shared between Rueppell’s fox and 

fennec (Fig. 3b, bottom). 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 ƒd (above the 99th percentile; Fig. 3c,d, 

Supplementary Tables 8 and 9, Extended Data Figs. 3 and 4 and Supplementary Fig. 9) and 

for the 25 Mb region (Fig. 3e,f, Supplementary Tables 10 and 11 and Extended Data Fig. 5).

In contrast to the topology observed for the genome-wide tree, nearly all North African 

red fox individuals appeared more closely related to Rueppell’s fox than to other red foxes 

at SLC6A16 (Fig. 3c), encoding a member of a family of neurotransmitter transporters 

involved in cellular response to oxidative stress36,37, which shows the second strongest 

signal of introgression (Fig. 3b, top, Extended Data Fig. 4 and Supplementary Fig. 9). 

Although this discordance is consistent with introgression, it could also be explained by 

incomplete lineage sorting (ILS)38. To disentangle these two scenarios, we compared levels 

of genome-wide differentiation (FST) and genetic divergence (dXY) between Rueppell’s 

fox and North African red fox with those estimated at shared regions. Consistent with 

an introgression scenario, dxy levels across SLC6A16 were lower between North African 

red fox and Rueppell’s fox (<0.5% of the genome-wide empirical distribution) (Fig. 3d). 

Additionally, FST levels across SLC6A16 were lower between Rueppell’s fox and North 

African red fox and higher between the North African red fox population and Eurasian red 

fox (Supplementary Figs. 10–12). We also found similar gene-species tree discordances 

for other genes associated with glycogen storage and starch digestion (MGAM) and 

pigmentation (HPS5), although with less convincing patterns of reduced FST and dXY 

between North African Rueppell’s fox and red fox that would otherwise allow us to favour 

an introgression scenario over ILS (Supplementary Figs. 10–12).

Unexpectedly, we found a very unusual topology at the CRADD gene tree (top outlier 

in Fig. 3b, top), in which some Eurasian red foxes and the arctic fox formed a highly 

divergent outgroup to other Vulpes (Extended Data Fig. 3). While highlighted as a putative 

locus of introgression between Rueppell’s fox and North African red fox, the high ƒd 

score at the CRADD region instead represents deeply divergent alleles more closely related 

between arctic and red foxes and predating all extant members of Vulpes (see Extended 

Data Fig. 3a for analysis with additional members of Canidae). The observed gene-species 

tree discordance in Eurasian red fox could either result from ancient introgression with 

a highly divergent as-yet-unidentified canid lineage or, alternatively, reflect an ancestral 

polymorphism maintained by balancing selection, for example spatially varying selection. 

This hypothesis would, however, require some level of recombination suppression in the 

region39.
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Next, we explored the genomic region shared between fennec fox and Rueppell’s fox (Fig. 

3b, bottom). Enrichment analysis on the entire 25 Mb outlier region identified several 

gene ontology (GO) terms that were over-represented (Supplementary Table 11; false 

discovery rate (FDR) q < 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 behaviour (NMU) and pigmentation 

(KIT), all related to traits of possible importance to life in arid environments. The gene 

tree for this region unambiguously grouped Rueppell’s fox as sister species to the fennec 

(Fig. 3e and Extended Data Fig. 5). However, the pairwise divergence between the two 

desert-dwelling species is not much different from the genome-wide average (Extended Data 

Fig. 6 and Supplementary Fig. 13) and genome-wide introgression between fennec and 

Rueppell’s fox is no longer significant when the 25 Mb region is removed (Supplementary 

Table 6), suggesting that introgression did not happen directly from fennec to Rueppell’s 

fox but from another fennec-related donor species (see Extended Data Fig. 1 for mtDNA 

species relationships). Sliding window analyses at the affected 25 Mb region further 

revealed that Rueppell’s fox and red fox revert to being sister taxa at the KIT gene 

(Extended Data Fig. 7). KIT is a well-known case of an autosomal gene with paralogues 

located on red fox supernumerary chromosomes (Bs), which may vary in number across 

individuals40. Consistent with this, we found that red fox and Rueppell’s fox individuals 

carry different numbers of copies of KIT that were strongly correlated with the copy number 

variation pattern of some other autosomal genes, which probably are also located on the 

same supernumerary chromosome (Supplementary Fig. 14). Under a scenario of ancient 

interspecific gene flow, we would expect KIT to be highly polymorphic in Rueppell’s 

fox, as the result of divergence between ancestral fennec-like autosomal alleles and the 

unaffected supernumerary alleles, which both map to the same region in the arctic fox 

and dog reference genomes. Consistent with this, Rueppell’s fox showed a peak in genetic 

diversity in KIT not found in other foxes (Extended Data Fig. 7). Past correspondence 

analysis using chromosome painting map the affected 25 Mb region from chromosome 

13q of the domestic dog to chromosomes 2p in red fox, 12p in arctic fox and part of 

chromosome 9 in fennec (Fig. 3f)41. We suggest that a major structural rearrangement, such 

as the translocation of a chromosomal arm, could explain how loci at this divergent region 

were maintained in strong LD. We also note that the data do not allow us to distinguish 

between introgression and the hypothesis of an ancient trans-species polymorphism, with a 

fennec-related divergent recombination-suppressed haplotype seemingly becoming fixed in 

Rueppell’s fox and repeatedly lost in arctic and red foxes (Extended Data Fig. 5).

Red fox dispersal into Africa followed by climate adaptation

Red foxes living in increasingly aridenvironmentsat theSaharan northern edge for numerous 

generations may have faced unique selective pressures, offering a unique opportunity to 

understand how climatic oscillations over the last ~78 kyr promoted and shaped adaptive 

evolution (Fig. 4a). To investigate signatures of positive selection specific to North African 

red fox, we looked for highly differentiated genomic regions (population branch statistics, 

PBS) and/or regions with reduced diversity (α) in this population relative to Eurasian red 

fox and Rueppell’s fox. A sliding window analysis revealed several genomic regions with 

high PBS and −log10(α), hinting at selection in North African red fox (Fig. 4b,c). We 
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then focused on the regions with the most extreme values of the empirical distribution 

(above the 99.95% percentile) for both methods and identified overlapping genes (Fig. 4d 

and Supplementary Tables 12–14). We note that similar approaches to these have been 

successful in identifying genes targeted by natural selection underlying unique adaptations 

to extreme selective pressures in other mammalian populations with similar sample 

sizes13,42,43. Then, we examined expression patterns in blood samples (n = 3 Rueppell’s fox, 

n = 2 red fox in North Africa, n = 5 in Iberia) for the major outlier genes (Supplementary 

Tables 3 and 15 and Supplementary Figs. 15 and 16).

Remarkably, the second largest increase in −log10(α) was SLC12A2 (Fig. 4c), a gene 

encoding a sodium chloride transporter that plays a vital role in the regulation of ion balance 

and cell volume and has been associated with a 70% decrease in saliva secretion and sweat 

in knockout mice, as well as dry mouth disease and impaired salivary and sweat glands in 

humans44,45. We additionally found that SLC12A2 is significantly less expressed in North 

African red fox and Rueppell’s fox compared with Eurasian red fox (log2 fold-change 

= −1.13, adjusted P(North Africa versus Iberia) = 0.00113; Fig. 4e and Extended Data Fig. 

8). The strong selection signal in SLC12A2 in North African fox could thus potentially 

be related to changes in expression at this gene, possibly resulting in reduced amount 

of evaporative water loss through panting, the main mechanism for cooling in canids or 

sweating. Additionally, enrichment analysis on top regions with reduced diversity identified 

several biological processes in North African red fox 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 q > 0.05; Supplementary Table 14 

versus Supplementary Tables 16–18).

While some of the selection signals unique to North African red foxes may be related to 

other environmental factors, such as local pathogens (for example, CD163, ranked first in 

−log10(α)); Fig. 4c and Extended Data Fig. 8), many top hits harboured candidate genes 

associated with traits of potential relevance to life in arid regions. For instance, a highly 

differentiated and low diversity gene (ranked third in −log10(α); Fig. 4) is TRPA1, encoding 

for a transient receptor potential (thermoTRP) channel protein that is gated by noxious cold 

or heat and acts as sensor for pain and environmental irritants46–48. Several thermoTRP 

sensors associated with reduced temperature sensitivity and increased cold tolerance have 

been reported to be under selection in arctic sled dogs13, mammoths49 and humans in high-

latitude environments50. North African foxes are nocturnal, with denning behaviour during 

the day4 and, though arid regions in North Africa are classified as ‘hot’, they may experience 

extreme daily temperature oscillations51. We thus suggest that reduced thermosensitivity to 

both extreme cold and heat can be adaptive in arid regions with high isothermality and that 

the genetic variation of North African red fox probably has been targeted by selection on 

phenotypes linked to bidirectional thermoception. Another candidate gene under selection 

in North African red fox is THADA (ranked 14th in PBS; Supplementary Tables 12 and 

13), a gene involved in heat production that has been widely associated with evolution of 

reduced metabolic rates in warmer climates to prevent overheating and climate adaptation 

in humans52. We additionally found a region harbouring ZNF516, a gene involved in cold-

induced thermogenesis53 to be under selection in Eurasian red fox (Extended Data Fig. 9 

and Supplementary Table 16).
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Rueppell’s fox and fennec physiology and genetic adaptation

Our results suggest that North African red foxes have unique adaptations related to tolerance 

of extreme temperatures and evaporative water retention that may have increased survival 

chances in the increasingly arid regions at the Saharan fringes over the past ~78 kyr, 

providing a prime example of recent adaptation to rapidly changing climates (Fig. 4). 

