
1

THÈSE POUR OBTENIR LE GRADE DE DOCTEUR
DE L’UNIVERSITÉ DE MONTPELLIER

En Écologie, Evolution, Ressources Génétiques, Paléobiologie

École doctorale GAIA

Unité de recherche ISEM

Présentée par Hamilcar KEILANI
Le 25 octobre 2024

Sous la direction de Guila GANEM

Devant le jury composé de

John SPEAKMAN, Professor, University of Aberdeen, United Kingdom
Thibault LEROY, Chargé de Recherche, INRAE, Toulouse
Marie SÉMON, Professeure des Universités, École Normale Supérieure de Lyon
Nathalie MONDY, Professeure des Universités, Université Claude Bernard Lyon 1, Lyon
Claire DUFOUR, Maîtresse de Conférences, Université de Bourgogne, Dijon
Luis-Miguel CHEVIN, Directeur de Recherche, CNRS, Montpellier
Guila GANEM, Directrice de Recherche, CNRS, Montpellier
Carole SMADJA, Directrice de Recherche, CNRS, Montpellier

Rapporteur
Rapporteur
Examinatrice
Examinatrice
Examinatrice
Examinateur
Directrice de thèse
Invitée- Encadrante

Moteurs écologiques et évolutifs de la réponse à
l’augmentation de l’aridité: approche empirique

chez un rongeur africain



2



3

Abstract

Local adaptation to harsh environments is driven by natural selection. It can be
observed in changes of the phenotypic and genetic features of an organism, including
its physiological traits. With global warming, these adaptations will become
increasingly crucial for species resilience. This thesis explores the adaptation of
rodents of the genus Rhabdomys to arid environments, focusing on two species:
R.bechuanae (typically found in arid environments) and R.dilectus (generally occurring
in mesic habitats). I analysed the genomic and physiological signatures of their
responses to dry conditions, integrating population genomics, ecophysiological and
transcriptomic data. Analysis of the genetic diversity and adaptation to aridity in
R.bechuanae identified a set of candidate genes that probably facilitated adaptation
in this species, located near genomic regions that varied with Aridity Index (a
quantitative measure of environmental water deficit). Among these genes, functional
enrichment analysis highlighted functions affecting protein and amino-acid
modification and water retention. Based on the same samples, we speculate that past
fluctuations in aridity may have influenced R.bechuanae population history, with
divergence between currently arid and semi-arid populations occurring less than 10
thousand years ago. Then, a study of the physiological responses of R.bechuanae
and R.d.dilectus to dry conditions allowed us to compare their physiological
performances during the dry season in a natural semi-arid habitat common to both
species. Throughout the dry season, we found similar shifts in the levels of markers
of metabolism in the blood for both species, indicating malnutrition consistent with the
observed degradation of habitat quality between the start and the end of the dry
season. Furthermore, regardless of the period, differences between the two species
in some blood metabolite concentrations were observed, suggesting contrasting diets
and/or water conservation abilities. Finally, analysis of gene expression changes in
liver and kidney, associated with increasing drought, identified genes involved in
adaptative or non-adaptive responses to increasing aridity. These different results
suggest that R.bechuanae is better adapted to arid environments, with greater
flexibility in renal gene expression and genetic adaptations related to osmoregulation.
In contrast, R.dilectus seems less resilient to dry conditions. Here, the importance of
integrative approaches such as this one to describe adaptive responses specific to
different temporal scales (here, seasonal vs. long-term), is highlighted.
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Résumé

L'adaptation locale aux environnements difficiles résulte de la sélection naturelle. Elle
peut être observée dans les changements des caractéristiques phénotypiques et
génétiques d'un organisme, y compris de ses traits physiologiques. En raison du
réchauffement climatique, ces adaptations deviendront de plus en plus nécessaires
pour la résilience des espèces. Cette thèse explore la réponse de rongeurs du genre
Rhabdomys aux environnements arides, en se concentrant sur deux espèces :
R.bechuanae (occupant généralement des habitats arides) et R.dilectus (occupant
généralement des habitats mésiques). J'ai analysé les signatures génomiques et
physiologiques de leur réponse aux conditions sèches, en intégrant des données de
génomique des populations, écophysiologiques et transcriptomiques. L'analyse de la
diversité génétique et de l'adaptation à l'aridité chez R.bechuanae a permis d'identifier
un ensemble de gènes candidats qui ont probablement facilité l'adaptation chez cette
espèce, situés à proximité de régions génomiques qui varient avec l'indice d'aridité
(une mesure quantitative du déficit de l’environnement en eau). Parmi ces gènes,
l'analyse d'enrichissement fonctionnel a mis en évidence des fonctions impliquées
dans la modification des protéines et des acides aminés, et dans la rétention d'eau.
Sur la base de ces mêmes données, nous émettons aussi l'hypothèse que les
fluctuations passées de l'aridité ont pu influencer l'histoire évolutive des populations
de R.bechuanae, avec une divergence entre les populations arides et semi-arides
actuelles survenue il y a moins de 10 000 ans. Ensuite, une étude des réponses
physiologiques de R.bechuanae et R.d.dilectus aux conditions sèches nous a permis
de comparer leurs performances physiologiques pendant la saison sèche dans un
habitat naturel semi-aride commun aux deux espèces. Au fil de la saison sèche, nous
avons constaté des changements similaires dans les niveaux de marqueurs du
métabolisme dans le sang pour les deux espèces, rappelant les signes de la
malnutrition. Ceci était cohérent avec la dégradation observée de la qualité de l'habitat
entre le début et la fin de la saison sèche. De plus, quelle que soit la période, des
différences entre les deux espèces dans les concentrations de certains métabolites
sanguins ont été observées, suggérant des régimes alimentaires et/ou des capacités
de conservation de l'eau contrastés. Enfin, l'analyse des changements d'expression
génique dans le foie et les reins, associés à une sécheresse croissante, a permis
d'identifier des gènes impliqués dans des réponses adaptatives ou non-adaptatives
à l'aridité croissante. Ces différents résultats suggèrent que R.bechuanae est mieux
adapté aux environnements arides, avec une plus grande flexibilité dans l’expression
des gènes rénaux et des adaptations génétiques liées à l’osmorégulation. En
revanche, R.dilectus semble moins résilient aux conditions sèches. Ici, l’importance
d’approches intégratives comme celle-ci pour décrire les réponses adaptatives
spécifiques à différentes échelles temporelles (ici, saisonnières vs. à long terme) est
soulignée.
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General introduction
I. Climate change and adaptation

A. Adaptations

As a central concept of the theory of natural selection, adaptation refers to both the
process by which the characteristics of an organism or a population of organisms (their
phenotype) adjust over generations, allowing them to be better suited to their
environment, and the state resulting from this process. Organisms that are better
adapted to their environment have higher fitness, meaning they are more likely to
survive, reproduce, and pass on the genes that contributed to their success. This
process drives changes and divergence of individuals, populations and species over
time (Latta, 2010).