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 increasingly longer time periods such as 

Rueppell’s fox (476–788 ka) and the fennec (4.8–6.2 million years ago (Ma)). To address 

this, we performed a genome-wide selection scan using a PBS-like method implemented 

in Ohana54 that can be applied to several ancestry components. We ran Ohana in sliding 

windows to detect regions that strongly deviate in Rueppell’s fox and fennec from the 

genome-wide covariance structure using a likelihood ratio test and we then focused on 

the top differentiated genes (above the 99.95th percentile; Fig. 5a,b). We found signals of 

selection in genes related to renal water homeostasis in both fennec (KIRREL1, CACNA1H) 

and Rueppell’s fox (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 ultraviolet radiation (PTPRK) in Rueppell’s 

fox (Supplementary Tables 19–21).

Deficiency of WFS1 in knockout mice leads to impairment of vasopressin (AVP) secretion 

and decreased ability to concentrate urine with low volume under water deprivation55. 

Remarkably, WFS1 is a top candidate gene for selection in Rueppell’s fox (ranked second) 

and is also overexpressed in Rueppell’s fox compared to red fox (log2 fold-change = 

1.83, adjusted P(Rueppell’s versus red foxes) = 0.0013) (Fig. 5c). AVP plays critical roles in 

water reabsorption at the kidneys, resulting in increased urine-concentrating ability and 

reduced urine volume. Lineage-specific differences in this hormone have been associated 

with increased urine-concentrating abilities and other potential adaptations related to water 

retention in desert-dwelling mammals, with higher levels in some desert-dwellers compared 

to non-desert counterparts11,56–58. It is, therefore, possible that selection may have targeted 

AVP or AVP-related pathways in Rueppell’s fox to a greater extent than red fox. To 

investigate further, we tested if Rueppell’s fox had higher water retention abilities compared 

to red fox from North Africa and Eurasia by examining physiological parameters using 

blood samples comprising 11 red foxes, 13 Rueppell’s foxes and 10 fennecs (Supplementary 

Tables 3, 22 and 23, Extended Data Fig. 10 and Supplementary Figs. 17 and 18). We used 

a linear model that included sex, weight, body mass index and an indicator of whether 

the individuals were caught free-ranging or captive as covariates (Supplementary Table 

23). We found that levels of copeptin, a biomarker for AVP, were significantly higher 

in Rueppell’s fox compared to red fox (Fig. 5d) and 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 (Supplementary Table 23 and Extended Data Fig. 10). Notably, the maximum urine 

osmolality observed for Rueppell’s fox was 5,126 mOsm kg−1, whereas maximum urine 

osmolality observed for red fox was 3,027 mOsm kg−1 (Supplementary Fig. 18). We also 

note that the highest urine-concentrating ability for one Rueppell’s fox in our dataset is 

comparable to that observed in kangaroo rats59 and slightly above the maximum recorded 
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value for the fennec fox (4,022 mOsm kg−1), which are remarkably adapted to subsist 

without water9. We thus suggest that selection acting on mutations changing expression 

of WFS1 may explain increased vasopressin levels and urine-concentrating abilities in 

Rueppell’s fox. Notably, the WFS1 gene is within the highly divergent 25 Mb region found 

in Rueppell’s fox genome, which suggests that the species may have inherited increased 

capacity to retain water under dehydration from a desert-dwelling ancestor (Fig. 3e,f).

The top candidate gene for selection in fennec, KIRREL1 (Fig. 5b), encodes a protein 

produced in kidney podocytes that plays an important role in the normal development and 

function of the glomerular permeability (Fig. 5e and Supplementary Tables 20 and 21). In 

humans, mutant KIRREL1 proteins fail to localize the podocyte cell membrane, resulting 

in nephrotic syndrome, while knockout mice for this gene exhibit loss of glomerular 

filtration function60. Notably, fennecs also have higher AVP levels and seem to have 

higher urine-concentrating ability than red foxes (Fig. 5d, Supplementary Fig. 18 and 

Supplementary Tables 22 and 23). KIRREL1 is therefore a likely candidate gene that 

may be related to fennecs’ increased kidney function. Rueppell’s fox and fennecs also had 

significantly lower levels of thyroid hormone thyroxine (T4) than did red fox (Extended 

Data Fig. 10 and Supplementary Table 23), which potentially underlie previous evidence 

of reduced metabolic rate and non-renal water losses in these species7,10,61. The selective 

advantages of lower metabolism in deserts would include reduced energy demand, low 

energy expenditures, lower production of metabolic heat and subsequent reduced need for 

evaporative cooling7,62,63. 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 fox 

(ranked first). We also noted that the 25 Mb region probably introgressed into Rueppell’s 

fox was enriched for sulfotransferase genes (SULTs, FDR P = 0.017), one of which involved 

is in thyroid hormone metabolism (Supplementary Table 11). These, and many of the 

candidate genes for desert adaptation identified in this study, remain promising targets for 

future studies (Supplementary Text).

Discussion

North African foxes comprise an entirely new genomic system in which to examine 

adaptation to extreme conditions in distinct lineages of the same genus. In this study, 

we combined genomic resources with ecophysiological and expression data to elucidate 

how climate adaptation has shaped the genomes of these iconic species. By modelling the 

demographic histories of Rueppell’s fox and red fox we were able to demonstrate that 

Rueppell’s fox differentiated from the red fox ~576 ka and evolved to inhabit some of the 

most extreme hot deserts on Earth, including the Sahara, while red fox radiated from Eurasia 

into different regions of the globe, having later dispersed into North Africa around 78 ka. 

We further show that the spatiotemporal emergence of North African red fox following 

divergence from Eurasian populations probably relates to the oscillating palaeoclimatic 

history of the Sahara30. North African fox species thus represent evolutionary replicates of a 

natural experiment of desert adaptation at different timescales.

Research of the last decade has demonstrated that introgression is a widespread phenomenon 

in nature and often of great adaptive significance due to its potential to rapidly introduce 
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combinations of beneficial alleles38,64–70. There is also a growing body of empirical 

evidence showing that introgression is highly pervasive in canids71,72, with remarkable case 

studies of species such as coyotes and grey wolves73 and Tibetan and Himalayan wolves 

and dogs14 carrying genetic material introgressed from highly divergent and unidentified 

lineages. In this work, we identify introgressive-hybridization events among geographically 

overlapping fox species facing similar environmental challenges related to life in arid 

and hyperarid regions, suggesting that introgression plays an important role in desert 

adaptation, similarly to what has previously been reported in seasonal and high-altitude 

environments14,64,74,75. The recent dispersal of red fox into the increasingly arid regions 

of North Africa was probably facilitated by introgression from Rueppell’s fox of at least 

one region harbouring SLC6A16. We additionally show that Rueppell’s foxes carry a 

massive ~25 Mb long block of genes harbouring highly divergent alleles in strong LD, 

which probably represents an inversion or a translocation, introgressed from an as-yet-

undefined fox lineage closely related to the fennec. We note, however, that a trans-species 

polymorphism resulting from ILS of a structural rearrangement could also explain the 

observed pattern, although this would require the independent loss of the fennec-related 

recombination-suppressed haplotype in arctic and red foxes and in different species from the 

South African (Cape fox, V. chama), North American (kit fox V. macrotis and swift fox V. 
velox) and Asian (Bengal’s fox V. bengalensis, Tibetan fox V. ferrilata and corsac fox V. 
corsac) fox clades not featured in this study. Future sequencing efforts on reference-quality 

haplotype-resolved genomes for these Vulpes species will help to resolve the structure of 

this region in Rueppell’s foxes and test, for example, if it is phylogenetically closer to the 

fennec or to the Blanford’s fox (V. cana), the only extant long-diverged sister species to 

the fennec which overlaps in range with Rueppell’s fox in the Middle East76. We would 

also expect the three Asian species to be phylogenetically closer to red foxes at this region, 

then followed by the arctic fox clade and only then by Rueppell’s fox and the fennec. 

Genome-wide scans for signatures of adaptation further revealed that the gene with second 

strongest signal of selection in Rueppell’s fox, WFS1, is within this 25 Mb region and shows 

a significant increase in expression in Rueppell’s fox. Knockout mice for WFS1 suffer from 

an impairment of vasopressin (AVP) that prevents them from concentrating urine under 

water deprivation55 and this gene may, therefore, underlie Rueppell’s fox increased ability 

to concentrate urine via increased AVP production. Other candidate genes identified herein 

remain promising targets for future functional studies identifying the exact molecular and 

physiological mechanisms of action.

We find another striking signal of deep introgression at CRADD, a gene associated with 

body size differences and presumably under selection in arctic sled dogs13 and humans77. 

The occurrence of deeply divergent alleles shared between Eurasian red fox and arctic fox 

at this locus could reflect two introgression events involving an unknown out-group to all 

extant members of Vulpes and both arctic fox and Eurasian fox: 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. We note that similar 

introgression scenarios have been proposed to explain deeply divergent EPAS1 alleles 

in Tibetan and Himalayan wolves and dogs14. Alternatively, this result could reflect an 

ancestral polymorphism predating the origin of all extant Vulpes and maintained across 

Rocha et al. Page 10

Nat Ecol Evol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple speciation events for millions of years by evolutionary forces such as balancing 

selection, for example in the form of spatially varying selection, acting on a structural 

variant keeping alleles tightly linked via recombination suppression70,78,79. Future long-read 

sequencing of additional Vulpes species and red fox and arctic fox populations from diverse 

localities across their geographic range will enable further investigations on the geographical 

extent of gene-species tree discordances and to test for a model of spatially varying selection 

where different environmental settings select for genotypes from a common gene pool 

matching local conditions79. This will not only help elucidate the unsorted history of this 

genomic region but further allow for a rigorous assessment on the extent and long-term 

impacts of stochastic lineage sorting and interspecific gene flow throughout the history of 

diversification of the genus.

Overall, our selection scans suggest that some aspects of evolutionary adaptation in North 

African foxes depend on temporal scale, with selection targeting renal water retention and 

kidney function in older core desert-dwelling species such as Rueppell’s fox and fennec, 

to a higher degree than what we observe in desert-edge dwelling North African red foxes 

which, presumably, have more access to water5,12. We find that the adaptation of North 

African red fox to increased aridity via reduced non-renal water loss through mechanisms 

such as panting and sweating44,45, probably was facilitated by selection on genes such 

as SLC12A2. Signatures of selection on genes related to temperature perception (TRPA1) 

and thermoregulation (THADA) mirrors previously reported climate adaptations of arctic 

sled dogs (TRPC4 and TRPV2), mammoths (TRPA1 and other thermoTRPs) and human 

populations (THADA and TRPM8) in colder climates13,49,50,80.

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 systems3,81. As terrestrial biodiversity continues to decline it has never been 

more pressing to move beyond the standard model systems to study the mechanisms 

driving dispersal movements and adaptation over the last Quaternary climatic oscillations 

in natural populations, to elucidate the ways species may adapt to ongoing and future 

climatic changes82,83. Here, we find that introgressive-hybridization events combined with 

selection for tolerance to extreme temperatures and increased capacity to preserve water may 

have enabled the survival of North African foxes in desert regions at different evolutionary 

scales. We propose that genetic variation shared among core desert species is an important 

component of recent or ongoing adaptation to rapidly changing climates in foxes living at 

the edge of deserts. Our findings may thus help address questions concerning the persistence 

and adaptive capacity of biodiversity currently challenged by desertification.

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, the Middle East and Europe (Supplementary Tables 1 and 3 

and Supplementary Data). North African fox captures took place in two different areas 

of Morocco where three Vulpes species—red fox (Vulpes vulpes), Rueppell’s fox (Vulpes 
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rueppellii) and fennec fox (Vulpes zerda) are known to occur: the Draa Valley at the region 

of Guelmim-Es Semara and the Western Sahara at the region of Dakhla-Oued Ed-Dahab. 

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 visited by foxes to set camera-traps, namely through 

personal observations of live and/or road-killed animals, compatible dens, tracks and faeces.

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 ranging between 8 and 10 km. The three types of 

trap were combined to maximize capture success and selected on the basis of efficiency and 

selectivity in capturing foxes while ensuring the safety of captured animals. All traps were 

set using odour-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 prebaited for one night before being activated. Both Collarum and padded 

foothold traps were set coupled to remote satellite trap-alarms. 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 

(Supplementary Tables 1 and 3).

A total of 36 animals (free-ranging or captive-held; Supplementary Table 3) were 

anaesthetized by intramuscular injection of a mixture of ketamine (catalogue no. 1170069; 

Imalgene) and medetomidine (catalogue no. 7418335; Domitor) by a certified wildlife 

veterinarian. The animals were weighed, sexed and measured for age ( juvenile <1 yr versus 

adult >1 yr), body, hindfoot, tail and ear length. The health status of the individual was 

checked every 10 min during the whole procedure. Blood was recovered by venipuncture of 

the arm veins 30 min after administration of the anaesthetic and preserved in both clotting 

and EDTA tubes. Serum/plasma was separated from blood cells through centrifugation 

at 1,500g for 10 min 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 ~8–72 h after captures. If the body mass of the 

animal was sufficiently high, additional whole-blood was collected and stored in PAXgene 

Blood RNA tubes (catalogue no. 762165; QIAGEN) for RNA extraction (Iberian red fox, 

n = 5; North African red fox, n = 2; Rueppell’s fox, n = 4). These tubes were stored at 

room temperature (RT) for no more than 2 d, followed by refrigerated storage at −20 and 

then −80 °C). Free-ranging (wild) individuals were additionally ear punched using an 8 

mm 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 (Freevision Technologies) to control for potential recapture and 

Rocha et al. Page 12

Nat Ecol Evol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



individuals were safely released into their environment. Chemical immobilization was 

reversed by the intramuscular injection of atipamezole (Revertor) after administration of 

an anti-inflammatory drug.

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 the 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 (Supplementary Table 1). The geographical location 

of all samples included in this study were recorded with a global positioning system on the 

WGS84 datum.

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 Centre 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 recapture of two individuals. All sample exportation/

importation was performed under declaration of the Institute for the Conservation of Nature 

and Forests and CITES listed specimens were accompanied with an appropriate CITES 

permit (18PTLX00948R, 17US697233/9 and DE-0072/2018).

Phenotyping

In total, 34 individual Vulpes samples were phenotyped in this study (n = 13, Rueppell’s 

fox; n = 11, red fox; n = 10, fennec; Supplementary Table 3). This comprised 21 males 

(61.7%) and 13 females (38.2 %) evenly distributed within species, most of which were 

adults (Supplementary Table 3). Blood samples were analysed 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 and chloride), protein (albumin) and fat (cholesterol), 

plasma and urine osmolality (mOsm kg−1). Additionally, a Sandwich Canine Copeptin 

ELISA Kit (catalogue no. MBS007635; MyBioSource) 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 upregulation of 

this hormone stimulates the insertion of water channels (aquaporins) into the collecting 

tubule of the kidney, increasing water reabsorption and reducing urine volume85–87. 

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 bloodstream 

by prevasopressin 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 AVP88,89. As such, values for copeptin ex vivo 

correlate well with the values of vasopressin in vivo.
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DNA and RNA extraction

From our collection of 97 individuals, 89 individual fox specimens were selected for whole-

genome sequencing (Supplementary Table 1). These comprised sister species Rueppell’s 

fox (n = 29) and red fox (n = 50; 32 from North Africa + 18 from Eurasia), as well as 

two outgroup species, the fennec (n = 5) and pale fox (n = 5) (Supplementary Table 1). 