Adaptive evolution sensu stricto occurs when the genetic constitution of a population
changes as a consequence of natural selection (Merilä and Hendry, 2013). Adaptation
sensu lato, extending to concepts such as adaptive phenotypic plasticity, will be
considered from hereafter. It is usually defined as any transgenerational process that
increases the fitness of the phenotype (Webster and Reusch, 2017).

Most species are not homogenous entities across their associated areas of
distribution, particularly when they span diverse environments. Instead, they are
composed of different populations with different ecological characteristics that may
inhabit different environments and do not necessarily harbor the same potential for
adaptive evolution. This emphasizes the potential importance of local adaptation, a
process considering environmental heterogeneity whereby selection favours
individuals in a population that present well-suited phenotypic traits and have a higher
fitness in their local environment than in other environments (Futuyma & Kirkpatrick,
2017). Therefore, depending on the nature, the intensity of a change in their local
environment, organisms from these populations might exhibit different changes in
their characteristics. These changes, also called responses, may be adaptive or not.

B. Climate change

Changes in environmental conditions may manifest as long-term climate change. The
cumulative impact of human activity on Earth over the past several decades,
particularly since the Industrial Revolution, has resulted in a constant increase in
greenhouse gas production (mainly CO2) due to the burning of fossil fuels (IPCC).
Infrared radiation emitted from the surface of the Earth following absorption of sunlight,
is trapped, leading to the warming of our planet. This drives a disastrous trend of
continual increase in global surface and ocean temperatures, a phenomenon known
as global warming.
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Overall, climate change contributes to the loss of biodiversity (Bellard et al., 2012),
stimulating efforts to identify how individuals and populations respond to climate
change, which is crucial for developing efficient species conservation programs in the
face of global warming. These questions are addressed by identifying species
environmental niches and geographical distributions, and by predicting shifts in the
distributions of species over time and space as a function of climate change. For
example, a common prediction and observation linking community composition to
climate change is that species adapted to environments that are moisture-deficient
(dry) become more common relative to species adapted to habitats with a well-
balanced or moderate supply of moisture (mesic) as aridity increases, and vice versa
with increasing humidity (Aguirre-Liguori et al., 2021).

Spatial or temporal variability in environmental conditions is a general characteristic
that all organisms have to face; for instance, the seasonal changes in precipitation
and temperature affect different components of a given environment (e.g., soil
moisture, evaporation rates, water levels). Further environmental changes, such as in
vegetation composition, can affect the fulfilling of the ecological requirements of
organisms. For most multicellular organisms, the predictable diurnal and seasonal
cycles are important pacemakers, with which their biological functions are
synchronised (Kwiecien et al., 2022). On a larger temporal scale, phenomena such
as the El Niño Southern Oscillation (ENSO), driving major changes in precipitation
and temperature across the globe, represent additional challenges for organisms to
adapt; particularly those living in the areas most impacted by ENSO, such as eastern
and southern Africa.

Global warming drives a drastic climate change, increasing both the mean and
variance of environmental temperature. This climate change is also associated with
shifts in precipitation patterns, increasing the frequency and intensity of droughts, as
well as of the intensity of other abiotic stressors such as hyper-humidity or hyper-
salinity (Trenberth, 2011).

Additionally, growing evidence suggests that the onset and duration of seasons have
changed due to greenhouse-gas-induced global warming. Even if the current warming
rate does not accelerate, changes in seasonality will still be exacerbated in the future.
This changing seasonal clock is associated with increased unpredictability and
disruption in species’ life cycles. Moreover, projected rates of climate change may
hinder species’ abilities to adapt to novel conditions or to track their climatic
requirements through dispersal (Araújo et al., 2006; Quintero and Wiens, 2013).
Indeed, species with limited movement capabilities must adapt to climate change in
situ to avoid extinction (Hoffmann and Sgro, 2011). Behavioural adjustments, such as
behavioral thermogenesis (e.g. shivering) or behavioral avoidance of harsh thermal
conditions by moving to more favorable microhabitats (e.g. burrowing), on their own,
may be insufficient to maintain fitness. This may necessitate the evolution of



13

physiological traits that enable populations to cope with environmental change (Leal
and Gunderson, 2012; Walters et al., 2012).

C. Physiological adaptations in changing environments

Adaptations are constrained by the necessity of preserving physiological homeostasis,
the process by which the internal chemical and physical parameters of the organism
are kept stable for optimal functioning (Billman, 2020); these processes are often
challenged by marked changes in the environment. When impaired, the ability to
maintain equilibrium and a constant environment within the organism is lost, leading
to the disruption of body functions.

For numerous bodily characteristics or functions, it has been unclear how
physiological adaptations could operate in changing natural conditions; this gap has
been partly filled through decades of research in physiological ecology (Feder & Block,
1991). This discipline, which investigates how physiological processes function with
respect to environment, or are modified by interactions with the environment, has
identified many potentially adaptive physiological pathways, shared between distantly
related taxa living in similar environments.

The underlying genetic basis of these physiological adaptations can be addressed
through various methods that are designed to identify regions of the genome (the
genetic information of an organism) that are evolving under selection (Stapley et al.,
2010). In particular, Genome Wide Association Studies allow for the detection of
genetic variants associated with a particular phenotypic trait, including physiological
traits in specific environments (Uffelmann et al., 2021).

When no information related to phenotypic traits of interest is available, evidence of
adaptation can be detected by leveraging functional annotations of genes (the process
of attaching biological information as to the function of these genes and their
associated proteins). Indeed, genes putatively under selection in some environments
may be enriched in some functions related to relevant phenotypes (i.e. these functions
are overrepresented among genes under selection). In some cases, extracting
biological information that is relevant to the question of adaptation to a specific
environment may be difficult, due to the pleiotropic effects of some genes. Other
approaches, known as Genotype-Environment Associations (GEAs) can also be used
to identify genetic variants that are both under selection and associated with a climatic
variable of interest, such as temperature or precipitation (Dauphin et al., 2022).

The evolutionary fate of species does not only rely on natural selection, as other
interacting factors can drive evolution in changing environments. For example,
variation in the gene flow, the genetic exchange between existing populations, can
either speed the process of adaptation, by introducing favorable alleles from one
population or species to another, or slow down adaptation by contributing non-
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adaptive alleles from one population to another (Garant et al., 2007). Adaptive gene
flow can have major effects on the geographical range of a species. For instance,
adaptation of red fox (Vulpes vulpes) populations to hot arid North African
environments has probably been facilitated by hybridization and introgression with
resident desert species V.zerda and V.rueppellii (Rocha et al., 2023). Gene flow can
vary with features of the environment, creating barriers or bridging the gap between
populations.

Shifts in mean or variance of environmental variables, such as temperature, are likely
to generate selection on individuals’ capacity to respond to environmental changes,
also known as reaction norms (Gabriel and Lynch, 1992; Gilchrist, 1995; Angilletta,
2009). For instance, gradual increases in mean temperature will favor specialist
genotypes that confer high physiological performance at higher temperatures,
potentially reducing the optimal performance temperature range, while increases in
temperature variability will favor genotypes with a larger reaction norm or with an
increased phenotypic plasticity, the responsiveness of an organisms’ phenotype to
environmental variations (Lynch and Gabriel, 1987; Gabriel and Lynch, 1992, Logan
& Cox, 2020).

For most organisms, traits that can be used as proxies of physiological performance
in response to changes in environmental conditions exhibit some form of phenotypic
plasticity (Scheiner, 1993; Via et al., 1995; Ghalambor et al., 2007; Ghalambor et
al., 2015, Logan & Cox, 2020). For example, many mammals and birds respond to
cold environments by increasing their capacity for heat production (Klingenspor et al.
1996; McKechnie, 2007). Organisms can adjust their phenotype to short-term
changes in their environment to maintain normal physiological function through plastic
processes referred to under the term of acclimation (Holzman & McManus, 1973;
Angilletta, 2009; Chown et al., 2016).

The primary mechanism underlying most phenotypic plasticity is alterations in gene
expression, the process by which the information encoded in a gene is turned into a
function (Scheiner, 1993; Schlichting and Pigliucci, 1993). In response to
environmental changes, these changes in gene expression can involve any number
of genes from a few to most of the transcriptome (Hamdoun et al., 2003); and can
either result from epigenetic modifications (plastic responses) or changes in gene
regulatory sequences, potentially through adaptive processes. The study of gene
expression, transcriptomics, is used to identify genes exhibiting differential expression,
for instance between environmental treatments or in different climatic conditions,
improving our understanding of adaptive plasticity in such contexts. For example, in
the Australian bush rats Rattus fascipes, heat production was shown to be correlated
in cool climates with the increased expression of UCP1, which is a principal mediator
of nonshivering thermogenesis and oxygen consumption by the organism (Glanville
et al., 2011). Gene expression makes the link between physiological phenotype and
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genotype that provides information about the functional effects of adaptive variants
and help link selection studies to phenotypic variation (Rocha et al., 2021).

The effects of local adaptation are emerging as key components of species
persistence in a changing climate. Thus, integrative approaches, dissecting the
links between phenotypes, genotypes and the environment, and developing in
particular a deeper understanding of physiological adaptations in natura, from
its phenotypic to its genetic and transcriptomic bases, is needed to properly
assess species resilience potentials.

II. Response and adaptation to arid conditions
A. Specific characteristics of dry environments

Aridity is a long-term state in hydrology and climate characterised by water deficit in
the environment, and exerting pervasive influences on ecosystem dynamics. Natural
variability in precipitation, for instance caused by the El Niño–Southern Oscillation,
has been found to modulate large-scale aridity. On the other hand, the formation of
arid biomes, and long-term aridification result from different processes. Generally
occurring between 15 and 40 latitude, the boundaries of arid zones were set quite
recently at the geological scale; the massive Pleistocene glaciers tied up free water,
leading to aridity at low latitudes so that desertification occurred, and in the 10 000
years since the last glaciations these areas have never recovered. Recent research
shows that aridity, characterized by the balance between atmospheric water supply
(precipitation) and water demand (potential evapotranspiration, PET), has increased
globally over recent decades and is expected to continue increasing significantly in
the future (Chai et al., 2021).

A variety of biotopes can be found in dry environments; defined as the ratio of annual
precipitation to PET, the aridity index (AI) has been widely used to characterise the
degree of meteorological drought and categorise environments (Feng and Fu, 2013;
Sherwood and Fu, 2014), including three “arid” categories : hyperarid (AI < 0.05), arid
(0.05 < AI < 0.2) and semi-arid (0.2 < AI < 0.5). Compared with other meteorological
drought indices, the AI is more suitable for climate classifications; it represents
background climatological aridity more than specific drought events (Chai et al., 2021).