Genomic DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit (catalogue 

no. 69504, QIAGEN), following the manufacturer’s protocol. Before the incubation step 

of the extraction protocol, 4 μl of 100 mg ml−1 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 1 ml of PBS buffer to clean the tissues and deplete them of 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 

PCR Purification Kit (catalogue no. 28004, QIAGEN), 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. The quality and concentration of DNA extraction was assessed for each sample with 

Nanodrop (A260/280 and A260/230 ratios; ThermoFisher Scientific) and Qubit dsDNA Kit 

(catalogue no. Q32850, ThermoFisher Scientific) quantification methods and DNA length 

integrity was checked via gel electrophoresis. RNA was extracted using PAXgene Blood 

RNA Kit (catalogue no. 762174, QIAGEN) for 11 specimens of Rueppell’s fox (n = 4) 

and North African and Iberian red fox (n = 5 Iberia; n = 2 North Africa; Supplementary 

Table 3). All samples had sufficiently high concentration and RNA integrity number (RIN) 

scores (>8.2), except for one individual (one Rueppell’s fox sample, VR03; RIN = 6.8; 

Supplementary Table 3),

Library preparation and sequencing

Aliquots of 100 μl containing 0.5–2.5 μg of DNA were sheared to fragment sizes ranging 

from 200 to 600 base pairs (bp) using a Bioruptor sonication device (Diagenode). Sonication 

protocols varied according to DNA quality. Fresh tissue and blood samples were sonicated 

with seven cycles of 15 s of shearing (on) followed by 90 s of pause (off). Road-kill samples 

received the same timing of on and off but varying cycles from one to six based on the 

degree of fragmentation. After shearing, samples were selected for an average fragment 

size of 350 bp using Agencourt AMPure XP beads (catalogue no. 082A63881, Beckman 

Coulter) as in the double size selection step of Illumina’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 <200 bp using low fragment 

single size selection with 1.6× of Agencourt AMPure XP bead suspension. Sequencing 

libraries were built in batches of 20 samples at a time using the KAPA Hyper Prep Kit 

PCR-free protocol (catalogue no. KK8505, KAPA Biosystems) following the manufacturer’s 

instructions, adjusting overall volumes of each reaction step to half. Each library preparation 

session included a negative control. Libraries were run on a 2% agarose gel to identify 

potential adaptor dimers, which were removed through 1× bead-clean up, quantified under 

Kapa Library Quantification Kit qPCR protocol and pooled equimolar on the basis of 

quantitative PCR results into a total of two pools. Pool volumes were then bead-cleaned 

up with 1× ratio and quantified using the Qubit dsDNA high-sensitivity assay. The quality, 
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size distribution and concentration of pooled libraries was checked using a DNA 1,000 

chip on a Bioanalyzer 2100 instrument (Agilent Technologies). Due to the TruSeq style 

Y-shaped adaptors, part of unamplified single-stranded libraries could not be accurately run 

on an agarose gel or Bioanalyzer. To determine sizing more accurately, 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 v.2 Nano kit (catalogue no. MS-103–1001; Illumina) to 

ensure even sample representation and then each pool was sequenced 150 bp paired-end in 

a total of two S4 lanes on the Illumina NovaSeq6000 Sequencing System (University of 

San Francisco). Samples were sequenced to an expected average raw coverage of 5×, 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 ref. 90, a method 

that is strand-specific (that is, the sequencing reads maintain the strand orientation of the 

transcripts) and uses oligo-dT enrichment90. Sequencing was performed on one lane of an 

Illumina HiSeq X Ten platform (Macrogen).

Whole-genome sequencing data quality control

Read processing, site quality filtering and SNP calling.—Adaptor sequences were 

trimmed from pair-end Illumina 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 adaptor 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 

adaptor 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 (ref. 91), which trims 

reads below a quality threshold of 20 before adaptor removal with the specification that 

high-quality G bases at the 3′ end are ignored. Trimmomatic v.0.38 (ref. 92) was then used 

to perform a sliding window trimming, cutting bases once the average Phred quality within 

a 4 bp 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 (V. 
lagopus) reference genome21 using the Burrows–Wheeler Aligner (BWA) v.0.7.17 (ref. 93) 

with the mem option and processed with samtools v.1.9 (ref. 94) to remove unmapped reads, 

reads with an unmapped mate, reads failing quality checks, reads whose alignment was not 

primary and reads with mapping quality below 15. Read pairs were also independently 

aligned to the domestic dog genome (Canis lupus familiaris) publicly available at the 

National Center for Biotechnology Information (NCBI) (CanFam3.1, GCF_000002285.3) 

using the same methods. The genome assemblies of the arctic fox21 and domestic dog (C. 
lupus familiaris)22 were both independently used as reference, as opposed to the currently 

available red fox genome assembly, to address issues of reference biases. 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, 
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read depth and coverage were determined for realigned bams using bedtools (Supplementary 

Table 1).

FastQC results identified severe bacterial and adaptor contaminations in four Rueppell’s fox 

road-killed samples and as a result, the final coverage was below 1× in these individuals 

after all quality-control steps. These individuals were excluded from downstream analysis 

(Supplementary Table 1). Given that our remaining sample set included samples from 

road-killed individuals for which postmortem DNA damage is a possibility, we followed 

the conventions of ancient DNA research and used MapDamage v.2.09 (ref. 95) which 

allows both the quantification of damage patterns and the downscaling of the quality score 

of potential damaged bases in such samples. Postmortem 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 (Supplementary Table 2). The arctic fox and the dog 

assemblies were aligned with nucmer in Mummer v.3 (ref. 96) 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 (Supplementary Fig. 1).

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

obtained using snpCleaner v.2.4.1, 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 one sequencing read to retain the site, (2) sites with read depth above 50× 

in each individual (that is, 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 (minimum P = 1 × 10−6) were considered potential mapping errors and 

excluded, and (6) if one of the two alternative alleles was biased with respect to the read 

base quality (minimum P = 1 × 10−10), mapping quality (minimum P = 1 × 10−4) or distance 

from the end of the read (minimum P = 1 × 10−4), the site was excluded. The subset of 

retained sites (positions) from all samples will, hereafter, be designated as allsites. Similar 

analyses were performed for a subset of the data comprising only ingroup foxes (red fox and 

Rueppell’s fox; ingroupsites) or using our dataset with additional canid genomes to be used 

as outgroups in phylogenetic analysis (Supplementary Table 2).
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For single-nucleotide polymorphism (SNP) calling and down-stream population genetic 

analyses, we used the probabilistic framework based on genotype likelihoods implemented 

in ANGSD v.0.933 (ref. 20) 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 (allsites) using the flags: -minMapQ 30 -minQ 20 

-remove_bads 1 -uniqueOnly 1 -only_proper_pairs 1 -GL 1 -doMaf 1 -doMajorMinor 1 

-doGlf 2 -SNP_pval 1 × 10–5. 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, allsnps). ANGSD was run with -sites allsnps to estimate the site frequency 

spectrum (here-after, SFS) of each group of populations and/or species determined by 

unsupervised clustering analysis. Briefly, ANGSD computes posterior probabilities of 

sample allele frequency for each site, which is then used to estimate the SFS. The shape 

of the SFS was used as a proxy for the adequacy of data quality-control measurements and 

subsequent estimates of the SFS served as input for downstream analyses (namely FST, Pi-

based selection scans and demography). We examined the SFS using allsnps estimated with 

-SNP_pval 1 × 10–6 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 cutoff of SNPpval 1 × 10–5 for most of our analyses, unless otherwise noted.

For mitochondrial DNA reads, consensus sequences were called for positions with a 

minimum coverage of ten 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 (Supplementary Table 2). The 

combined datasets were aligned using MAFFT v.7.407 (ref. 97) 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 ~1,130 bp of the cytochrome b (cytb) 

region so that we could perform downstream analysis with other available fox sequences 

(Supplementary Table 2). The mtDNA alignments were eye-checked using SeaView v.4.7 

(ref. 98).

Relatedness estimation.—We ran NGSrelate99 in ANGSD to investigate the extent of 

relatedness in our dataset, as most population genetic analyses require that individuals are 

not closely related to each other and since this study is based on a low-coverage genomic 

dataset. NGSrelate allows estimation of relatedness coefficients from geno-type 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 -doGlf 3 for a selected set of sites including only 

autosomal SNPs (-sites allsnps without X chromosome). Then, we looked into the k0, k1 
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and k2 coefficients for each pair of individuals within each dataset. Briefly, k0, k1 and k2 

correspond to the proportions of the genome where the pair of individuals analysed 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 (the higher the 

k0). Pairs of individuals with a k0 <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 expectation maximization (EM) 

for optimization, allowing up to 500,000 EM iterations for each pair and a stopping criterion 

of 1 × 10−12 difference in likelihood between two consecutive EM iterations. This was 

performed ten 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 (Supplementary 

Table 1). 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 (Supplementary Table 1). As such, we repeated the steps performed in site quality 

filtering and SNP calling but for a bam list of 82 individuals (allsites and allsnps 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 STAR100. The reference genomes 

used were the domestic dog (Can-Fam3.1, GCF_000002285.3), the red fox (vulVul2.2, 

GCF_003160815.1), downloaded from NCBI, and the arctic fox21. 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 (ref. 101) and the resulting GTF 

annotation was then used for overlap counting in STAR. Mapping results were inspected 

with Qualimap102 and MultiQC103 (Supplementary Fig. 15). To confirm the genetic 

relationships between the RNA-seq samples, genotypes were called using the reads mapped 

to the dog genome with BCFtools mpileup/call104. The resulting genotypes were filtered 

with VCFtools105 to keep only bi-allelic loci with a minimum coverage of four reads, MAF 

of 0.05 and missing at most in three samples. The dataset was then pruned for loci in high 

LD (variants with r2 > 0.2 in 50 kilobase (kb) windows and step size of ten variants) and 

genotypes were used in a principal components analysis (PCA) in PLINK 1.90 (ref. 106) 

(Supplementary Fig. 16a). Fragment counts (counts of read pairs overlapping annotated 

genes) from STAR were imported and processed using R 4.0.3 3 (2020). Only genes with at 

least ten overlapping fragments (between all samples) were considered for the downstream 

analyses. Normalization, expression estimation and differential expression were performed 

with the DESeq2 package107. For exploratory analyses, namely PCAs based on gene 

expression, gene counts were transformed using the rlog transformation (Supplementary 

Fig. 16b–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 

fox versus red fox; all North African samples versus all Iberian samples; North African red 
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fox versus Rueppell’s fox; all Rueppell’s fox versus Iberian red fox; North African versus 

Iberian red fox (Supplementary Table 15).