Hyperarid deserts can include areas with not only low but highly unpredictable water
availability, and all organisms must be opportunistic in responding to its presence;
living here is impossible for most kinds of organisms. Plant richness and vegetation
cover is extremely low (Berdugo et al., 2020), and hyperarid desert communities are
therefore dominated by desert specialists, usually occurring at low biomass.
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By contrast, arid and semiarid environments experience more evenly and predictably
distributed precipitation and are often much cooler than the hyperarid areas. Still, in
these environments, high ambient temperatures and low humidity together put a strain
on thermal and water balance. At 0.3 < AI < 0.46, reduction in photosynthetic activity
can be observed , at the level of each individual plant and the ecosystem level
(Berdugo et al., 2020), which can be assessed by metrics such as the NDVI
(Normalised differential vegetation index). At 0.18 < AI < 0.3, nitrogen fixation is
drastically reduced in the soil (Wang et al., 2014), with fungi and mycorrhizae (the
symbiotic association between plants and fungi, often forming networks through which
nutrients can be exchanged between different plants) becoming much less abundant
(Berdugo et al., 2020). As a result, plant nitrogen uptake decreases, and competition
between plants increases. Vegetation is increasingly less spatially aggregated, with
grassland giving way to shrublands, providing fewer opportunities for shelter and
protection (Berdugo et al., 2020), and creating ecological barriers for gene flow, which
has overarching genomic consequences (Velo-Antòn et al., 2018 ; Wogan et al.,
2020 ).

Nevertheless, the less harsh conditions experienced in semi-arid to arid environments
allow for both desert specialists and locally adapted generalists to thrive. The relevant
adaptive strategies involved can be labile within a species; for instance, kangaroo rats
from more xeric areas have significantly lower water loss rates than their mesic
conspecifics. Meta-analyses of genomic, transcriptomic and ecophysiological studies
show a remarkably high degree of overlap in multiple gene function categories and
pathways between species with very different evolutionary ages occurring in similar
environments, consistent with a high overlap of adaptive physiological phenotypes
(Rocha et al., 2021). These pathways relate to various phenotypes and traits
considered to be adaptive in the face of the multiple challenges elicited by life in dry
conditions.

B. Adjusting to thermal constraints

Exposure to high ambient heat load in dry environments may impair thermal
homeostasis, eventually resulting in irreversible tissue damage and subsequent death;
particularly for homeotherms, such as birds and mammals, it is crucial for perceived
ambient heat and heat dissipation to be in balance. To manage thermal load at the
scale of the organism, panting or sweating may be used as means of evaporation,
possibly combined with counter-current blood flow systems in the nose or brain cooling
mechanisms. As a result, animals facing these conditions directly can experience
rapid water loss rates, circumstances under which they rapidly reach their limits of
dehydration tolerance (Wolf and Walsberg, 1996).

In arid environments, evading solar radiation, the dominant factor influencing
environmental heat gain, is made possible for many terrestrial animals by exploiting
microclimatic niches (Tatersall et al., 2012). In these environments, any abiotic
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irregularity can cause microclimatic variation, and any vegetation creates not only
shade but a local increase in humidity and a reduction of wind speed. For instance,
small mammals will exhibit hiding behaviour, adopting a nocturnal lifestyle or making
use of burrows, holes, crevices, caves and habitats protected by sparse vegetation
(Fuller et al., 2016). Only at dawn and dusk, or after brief periods of rain, are these
animals seen active to forage in the open. In arid environments, rapid and darting
modes of locomotion are also associated with active foraging, often from a central
place such as a nest or burrow (Wilmer, et al., 2005).

C. Water retention and urine concentration

At an organismal level, dehydration can negatively affect an animal’s ability to regulate
its body temperature, but also impair its’ cardiovascular function, and decrease
perfusion to organ systems. At the cellular level, thermal and hyperosmotic stress tend
to suppress transcription and translation machinery, increasing DNA breaks, protein
oxidation and denaturation, and causing cell cycle arrest, and eventually apoptosis
and cell death (Kampinga, 1993; Lamitina et al., 2006; Porcelli et al., 2015).
Additionally, following dehydration, the volume of the cell decreases, causing
rearrangements in the cytoskeleton, and cytoskeleton gene families are often found
to be under selection in arid species, such as the cactus mouse Peromyscus
eremicus (Tigano et al., 2020).

Tolerance of water loss is highly variable across taxa. Many insects will survive up to
50% loss of body water, while most terrestrial birds and mammals will experience
organ failure and cannot survive more than a few percent loss of water; the camel is
exceptional in being able to tolerate up to 30% body water loss. The latter category of
vertebrates are very much more dependent on high blood pressure and constant blood
composition to maintain blood oxygenation at functional levels, so insuring adequate
oxygen uptake to support their high metabolic rates. Therefore, terrestrial vertebrates
need very sophisticated controls to maintain water balance (Wilmer et al., 2005).

Specifically, dehydration results in a decrease in blood volume and increase in
osmolarity, primarily driven by the increase in serum ion (or electrolytes) levels, such
as sodium (Thornton, 2010; Leib et al., 2016). Strategies resulting in higher water loss
tolerance therefore involve the maintaining of a stable concentration of solutes and
electrolytes in the blood; many small desert mammals and birds are characterized by
a particular ability to maintain an almost constant blood plasma volume even when
losing substantial body mass and total body water. Indeed, genes involved in salt
metabolism and prevention of high blood pressure have been found to be under
selection in arid mammals (Rocha et al., 2021). Several neurohormonal systems are
typically activated to maintain blood pressure to perfuse tissues appropriately by
recovering water in the gastrointestinal tract (Thiagarajah and Verkman, 2018) and
reabsorbing it in the kidneys back into the blood stream (Fuller et al., 2020;
Kortenoeven and Fenton, 2014).



18

The kidneys regulate blood osmolarity by modulating the amount of water, solutes,
and electrolytes in the blood. Accordingly, some shared phenotypes across mammals
reveal that a major mechanism involved in response to aridity is associated with kidney
water retention. The roles of the kidney include water regulation and filtration, and
detoxification of substances absorbed by the digestive system (Brzoska et al., 2003).
Rodent studies have explored the differences in kidney function, and metabolism in
arid and mesic regions (Al-Kahtani et al., 2004; Jacobs et al., 2020), suggesting that
greater kidney function could indicate links to physiological responses to heat and
dehydration such as increased water regulation and water turnover, as well as a
greater ability for water retention which can be utilised during periods of stress,
starvation, and dehydration (Jacobs et al., 2020). The most internal section of the
kidney, its medulla, conducts and concentrates urine. Many small rodents living in arid
(xeric) habitats have relatively thicker medullas than other mammals, which correlates
with their concentrated urine compared to their mesic counterparts. For example,
desert populations of the brown hare Lepus europaeus form urine up to 4470 mOsm,
compared to 2500 mOsm in European populations (Willmer et al., 2005). Moreover,
genes within the arachidonic acid pathway have been implicated in desert adaptation
in both camels and Ovis aries desert sheep (Jirimutu et al., 2012; Yang et al., 2016).
This pathway influences water retention and reabsorption in the kidney by modulating
the tension of renal blood vessels (Tigano et al., 2020). Transcriptome analysis of the
renal cortex and medulla in camels under normal and water-restricted conditions
revealed a significant dehydration response in genes related to water reabsorption
(Wu et al., 2014). Additionally, kidney aquaporins, which are transmembrane proteins
that facilitate water reabsorption and urine concentration, have shown altered
expression levels in response to dry environments in Dipodomys kangaroo rats (Marra
et al., 2012; Marra et al., 2014) and the Patagonian olive mouse Abrothrix olivaceus
(Giorello et al., 2018).

D. Feeding and energy metabolism

Food availability is very important for all organisms, and particularly those living in dry
environments. As food availability decreases, energy reserves deplete and the
organism’s capacity to meet its metabolic needs and face dehydration is hindered,
affecting its reproductive output. Many animals experience drastic population
reduction in periods of drought (Ventura-Rojas et al., 2024) and therefore breed
opportunistically and very quickly whenever there is rain (Wilmer et al., 2005).

As a result of food scarcity, many species inhabiting dry environments are able live
close to starvation for large parts of their lives. These periods are usually accompanied
by a reduction of metabolic rate, to an extent greater in arid species than is possible
in mesic congeneric species (Wilmer et al., 2005). In some cases, this is a seasonal
pattern: many semiarid and arid animals such as Cyclorana australis frogs (Tracy et
al., 2007), or the Arabian oryx Oryx leucoryx (Davimes et al., 2016), use a period of
physical inactivity as part of their survival strategy, usually timed to avoid the hottest
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and driest periods. Controlled by a differential secretion of thyroid hormone, metabolic
rates are reduced, and usually thermal tolerance limits are expanded. Accordingly,
genes involved in thyroid-induced metabolism have been identified among those
under selection in mammals inhabiting dry environments, such as aboriginal australian
Homo sapiens (Malaspinas et al., 2016), or Rueppell’s fox V.rueppellii (Rocha et al.,
2023). In these periods of lowered metabolism, growth and reproduction cease, and
the animal can become relatively unresponsive to external stimuli, a phenomenon
typically observed in desert rodents (Wilmer et al., 2005). Some small ungulates, such
as the steenbok Raphicerus campestris (Haim and Skinner, 1991), and some birds
such as the pin-tailed sandgrouse Pterocles alchata (Hinsley et al., 1993) are also
reported to have unusually low resting metabolic rates compared to closely related
mesic species. Additionally, desert rodents generally have lower resting metabolic
rates than mesic species. Perhaps most convincingly, intraspecific effects as an
evolutionary response to environmental cues are well documented in the olive grass
mouse Abrothrix olivaceus , where arid populations have lower resting metabolic rats
than mesic populations (Novoa et al., 2005).

When feeding opportunities are scarce, metabolism, and therefore the mobilisation of
energy, is completely dependent on endogenous nutrients, such as carbohydrates
(sugars) and lipids (fats), resources without which physiological functions such as
basal metabolism, physical activity, growth, and reproduction are impaired. Nutrient
homeostasis adaptation is considered to be one of the major shared mechanisms of
adaptation to aridity across mammals, following selection for genes associated with
energy, glucose, fat, or protein metabolism (Wu et al.; 2014; Sugden et al., 2018;
Rocha et al., 2021; Colella et al., 2021).

As a consequence, it is advantageous for all organisms to make the most of the
transient periods of plenty to take in and, if possible store nutritional resources.
Accordingly, several studies of different desert mammals have identified genes under
selection, which may provide a genetic basis for such phenotypes as energy storage
and adaptive tolerance to starvation. For instance, analysis of the camel genome
showed an enrichment of fast-evolving genes involved in carbohydrate and lipid
metabolism (Jirimutu et al., 2012; Wu et al., 2014).

Indeed, changes in genes involved in fat metabolism may relate to diverse metabolic
pathways involved in heat/cold tolerance (by regulating energy expenditure and
thermogenesis), dehydration (by increasing the use of metabolic water derived from
fat), and food scarcity (by utilizing energy stored in localized fat reserves) (Rocha et
al., 2021). At a cellular level, the accumulation of phospholipids (lipid components of
cell membranes) also contributes to the regulation of osmolarity during dehydration,
as cellular shrinkage induced by dehydration disrupts osmotic balance and
compromises membrane functionality (Schliess and Häussinger, 2002 ; França et al.,
2007), with glycerol playing a role as an osmotic effector (Petelenz-Kurdziel et al.,
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2013). In particular, metabolism of arachidonic acid, a fatty acid contained in most
phospholipids, has been highlighted as being a functionally important pathway for
desert adaptation in the Bactrian camel Camelus bactrianus (Jirimutu et al., 2012),
breeds of Ovis aries sheep (Yang et al., 2016), a subspecies of Cervus elaphus red
deer (Ababaikeri et al., 2020), as well as rodents such as the Northern three-toed
jerboa Dipus sagitta, the Siberian jerboa Orientallactaga sibirica, the Midday jird
Meriones meridianus, and the Desert hamster Phodopus roborovskii (Cheng et al.,
2023), which suggests convergent evolution.