Mitochondrial DNA phylogenetic analysis

Maximum-likelihood trees for mitogenomes and cytb alignments including representatives 

from all fox species with available DNA information (Supplementary Table 2) were 

generated with MEGA X 10.1.5 using the general time reversible model with 1,000 

bootstrap samples108. The consensus phylogenies were used as inputs for ancestral 

range reconstruction under a maximum-likelihood framework with the R package 

BioGeoBEARS109,110. Species were assigned to North Africa, Eurasia and North 

America, according to their current geographic distribution range (accessed from the 

International Union for Conservation of Nature (IUCN https://www.iucnredlist.org/, 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 

ranges23,111. Furthermore, our red fox samples are of Eurasian and North African origin. 

We ran 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 were tested with and without 

founder-event speciation (j parameter)109. We then chose the best-fitting model (DEC, DEC 

+ J, DIVALIKE, DIVALIKE + J, BAYAREALIKE and BAYAREALIKE + J) on the basis 

of likelihood ratio test, the Akaike Information criterion and corrected AIC (Supplementary 

Table 4).

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

and estimates of the time to the most recent common ancestor (tMRCA) were performed 

using BEAST v.1.10.4 (ref. 112). We used the general time reversible model with a 

site heterogeneity modelofgamma andinvariantsites(GTR + G + I), assuggestedby JModel 

Test113. We ran the settings with an uncorrelated relaxed log-normal clock model to allow 

rate variation among lineages. The Yule tree prior assumes an (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 at 

any point in time every lineage can undergo speciation or go extinct and, given the observed 

cases of extinction in Canidae and Vulpes genus fossil record27, we assumed this tree to be 

the better suited to our dataset. Nodes of the tree were calibrated using the tMRCA using both 

fossil and secondary calibrations estimated from previous studies114–116. Fossil calibrations 

were set using a gamma prior. The tMRCA for Vulpes species and raccoon dog was set 

to 8.2 Ma (refs. 27,114). The oldest fossil assigned to Old World Vulpes is V. riffautae 
around 7 Ma (ref. 27). We assumed that this fossil is the basal group to all other Vulpes in 

our dataset and used it to calibrate the tMRCA 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 Ma. The tMRCA for arctic fox 

and reminder species was set to 3.17 ± 0.09 Ma (ref. 115). The tMRCA for corsac/Tibetan fox 

(V. corsac/V. ferrilata) and reminder Vulpes was set to 1.8 ± 0.5 Ma and tMRCA for corsac 

and Tibetan fox to 1.02 ± 0.3 Ma (ref. 114). The tMRCA for Bengal’s fox (V. bengalensis), 
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red fox and Rueppell’s fox were left unknown. We performed a single run with 150 × 106 

iterations and sampled states every 1,000 iterations. We used Tracer v.1.7.1 (ref. 112) and 

effective sample size values to investigate convergence (Supplementary Table 5). We next 

constructed a median-joining network for whole mitogenomic and cytb haplogroups using 

PopART v.1 (ref. 117) to assess the relationships between the different haplotypes at a 

population level (Supplementary Table 2).

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 Supplementary Table 1 for information on average coverage per individual 

and geographic distribution). Principal component analysis (PCA) was executed in PCangsd 

using separate Beagle-format files generated in ANGSD with -sites allsnps for all 82 foxes 

(Supplementary Fig. 2) and for 48 red foxes (Supplementary Fig. 5a) and 24 Rueppell’s 

foxes (Supplementary Fig. 5b), 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 to obtain a PCA plot. Global FST estimates based on the joint SFS ( jSFS) 

between major 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 fox and North African red fox12. The extent of genetic 

differentiation seen between North African and Eurasian red fox and between Rueppell’s 

fox and red fox was used to assess the most appropriate methods to detect signatures of 

selection. As input for the different SFSs, we used a set of SNPs called with all individuals 

(allsnps).

To infer global admixture proportions and the covariance structure of allele frequencies 

in Rueppell’s fox and red fox (ingroups), we used the structure model implemented in 

the Ohana tool suite by assuming two to six ancestral populations (K, Supplementary Fig. 

6). For each value of K in Ohana54 we used 32 independent executions with different 

random seeds and report the ones that reached the best likelihood. This was done using 

as input in a Beagle-format file generated in ANGSD with Rueppell’s fox and red fox 

individuals altogether, using a set of quality-controlled SNPs called from all individuals 

(-sites ingroupsnps). To measure patterns of LD we filtered Beagle-format files for red fox 

and Rueppell’s fox to include SNPs with at least 1× 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 R2 against the physical 

distance between SNPs. LD patterns were used to define window size for down-stream 

analysis on a sliding window. We also estimated whole-genome pairwise genetic distances 

between individuals using ngsDist, a programme that takes the uncertainty of a genotype’s 

assignation into account (v.1.0.9; ref. 118). We ran ngsDist with 100 bootstraps on different 

datasets generated with SNPs called for all 82 whole genomes generated in this study 

(allsnps) and with additional whole genomes from other species, which were mapped and 
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processed together with our dataset in a parallel analysis. We ran FastME119 to infer a tree 

for each of the resulting matrixes and then RAxML120 to place support on the main tree and 

further confirmed that species relationships were resolved (bootstrap support >95%).

Detection of ancient admixture events

To elucidate possible patterns of gene flow between Rueppell’s fox and red fox we 

performed an ABBA-BABA test (D statistics) as implemented in -doAbbababa2 of 

ANGSD121. 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 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’s fox 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 fox (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 5 Mb 

followed by the Rscript DSTAT as implemented in ANGSD to obtain genome-wide level D 
statistics, Z scores and P values for significance (Supplementary Table 6).

For comparisons in which significant genome-wide introgression was found, the ABBA-

BABA test was performed on 200, 100 and 50 kb windows to find potentially introgressed 

outlier regions or genes. D statistic and Z scores were computed on windows along 

the length of the genome. Since spurious outliers may also arise in regions of reduced 

diversity, we adapted ABBA-BABA on windows to calculate ƒ statistics35. 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, ƒhom=numerator(H1,H2,H3,H4)/numerator(H1,H3,H3,H4) and fraction 

admixture ƒd = numerator(H1,H2,H3,H4)/numerator(H1,HD,HD,H4) , where HD = H2 

or HD = H3, depending on which maximized the frequency of the derived allele (https://

github.com/joanocha/ngsIntrogression/). Alternatively, we ran ANGSD with -doHaplo 1 

-doCounts 1 -minMinor 1 to call pseudohaploids on the basis of sampling of a single 

base directly from bam files and the resulting file was used to run fourPopWindows.py 

in genomics general (https://github.com/simonhmartin/genomics_general) and calculate ƒ 
statistics on sliding windows (Fig. 3b). Genomic windows above the 99th percentile of the 

empirical distribution of ƒd were considered outlier candidates for introgression between 

H2 (or P2) and H3 (or P3), presented as ranked lists from highest to lowest value 

(Supplementary Tables 8 and 10). Both approaches, which differ fundamentally on user 

choice to either work with genotype likelihoods or pseudohaploids of a single base directly 

from bams, resulted in the same outliers. The GTF annotation resulting from mapping the 

arctic fox to the dog assembly with Liftoff v.1.5.1 (ref. 101) was then used for overlap with 

genomic windows.
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TreeMix v.1.13 (ref. 34) was also used to investigate the phylogenetic placement of 

Rueppell’s fox and red fox relative to the arctic fox, fennec 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 fox 

(n = 30), Eurasian red fox (n = 18), Rueppell’s fox (n = 24), arctic fox (n = 1), fennec (n 
= 5) and pale fox (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 major 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 on the basis of 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 twice the number of individuals (2Nind) and 

major 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 

zero to three migration events, with the pale fox as outgroup (Supplementary Figs. 7 and 8).