Aside from fat metabolism, one of the strongest evidence of shared selection between
mammals inhabiting dry environments involves genes associated with carbohydrate
metabolism and insulin resistance. These physiological functions have relevant roles
in starvation and reducing energy demands, and are evolutionarily well preserved,
suggesting that they would be beneficial under selective regimes of water or food
scarcity (Soeters and Soeters, 2012; Rocha et al., 2021). As an extreme example,
while Notomys alexis spinifex hopping mice initially metabolise carbohydrates into
lipids when water is available, they consume stored fat rapidly following a period of
water deprivation and start to accumulate glycogen in the liver for future use. Since
carbohydrates generate more water per oxygen molecule than lipids, this switching of
metabolic substrate from lipid to carbohydrate after long exposure to desiccation could
alleviate water loss in dry environments, which is an important strategy for xeric
adaptation (Takei et al., 2012). Just like with metabolic rate, these adaptive
physiological shifts usually result from a hormonal response to environmental
harshness. For instance, the increase in glycogen deposition in Notomys livers during
water deprivation correlates with a gradual increase in plasma corticosterone
concentration. As corticosterone stimulates both glycolysis and glycogenesis, it could
serve as a trigger for switching to carbohydrate metabolism (Takei et al., 2012).

Carbohydrate intake can be ensured through the consumption of starch, a natural
storage polysaccharide found in abundance in plant roots, stems/stalks, and seeds.
Digestion of starch is achieved through hydrolysis by amylase, an enzyme produced
in the liver. While arid rodents are generally omnivorous, many feed on and store
seeds, which survive for very long periods between rains because the rate of
decomposition in arid environments is relatively low. Additionally, many seeds will
absorb humidity when stored in burrows, in this way providing an extra source of both
water and energy in the future. The consumption of starch also allows for a more
efficient production by the organism of water directly derived from the metabolism of
nutrients, or metabolic water (Schmidt-Nielsen, 1979). Quantity and reliance on
metabolic water production is highly variable in the animal kingdom; some organisms
can endure periods of drought by relying on water intake directly from food or indirectly
through metabolic water production, which requires a diet rich in carbohydrates. This
is the case of desert-adapted kangaroo rats (Dipodomys) and hopping mice
(Notomys), which obtain most of their water indirectly from food as metabolic water,
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while consuming very dry seeds. In this way, plasma volume is maintained almost
constant under all conditions, and no drinking water is needed (Willmer et al., 2005).

Though granivores preferentially collect seeds that are higher in protein content and
lower in defensive chemical compounds, they may be forced to consume a wider
range of food sources in xeric climates than in mesic zones (Wilmer et al., 2005).
Digestive adaptations to arid environments by herbivores probably involve large-
capacity but relatively simple guts, able to provide flexibility in digesting whatever may
be available, for which the liver is a particularly important organ. Accordingly, some
studies identified functional categories of genes involved in the tolerance of toxic diets
(perception of bitter taste and xenobiotic metabolism, the elimination through the liver
of physiologically useless compounds, some of which may be harmful) as targets of
natural selection (Rocha et al., 2021).

Information on the responses to different levels of aridity of organisms, as well
as the adaptive nature of these responses, has been gathered, mostly
independently, from genomic, transcriptomic, ecophysiological, morphological
or behavioural studies. The diversity of these responses, and of the data used
to illustrate them, highlights the importance and rarity of integrative
approaches, associating the comparative investigation of different species and
at different levels of integration, to assess adaptation to arid conditions from
the genotype to the phenotype. However, for most organisms, undertaking such
integrative experimental approaches would necessitate efforts to reduce
analysis complexity. An adequate experimental strategy could involve (1) the
study of physiological parameters focusing on key organs (such as the kidney
and the liver, whose function allows many adaptive phenotypes cited above to
be expressed), and (2) the use of large-scale omic approaches with sufficient
power to detect the variety of genes, pathways, tissues involved in responses
to aridity.

III. Integrating eco-physiology, transcriptomics and population genomics
to address the responses to aridity in a Southern African rodent

My thesis work focused on the study of responses to arid conditions in a rodent living
in southern Africa - a region particularly subject to increasing aridity - and a
homeothermic organism for which maintaining homeostasis in arid conditions is
particularly challenging.

A. The African four-striped mouse: genus Rhabdomys

African four-striped mice (Figure 1) are muroid rodents slightly larger than house mice
(mass of adults 30-50g, body size 80-100mm). Belonging to the genus Rhabdomys,
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they form a species complex occurring in environmentally diverse geographical
regions in southern and eastern Africa.

Figure 1 : A four-striped mouse (Rhabdomys, front of the picture) beside a shrub in
Kgalagadi Transfrontier Park, Northern Cape, South Africa. Photo credit : Bernard Dupont

Based on the currently available genetic data, the genus comprises 4 species
(R.bechuanae, R.dilectus, R.intermedius and R.pumilio) (Figure 2), characterised by
distinct environmental niches, and within which several subspecies have been
described (du Toit et al. 2012, Meynard et al. 2012).
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Figure 2 : The mtDNA parsimony and Bayesian consensus topology of Rhabdomys
clades. Nodal support are indicated by posterior probabilities above and bootstrap values
below nodes (adapted from Du Toit et al., 2012)

Divergence between Rhabdomys species occurred as early as 3.09 - 4.30 million
years ago (du Toit et al. 2012), and diversification of the genus is thought to have
coincided with the climatic changes of the Miocene/Pliocene boundary in the southern
African subcontinent, such as a trend towards increasing aridity and seasonality,
accompanied by shifts in biome composition such as those experienced by the
Southern Kalahari (Chase and Meadows 2007). Indeed, the genus comprises three
lineages occurring in arid and semi-arid environments (R.bechuanae, R.intermedius,
R.pumilio) and another lineage (R.dilectus) occurring in mesic environments. All these
taxa are morphologically cryptic and were described based on mitochondrial markers
(Cytochrome B and Cytochrome C Oxidase I genes).

Among the more arid lineages, the area of distribution of R.pumilio ranges from the
western coastal areas of South Africa to parts of the Northern Cape Province and
extends into Namibia, north of the Orange River. The species occurs mostly in the
winter rainfall region and is found in the desert biomes of Namibia and South Africa,
as well as less arid biomes such as the Succulent Karoo and the Fynbos.
R.bechuanae has a continuous distribution encompassing large parts of Namibia as
well as northern and central South Africa, interestingly comprising populations
distributed along a west-to-north-east aridity gradient, spanning hyper-arid, arid and
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semi-arid summer rainfall regions (Ganem et al., 2020). Currently, throughout most of
its distribution, R.bechuanae thrives predominantly in sparsely vegetated areas and
nests in bushes like R.pumilio (Schradin et al., 2008; Dufour et al., 2019).