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 (windows with ƒd above the 99th percentile of the empirical 

distribution). First, we constructed a genome-wide tree for Vulpes using one individual 

representative of each species (highest coverage individual per species and within Eurasian 

and North African red foxes; Supplementary Table 1). Selected bams were executed in 

ANGSD with -doHaplo 1 -doCounts 1 -minMinor 1 to call pseudohaploids on the basis of 

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 (Fig. 3c,e, left). We compared this tree topology (>95% bootstrap 

support) to that estimated using ngsDist to ensure that species relationships were resolved 

(Fig. 1c). This workflow was also used to generate maximum-likelihood trees for potentially 

introgressed genes or genomic regions, with the difference that ANGSD was run for all the 

individuals from our dataset (Fig. 3c,e, Extended Data Fig. 3a, Supplementary Fig. 9 and 

Extended Data Figs. 5a,b and 7a,b) and with the -r option to provide the coordinates of 

the reference genome for the candidate gene. ANGSD was also run with -doHaplo 1 and -r 

with additional available genomes (Supplementary Table 2). To augment the phylogenetic 

analyses, we performed PCA using a single read sampling approach in ANGSD using 

SNPs that were called for potentially introgressed regions based on genotype likelihoods 

(Extended Data Figs. 3b, 4 and 5c).

Finally, we used allele frequency files generated in ANGSD to perform scans of genetic 

divergence (dXY) between species and red fox populations in 50 kb windows with a 10 

kb slide and 25 kb windows with a 5 kb slide using PopGenomicsTools (https://github.com/

tplinderoth/). These estimates were used to investigate whether potentially introgressed 

regions had lower genetic divergence between donor and recipient species than genome-
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wide levels. Similarly, we used the estimated jSFS between different fox lineages to 

compute FST and nucleotide diversity (π) 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 (Supplementary Figs. 10–13 

and Extended Data Figs. 6 and 7c). As input for the different SFSs, we used a set of SNPs 

called with all individuals (allsnps).

Demographic analyses

The jSFS (or 2D-SFS) of North African Rueppell’s fox and red fox was obtained using 

realSFS using the same set of quality-controlled SNPs (ingroupssnps) 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 dadi26. 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)25. 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 scores 

(Supplementary Table 7). For all demographic analyses we assumed a generation time of 

2 and a mutation rate similar to wolves (~4.5 × 10−9) (ref. 122). Thus far, the conventional 

generation time used to model the demographic history of red fox has been one23,123. 

However, this is unlikely to match the generation time in natural populations. For instance, 

the generation time is presumed to be three for Rueppell’s fox (IUCN, 2021; https://

www.iucnredlist.org/fr/species/23053/46197483) and 3.4 for kit fox124. 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 (Supplementary Table 5) and evidence from whole-genome 

analyses, including ABBA-BABA tests (Supplementary Table 6) and admixture graphs 

(Supplementary Fig. 7). 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 fox and red fox (Supplementary Table 

7). European red fox samples were not analysed due the degree of divergence from Middle 

Eastern red fox.

Genome-wide signatures of selection in North African red fox

To detect signatures of positive selection in North African red fox we used the PBS125, 

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 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 fox we 

used Eurasian red fox as the closest ingroup and Rueppell’s fox as out-group. To test the 

hypothesis of selection on Eurasian red fox, North African foxes were used as the other 

ingroup and Rueppell’s fox as outgroup. All PBS analyses were performed on the variance 
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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). On the basis of considerations of the rate of decay of 

LD in the populations (Fig. 2c), we chose to work on windows of 50 kb with a 10 kb slide 

(genome-wide) and 25 kb with a 5 kb slide (for an enlarged view of candidate genes).

We then used ANGSD to compute genome-wide estimates of average number of pairwise 

differences (π) on windows of 50 kb with a 10 kb slide and 25 kb with a 5 kb slide, for each 

of the three groups. To further investigate selection, we looked for windows of reduced diver 

sity 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 π 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 α = πpop1/ (πpop1 + 

πpop2 + πpop3) , where pop1 is the focal group, pop2 is the closely related ingroup and pop3 

is the outgroup. Windows with higher −log10(α) 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 reference genomes. We focused on candidate genes with extreme outlier 

regions under both methods (PBS and −log10(α)) (ranked in Supplementary Tables 12, 

13, 16 and 17) and tested for expression differences between groups (section on RNA-

seq quality control and differential expression analyses) (Supplementary Figs. 15 and 16, 

Extended Data Fig. 8 and Supplementary Table 15). We then ran PBS on individual SNPs to 

detect the top variants under selection for each of the top candidate genes for reads mapped 

to the domestic dog reference genome and inspected their location using the UCSC Genome 

Browser126.

Genome-wide signatures of selection in core desert-dwelling species

PBS and α are powerful methods to find signatures of selection in red fox because 

global estimates of FST between North Africa and Eurasian red foxes were sufficiently 

low (global FST ≈ 0.13) and we had data from their immediate outgroup, Rueppell’s fox. 

While PBS has proved effective for identifying population-specific selection in humans 

and canid populations adapted to extreme environmental conditions13,125,127, FST-based 

methods are not useful when genetic differentiation between the focal group and the closely 

related ingroup is high (FST > 0.2; ref. 128). In sharp contrast to past FST estimates using 

microsatellites (global FST ≈ 0.14 between Rueppell’s fox and North African red fox 

and global FST ≈ 0.13 between Rueppell’s fox and Eurasian red fox; ref. 12), we found 

Rueppell’s fox and red fox to be highly differentiated using whole-genome data (global FST 

≈ 0.52 between Rueppell’s fox and North African red fox and global FST ≈ 0.51 between 

Rueppell’s fox and Eurasian red fox). 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 or fennec.
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Multispecies Ohana

We ran Ohana54 to obtain admixture plots and trees for our multispecies dataset (n = 24 

Rueppell’s fox, n = 48 red fox, n = 5 fennec, n = 5 pale fox), using as input a beagle file 

with SNPs called from all individuals (allsnps). Using the results from K = 4, we ran 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 predefined populations 

and can incorporate more than three branches in a tree, thus having greater power of analysis 

when more than three 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 fox and 

Rueppell’s fox.

For each SNP we introduced a scalar variable (h; 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 the genome-wide covariance pattern and another that allows 

for larger changes in focal populations (higher variance components) than expected from the 

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 50 kb, sliding every 10 kb (https://

github.com/joanocha/ngsSelection/Ohana/). Windows with mean top likelihood ratios above 

the 99.95th percentile of the empirical distribution were considered to be outliers and genes 

in the windows were identified and classified as potential targets of selection (Fig. 5 and 

Supplementary Tables 19 and 20). We denote the log-likelihood ratio calculated for fennec 

as LLRF, Rueppell’s fox as LLRRu and the one calculated for the red fox lineage (Eurasian + 

North African red fox) as LLRRed.

We noted that many of the outlier regions putatively under selection were common to both 

Rueppell’s fox (LLRRu) and red fox (LLRRed), nominally suggesting that selection has been 

strong on both species and targeted inherited ancestral standing genetic variation. This is 

probably an artefact caused by the fact that the nearest outgroup to Rueppell’s fox and red 

fox is quite divergent and, for that reason, it is difficult to distinguish between selection on 

the red fox branch and Rueppell’s fox branch. For genes truly under selection in, say, red 

fox, if not allowing selection in the red fox branch, an increase in 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, LLRRu}. For windows with evidence of selection, we then further 

investigated which lineage was the most likely target of selection using the statistic: dLR 
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= LLRRu − LLRRed, where a positive value indicates more evidence that the selection is 

in Rueppell’s fox and a negative value indicates that the selection probably was in the red 

fox. We note that when calculated for a single SNP and not in windows, RatioLR can be 

interpreted as a Bayes factor. We then focused on the 99.95th percentile of the empirical 

distribution for dLR in Rueppell’s fox (Supplementary Table 19). Finally, we looked to see 

if candidate genes were differentially expressed between Rueppell’s fox and red fox (section 

on RNA-seq quality control and differential expression analyses) (Fig. 5).

Intraspecific polymorphism to interspecific divergence.—We calculated the test 

statistic for a chi-square test of homogeneity akin to the Hudson–Aguade–Kreitman (HKA) 

test129,130, as an alternative method for identifying signatures of selection specifically on 

Rueppell’s fox and on fennec, following a similar approach to that of ref. 131. 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 tests provides an opportunity to detect 

selection acting on different timescales. 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 allsnps) to calculate counts of A, B, C and D defined as: 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; and D, number of fixed 

differences between red fox and both focal species and dog.

This analysis was repeated with both the fennec 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 below 0.03 in the 

other. We further explored 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 fox). 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 2 × 2 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) as a raw score that should not be interpreted probabilistically, similarly to ref. 131. 

Then windows were ranked based on the homogeneity test score, filtering for windows in 

which:

• C was higher than A

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

• the ratio of C/A was always higher than Cgenome-wide/Agenome-wide
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• the ratio of D/B was always lower than Dgenome-wide/Bgenome-wide

• HKA chi2 value higher in the focal group (Rueppell’s fox or fennec) than in red 

fox

• HKA score in red fox <1.3

The rationale behind these conditions, also used for polar bears131, was to ensure that we 

were targeting outlier windows specific to the Rueppell’s fox or the fennec 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 fox after applying the same filtering 

(Supplementary Table 21).

Functional enrichment analysis

We computed enrichment of GO terms (http://geneontology.org/) for putatively introgressed 

regions between North African fox (that is, above the 99.9th percentile for ABBA-BABA 

on windows) using biological process or molecular function. We also computed enrichment 

of GO terms in the regions of the genome that displayed high −log10(α) values when 

using North African fox or Eurasian red fox as focal populations and with high dLR and 

LLRfennec (above the 99.95th percentile). The GO terms were considered to be significantly 

enriched if FDR P < 0.05. Both P values and corrected (FDR) P values were reported 

(Supplementary Tables 9, 11, 14 and 18). We repeated these analyses with the 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 core desert fox and red fox

To further explore evidence for desert adaptation in desert-dwelling fox we tested for 

species-specific significant differences in physiological parameters between Rueppell’s 

fox, fennec and red fox (Methods; Supplementary Table 22). Descriptive statistics of 

the data were performed in R, including summary statistics for each parameter and 

boxplots (Supplementary Table 22 and Extended Data Fig. 10). 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 fox and 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 metre). 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 

betweenweightandotherbodymeasurements(hindfootandtaillength) (Supplementary Fig. 17). 

The linear model was implemented in R using the lm function (Supplementary Table 23). 

A Shapiro–Wilk test of normality was performed and QQ-plots inspected to determine if 

the residuals were normally distributed. To test for homogeneity of variances, both Levene’s 
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and Barttlet’s tests were performed in R. For the parameters in which the Shapiro–Wilk 

test did not lead to the rejection of the null hypothesis of the residuals being normally 

distributed, we based our conclusions on the P values provided by lm. 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 (Supplementary Table 23). We 

also used certain physiological parameters as covariates to account for putative correlated 

responses (Supplementary Table 23). Finally, we were not able to collect enough urine 

samples for inferential statistics (n = 3 Rueppell’s fox and n = 3 red fox). As such, we 

compared the maximum values for urine-concentrating ability obtained in this study with 

121 mammalian species published in a recent review11 by plotting these values along an 

aridity gradient. While acknowledging the inherit limitation that different individuals in this 

review were captured under different circumstances (some dehydrated, others water-fed and 

others unknown) and urine osmolality was measured with different methods, this allowed 

us to gain a general perspective on where our values lie in the general distribution of 

mammalian maximum urine osmolalities (Supplementary Fig. 18).
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Extended Data

Extended Data Fig. 1 |. Mitogenomics of Vulpes using the raccoon dog as an outgroup (related to 
Fig. 1).
(a) Maximum-likelihood tree followed by species distribution range downloaded from IUCN 

(2021). Fox illustrations by Margarida Laranjeira Rocha. (b) Bayesian phylogenetic tree and 

time to the most recent common ancestor estimates; timescale in Ma represented bellow 

(see Supplementary Table 5 for the median time estimates and 95% HPD for each node). 

Accession numbers of published sequences are available in Supplementary Table 2. North 

African red foxes are coloured in orange, Eurasian red foxes green and Rueppell’s fox in 

red. Rueppell’s foxes are outgrouped by a non-coloured clade of 6 red foxes (n = 1 North 

Africa, n = 6 Middle East), revealing a paraphyletic pattern in red foxes.
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Extended Data Fig. 2 |. ABBA-BABA on windows using the arctic fox (A-D) and the domestic 
dog (E-H) as reference genomes (related to Fig. 3).
D statistics between Rueppell’s fox (Vulpes rueppellii) and North African red fox (V. 
vulpes) (a–b, e–f) and between Rueppell’s fox and fennec fox (V. zerda) (c–d, g–h). (a, c, 
e, g) The pattern of ABBA/BABA in A and E is as follows: red fox Eurasia (H1) and North 

African red foxes (H2) have a recent common ancestor that diverged from the ancestral of 

the Rueppell’s fox (H3), using the arctic fox as outgroup (O) in A and the dog as outgroup 

(O) in E. The pattern of ABBA/BABA in C and G: all red foxes (H1) Rueppell’s foxes 

(H2) have a recent common ancestor that diverged from the ancestral of the fennec fox (H3), 

using the pale fox as outgroup (O) in C and the dog as outgroup (O) in E. Illustrations by 

Margarida Laranjeira Rocha. (b, d, f, h) Manhattan plot of the Z-transformed D statistic for 

non-overlapping windows of 200 kb across all chromosomes, according to pattern described 

in A, C, E, G respectively. Each dot represents a window and windows from the same 
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chromosome have the same colour. Line threshold represents regions with Z score values 

above the 99th percentiles of the empirical distribution.

Extended Data Fig. 3 |. CRADD gene – top outlier above the 99th percentile of the empirical 
distribution for ƒd and Z(D) in ABBA-BABA on windows (related to Fig. 3).
a) Maximum-likelihood tree estimated with IQtree for a sequence alignment of 

pseudohaploids comprising the CRADD gene ( ~ 180 kb) based on sampling of a 

random base (samples from our dataset are highlighted in the legend of the figure, see 

Supplementary Table 2 for additional genomes with legend in the tree). (b) PCA with 48 

red foxes and 24 Rueppell’s using 23,016 SNPs called from a 1.3 Mbp 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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Extended Data Fig. 4 |. Principal component analysis for SLC6A16 (ranked 2nd) and two other 
genes (MGAM, HPS5) above the 99th percentile of ƒd empirical distribution (related to Fig. 3).
PCA based on sampling of a single read at each site. North African red foxes individuals 

(n = 30) unambiguously cluster closer to Rueppell’s (n = 24) than other red foxes (n = 18). 

Arrow highlights hidden North African red fox individuals clustering within Rueppell’s fox 

(MGAM). See also Figure S9 for gene tree topologies.
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Extended Data Fig. 5 |. Tree topologies and Principal Component Analysis on the ~ 25 Mb outlier 
region above the 99th percentile of the empirical distribution for ƒd in ABBA-BABA on windows 
(related to Fig. 3).
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 

the 25 Mb region in 48 red foxes, 24 Rueppell’s foxes 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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Extended Data Fig. 6 |. Genetic Divergence for the 25 Mb region above the 99th percentile of the 
empirical distribution for ƒd on windows (related to Fig. 3).
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 the autosomes (excluding the CRADD gene). Boxes indicate upper and lower quartiles; 

centre line represents median; whiskers extend to minimum and maximum values within 

1.5x interquartile range; points show outliers beyond whiskers. Sample sizes for pairs of 

species are as follows: n = 24 Rueppell’s fox, n = 48 Red fox.
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Extended Data Fig. 7 |. Evidence for potential introgression of the 25 Mb region supported by 
KIT (related to Fig. 3).
(a) Tree topology for one of the four scaffolds comprising the 25 Mb region above the 99th 

percentile of the empirical distribution for ƒd in ABBA-BABA on windows; fennec and 

Rueppell’s are sister species. (b) Tree topology for KIT; Rueppell’s (n = 24) and red foxes 

(n = 48) become sister species, as in the average genome-wide tree. (c) Nucleotide diversity 

for the 25 Mb 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. 

Dotted lines show the 99.95th percentile of the empirical distribution of nucleotide diversity 

for the region. 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 of 

shared structural variation between Rueppell’s fox and the fennec.
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Extended Data Fig. 8 |. Gene expression differences between North African and Eurasian red 
foxes and Rueppell’s foxes (related to Fig. 4).
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.

Extended Data Fig. 9 |. Selection specific to Eurasian red foxes (related to Fig. 4).
Genome-wide selection scans on windows of 50 kb with a 10 kb 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 99th percentile of the empirical distribution of 
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f statistics in ABBA-BABA on windows for introgression between Rueppell’s and North 

African red foxes. The CRADD region and the 25 Mb region identified in Fig. 3 in main 

text were removed from the analysis. Lines show the 99.95th 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 Supplementary Tables S16–S17.

Extended Data Fig. 10 |. Physiological differences between three species of Vulpes (related to 
Supplementary Tables 22–23 and Fig. 5).
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 
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(mg/dL); (g) Albumin (g/dL), (h) Cholesterol (mg/dL), (i) Osmolality (mOSm/Kg), (j) 
Sodium (mEq/L), (k) Potassium (mEq/L), (l) Chloride (mEq/L); Juveniles were excluded. 