R.dilectus, whose distribution spans from eastern to southern Africa, comprises at
least two subspecies (R.d.dilectus and R.d.chakae) (Rambau et al. 2003; Castiglia et
al., 2011; Ganem et al., 2020). R.d.chakae has a continuous distribution in the
Grassland biome of central south Africa, Lesotho, Eswatini and the south-eastern part
of South Africa including open areas in the eastern forested regions (Matamba et al.,
2022). R.d.dilectus distribution is fragmented over its entire range. Specifically, in
South Africa the distribution of R.d.dilectus is interspersed with pockets of
R.d.chakaepopulations. R.d.dilectus’s area of distribution extends into Zimbabwe, but
is also found in eastern Africa and Angola, mostly in mesic montane areas (Castiglia
et al. 2011, Sabuni et al. 2018, Krasova et al., 2021). This taxon occupies mesic areas
with important vegetation cover, including the grassland biome of South Africa
(Meynard et al., 2012; Ganem 2020).

The western range of R.d.dilectus extends into the semi arid region of central South
Africa where it occurs in parapatry, with pockets of sympatry, with R.bechuanae
(Ganem et al., 2020), where both taxa maintain their respective ecological specificities.
In these areas, behavioural findings indicate that interbreeding between the two
species is rare (Dufour et al., 2015), suggesting that reproductive barriers exist.
Additionally to the habitat preferences described above, differences in tail length
between R.bechuanae and R.dilectus may be related to adaptation to climatic or
habitat conditions (Ganem et al., 2020), with a longer tail in R.bechuanae potentially
allowing for better thermoregulation or climbing abilities. R.bechuanae has also been
found to show more cohesive and stable social groups than R.d.dilectus (Dufour et
al., 2019).

Taking these characteristics into account, Rhabdomys, the four-striped mouse,
is a versatile study model, appropriate for the investigation of populations
across biomes, seasons and taxa. Notably, some species occur in regions
where they are confronted with many of the challenges discussed above, raising
the question of their resilience to increasingly dry conditions.

Particularly, co-occurrence of populations of R.d.dilectus and R.bechuanae in
the same semi-arid region of South-Africa provides a natural common garden
context to contrast their response to dry conditions. Moreover, the continuous
distribution of R. bechuanae across a gradient of increased arid conditions
further allow testing the genomic signatures of evolution under different levels
of arid conditions (Figure 3).
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Figure 3: Map of known occurrences of six main clades of Rhabdomys mice
(translucent dots) and locations sampled in this thesis (full colour dots) in southern
Africa. Based on published data and unpublished data (origin details are available in doi:
0d1b3414-7e2a-11ea-a38d-00163e26bfb0). Base map: World Topographic Map Esri
Standard, Aridity Index layer was computed from a 0.5 global grid, using data from the
Version 3 of the Global Aridity Index and Potential Evapotranspiration Database (Zomer et
al.,2022).

B. Thesis chapters and objectives

As we have seen, arid conditions put an organism under challenging physiological
constraints, potentially impacting its reproduction and survival. A recent meta-analysis
(Rocha et al., 2021) pointed out both the similarities of the response pathways
displayed by mammals facing such constraints, and the scarcity of accurate
"genotype-phenotype-environmental maps" to understand mammals adaptation to
arid conditions. Addressing adaptation to aridity using an integrative approach would
allow us to have an enhanced and multidisciplinary perspective on the mechanisms
of adaptability and survival of organisms (Flexas and Gago 2018).

This PhD thesis, that I developed - in collaboration with a wide range of colleagues -
some work addressing adaptation to arid conditions in the African four-striped mouse,
a species complex occupying diversified environmental conditions. Among these
species, R.bechuanae, presenting a continuous distribution with populations spanning
from semi arid to arid biotopes, was the focus of Chapter 1, investigating possible
genomic signatures of evolution/adaptation under arid conditions. Here, I expected to
find evidence of the influence of temporal and spatial variation in aridity on
R.bechuanae populations’ history and differentiation. This was achieved by carrying
out demographic inference and genotype-environment association approaches,

https://www.biorxiv.org/content/10.1101/2024.03.11.583554v8.full#ref-86
https://www.biorxiv.org/content/10.1101/2024.03.11.583554v8.full#ref-86
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applied to a genomic dataset obtained from R.bechuanae individuals originating from
several populations/geographical locations distributed along an aridity gradient
spanning semi arid to hot arid and hyper arid summer rainfall regions of Southern
Africa. This dataset also included individuals of sister species with whom R.bechuanae
was either suspected to (R.pumilio) or known to co-occur in sympatry (R.dilectus
dilectus and R.d.chakae), to characterise population structure at the genus level and
test for potential introgression between R.bechuanae and its neighbouring closely
related species.

While in natura studies provide a more logistically challenging alternative to the
repeatability and efficiency of laboratory ecological research, they also allow
researchers to capture a more integrated view of the organisms’ responses to
environmental variations experienced by natural populations (Winkler & Van Buskirk,
2012). Here, comparing non-specialist species in the same, semi-arid, environment,
provides a natural context to address adaptation and resilience in populations with
different eco-evolutionary histories (sister species with different environmental
niches). Accordingly, in the second part of my thesis, I focused on two Rhabdomys
species with contrasted arid (R.bechuanae) and mesic (R.d.dilectus) environmental
niches, in a semi-arid region of South Africa where the two species occur in parapatry,
which represented a « natural common garden » of sorts. Targeting the same
populations and individuals, I characterised the physiological (Chapter 2) and
transcriptomic responses (Chapter 3) of individuals to seasonal variations in dry
conditions.