Boxes indicate upper and lower quartiles; centre line represents median; whiskers extend 

to minimum and maximum values within 1.5× interquartile range; points show outliers 

beyond whiskers. Additional pairwise t-tests comparing the three different fox species 

were performed with Bonferroni correction for multiple comparisons on each parameter, 

as well as Welch’s two-sample t-test comparing males versus females, North African versus 

European red foxes, and captive versus free-ranging individuals. All tests are two-sided. No 

significant differences between species were found except for A-C (pCopeptin = 0.00037; 

pAldosterone = 0.0034; pT4 = 8. 8e-05) and between red fox and fennec (pCopeptin=0.02273; 

pAldosterone = 0.0027; pT4 = 1.0e-06). No significant differences were found between 

Rueppell’s and fennec for copeptin (AVP) and Aldosterone (PCopeptin= 0.55044; PAldosterone 

= 1.00; PT4 = 0.16), nor between captive and wild-caught individuals (PCopeptin=0.9811; 

PAldosterone = 0.3522; PT4 = 0.3867). 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 

(Supplementary Table 23). This seems to suggest that, at least for these three hormones 

(A-C), there is no evidence of significant intraspecific differences in red foxes (n = 4 North 

Africa and n = 6 Iberia), and that the differences observed are not due to individuals being 

free-ranging or held in captivity, though this should be taken with caution given the small 

sample size (Supplementary Table 23).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Species relationships and geographic distribution of North African foxes.
a, Fox species (genus Vulpes) featured in this study. Colours outlining images denote 

the species in subsequent figures (photos by M.N. (Rueppell’s fox), R. Rocha (red fox), 

A.Q. (fennec fox) and J.C.B. (pale fox)). b, North African fox geographic distribution. 

Colour shading on map corresponds to the North African and Eurasian geographic 

distribution of species featured in a. Shapefiles were downloaded from IUCN, 2021 (https://

www.iucnredlist.org/); enlargement of the outlined region shows samples (n = 24 Rueppell’s 

foxes, n = 48 red foxes, n = 5 fennec, n = 5 pale foxes) coloured according to species 

depicted over a projection of the aridity index (AI)84. Colour for AI ranges from 0 to 0.2, 

to define arid and hyperarid regions (AI < 0.2) and demark them from non-arid areas (AI 

> 0.2). c, RAxML average whole-genome tree constructed with genetic distances among 

83 foxes on the basis of genotype likelihoods using the dog as outgroup. Genetic distances 

were calculated with ngsDist with genome-wide polymorphic sites. This was performed 

through concatenation of genomic data, which typically leads to long external branches and 

short internal branches within species. Grey circles indicate branches with >95% bootstrap 

support. d, Phylogenetic tree inferred with Ohana structure analysis for K = 4 using the four 

Vulpes species sequenced in this study (see Supplementary Fig. 2 for PCA and Extended 

Data Fig. 1 and Supplementary Figs. 3 and 4 for mtDNA analyses).
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Fig. 2 |. Genetic structure, diversity and joint evolutionary history of North African red fox and 
Rueppell’s fox.
a, PCA. Ellipses highlight geographical partition of genetic diversity according to 

continental region (Supplementary Fig. 6). b, Admixture proportions inferred with Ohana 

structure analysis and trees for K = 2–4. Each bar shows the inferred ancestry fraction for 

an individual. Labels above and below bars identify the species and geographical location 

(Supplementary Fig. 6). c, LD distribution of Rueppell’s fox (red), North African red fox 

(orange) and Eurasian red fox (green). d, The joint demographic history of Rueppell’s 

fox and red fox in North Africa inferred using diffusion approximation to the SFS as 

implemented in dadi using GADMA. Divergence times are represented in thousands of 

years. The estimated effective population sizes and the migration rates are also indicated 

(Supplementary Table 7).
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Fig. 3 |. Introgression in North African foxes.
a, Genome-wide Z(D) for introgression between Rueppell’s fox and North African red fox 

(top) and between Rueppell’s fox and fennec (bottom; see also Supplementary Fig. 7). b, 

Manhattan plot of fraction of admixture (ƒd) on 100 kb windows with 20 kb overlap across 

all chromosomes. Eurasian (EU) red foxes were used as P1, North African (NA) red foxes 

as P2 and Rueppell’s fox as P3, with the arctic fox as outgroup (top), and all red foxes 

were used as P1, Rueppell’s fox as P2 and fennec as P3, with the pale fox as outgroup 

(bottom). Windows from the same chromosome have the same colour. Dark line threshold 

separates regions above the 99.9th percentile (Supplementary Tables 8–11). The arctic fox 

was used as reference genome and scaffolds were ordered with respect to the dog genome 

(Supplementary Fig. 1). See also Extended Data Fig. 2 for Z(D) on windows with different 

outgroups and reads mapped to the dog genome. c, Estimated tree topologies for Vulpes 
across whole-genome (left) and a 200 kb region harbouring SLC6A16 (right) ranked second 
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above the 99.9th percentile of the empirical distribution for ƒd between Rueppell’s fox and 

North African red fox (see Extended Data Figs. 3 and 4 and Supplementary Fig. 9 for deeper 

exploration of outliers). d, Genetic divergence (dXY) between different pairs of fox lineages 

on sliding windows of 25 kb overlapped every 5 kb for chromosome harbouring gene 

SLC6A16. Threshold lines mark the 95% confidence interval of the genome-wide empirical 

distribution for dXY (Supplementary Figs. 10–12). e, Estimated tree topologies for Vulpes 
across whole-genome (left) and scaffolds in the arctic fox genome comprising ~ 25 Mb 

above the 99th percentile of the empirical distribution of ƒd between fennec and Rueppell’s 

fox (Extended Data Fig. 5). f, Schematic representation for the hypothetical origin of a 

large chromosomal region harbouring alleles in strong LD in Rueppell’s fox: a 25 Mb block 

shared between Rueppell’s fox and a fox closely related to the fennec highlights a putatively 

adaptive chromosomal translocation (see Extended Data Figs. 5–7 and Supplementary Figs. 

13 and 14 for more indepth analyses of the region). Fox illustrations by M. Laranjeira 

Rocha.
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Fig. 4 |. Demographic and selection history of North African red fox.
a, Illustration of the demographic history of red fox North African colonization and 

divergence from Eurasia inferred by diffusion approximation to the SFS as implemented 

in dadi using GADMA. Map shows the time and presumable colonization route by which 

the red fox entered North Africa at the end of a warm interglacial period (left) and the 

sampling sites (orange dots) of red fox in North Africa. Fox illustrations by M. Laranjeira 

Rocha. b,c, Manhattan plots for genome-wide selection scans on windows of 50 kb with a 

10 kb 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 (see Extended 

Data Fig. 9 for Eurasian red fox as focal group). Threshold lines show the 99.95th percentile 

of the empirical distribution PBS and negative logarithm of α. Windows from the same 

chromosome have the same colour. Names of genes within the highest peaks are shown 

(outliers in both methods are highlighted in bold). The arctic fox was used as reference 
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genome and scaffolds were ordered with respect to the dog genome (Supplementary Fig. 

1). We note that other genes not displayed in the figure can overlap the outlier regions; 

a full list can be found in Supplementary Tables 12 and 13. d, Intersection of regions 

in the 0.5% tails of the genome-wide empirical distribution for selection tests based in 

high allele-frequency differentiation (PBS) and reduced genetic diversity (α). e, SLC12A2 
messenger RNA expression levels in blood of North African foxes (n = 3 Rueppell’s foxes 

and n = 2 red foxes North Africa) and Eurasian foxes (red fox Iberia, n = 5); this gene is 

significantly less expressed in North African foxes (log2 fold-change =−1.13, adjusted P = 

0.00113; Extended Data Fig. 8).
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Fig. 5 |. Genome-wide selection scans for Rueppell’s fox and fennec using Ohana based on the 
structure and tree results from K = 4 highlight unique adaptations supported by expression and 
physiological differences.
a,b, Manhattan plots of the log-likelihood ratio values for the top 500 SNPs on windows 

of 50 kb with a 10 kb slide across chromosomes (x axis) for Rueppell’s fox (a) and fennec 

(b). 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). 

To account for selection specific to Rueppell’s fox and not in their common ancestral with 

red foxes we subtracted the log-likelihood ratio of Rueppell’s fox and red fox for the same 

windows (delta log-likelihood ratio). Threshold lines show the 99.95th percentile of the 

empirical distribution. Names of genes within the highest peaks are shown (full list can 

be found in Supplementary Tables 19 and 20). Scaffolds are ordered with respect to the 

dog genome with each colour representing a different chromosome. Photos by M.N (a) 

and A.Q. (b). c, WFS1 mRNA expression levels in blood of Rueppell’s fox (n = 3) and 

red foxes (n = 2 North Africa, n = 5 Iberia). d, Blood levels of copeptin (biomarker for 

vasopressin, AVP) in red foxes (n = 11), Rueppell’s fox (n = 13) and fennec (n = 12). 

Boxes indicate upper and lower quartiles; centre line represents median; whiskers extend to 

minimum and maximum values within 1.5× interquartile range; points show outliers beyond 

whiskers (see Supplementary Text, Supplementary Tables 22 and 23, Extended Data Fig. 10 

and Supplementary Figs. 17 and 18 for other physiological parameters). e, Illustration of the 

location of podocytes—cells involved in ensuring size- and charge-selective ultrafiltration 
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at the kidney glomerulus— where protein KIRREL1 is produced and required for proper 

function of the glomerular filtration barrier (created with BioRender.com).
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