In Chapter 2, I addressed how seasonal variation in dry conditions influenced the
physiological responses of the arid R.bechuanae and the mesic R.d.dilectus,
predicting better physiological condition for the arid species. To this end, I compared
body condition, blood concentrations of markers of kidney and liver function (both of
which are crucial in dry conditions) and habitat characteristics of populations of the
two species at the start versus the end of the dry season. In Chapter 3, I addressed
the transcriptional responses in the kidney and liver of the same individuals and
conditions, predicting divergence in gene expression patterns. By using data gathered
for Chapter 2, I characterised individuals with reference to their good (coping) or poor
(non-coping) physiological condition, and then analysed and compared, within each
species, levels of gene expression in the kidney and liver of individuals exhibiting
these two different levels of physiological condition at the onset and at the end of the
dry season in this semi-arid region of central South Africa.

These different approaches (population genomics; physiology and transcriptomics in
natura) and chapters had the ultimate goal of drawing the most possible integrated
picture of the functions and genes associated with the responses to the increase in
aridity in these South African rodents.
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Abstract

Elucidating the evolutionary processes driving animal evolution in dry
environments is key to understanding adaptive responses to climate change.
Here, we applied RAD sequencing to 401 individual samples of four-striped
mouse taxa (genus Rhabdomys), and found no evidence of introgression
between species R.pumilio, R.dilectus and their sister species R.bechuanae.
Inhabiting a region encompassing semi-arid, arid and hyper-arid environments,
we show that adaptation of R.bechuanae to the more arid environments of its
distribution has probably been facilitated by a set of candidate genes identified
in this study, located near genomic regions that varied with Aridity Index.
Among these genes, functional enrichment analysis highlighted functions
affecting protein and amino-acid modification, temperature perception, non-
renal water loss and heat production in the adaptation of this species. In
addition to allelic frequencies, we speculate that past fluctuations in aridity may
have influenced R.bechuanae population history, with divergence between
currently arid and semi-arid populations occurring less than 10 thousand years
ago.
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Introduction

In wild animals, climate change induced extinctions (Wiens, 2016), phenological
changes (Menzel et al., 2006), and species’ range shifts (Chen et al., 2011) have been
documented at an increasing rate. Moreover, the influence of climate change on
organisms is exacerbated in extreme environments (Easterling et al., 2000). Given
the predicted increase in drought intensity and frequency in the coming decades
(Naumann et al., 2018), understanding how species have adapted genetically to
extreme conditions such as arid environments plays a critically important role in
assessing their evolutionary and ecological dynamics, predicting population
responses to increased aridity and designing conservation programmes under
scenarios of changing climate (Skelly et al., 2006). The primary challenges to life in
arid environments include maintaining body temperature and retaining water (Willmer
et al., 2005). These challenges are particularly pronounced for species that rely on
evaporative water loss mechanisms, such as sweating, to dissipate heat, especially
in mammals (Rymer et al., 2016). The organismal responses require to endure these
environmental conditions across multiple generations often exceed the plastic
capabilities of most non-desert species. Therefore, it is generally assumed that
species adapted to arid environments have undergone strong selection pressures on
various complex traits related to metabolism and water retention (Willmer et al., 2005 ;
Rymer et al., 2016; Rocha et al., 2021).

In recent years, genomic studies have successfully revealed shared genomic patterns
among mammals inhabiting deserts (Rocha et al ., 2021). For example, signatures of
selection in arid environments have been evidenced by high allele frequency
differentiation (Malaspinas et al., 2016; Rocha et al., 2023), reduced diversity
(Malaspinas et al., 2016; Kim et al., 2016; Ababaikeri et al., 2020; Tigano et al., 2020),
high non-synonymous-to-synonymous substitution rate (dN/dS) ratios (Cheng et al.,
2023) or divergent patterns of gene expression (Bittner et al., 2021) in genomic regions
involved in key functions for desert adaptation. These genomic regions often relate to
classical phenotypes related to the survival of both mammal specialist and non-
specialist species in deserts, including DNA repair and degradation (Cheng et al.,
2023), protein synthesis and degradation (Tigano et al., 2020, Cheng et al., 2023),
thyroid hormone levels (Malaspinas et al., 2016), water retention (Bridges and James,
1982), lipid (Cheng et al., 2023) and carbohydrate metabolism (Wu et al., 2014;
MacManes and Eisen, 2014; Marra et al., 2014; Malaspinas et al., 2016; Kim et al.,
2016). Most of those studies relied on qualitative contrasts between arid- versus non-
arid species or populations to address the genetic basis of adaptation to arid or desert
environments. However, several other studies on the genomics of local adaptation
have demonstrated the power of Genotype-Environment Association (GEA) analyses
to identify polymorphisms associated with quantitative environmental variation (Coop
et al., 2010; Frichot et al., 2013; Gautier et al 2015). In this context, Rocha et al (2021)
highlighted the perspective of using the Aridity Index (AI), known to be a good predictor



38

of certain aridity-adapted phenotypes (Rocha et al ., 2021), as a powerful, composite
and quantitative environmental variable to inform genomic studies of adaptation to
aridity.

In this study, we employed this promising approach to explore the genomic signatures
of evolution under arid conditions in a species of four striped mouse of the genus
Rhabdomys, R.bechuanae. This species is adapted to arid environments and offers
an interesting natural framework due to its distribution along an aridity gradient.
R.bechuanae occupies geographic distributions that overlap with hot arid and
hyperarid summer rainfall regions of Southern Africa (Ganem et al., 2020). Divergence
with its close relative species in the Rhabdomys species complex occurred 3.09-4.30
million years ago (du Toit et al. 2012), and species diversification has been
accompanied by environmental niche differentiation (Meynard et al. 2012). This
diversification may have been driven by the trend towards increasing aridity and
seasonality in the southern African subcontinent since the late Miocene, accompanied
by a shift from closed subtropical woodland to sparse and shrubby vegetation (Chase
et al., 2007). Currently, throughout most of its distribution, R.bechuanae thrives
predominantly in sparsely vegetated areas and nests in bushes. R.dilectus, whose
distribution spans from eastern to southern Africa, is split into two subspecies
(R.d.dilectus and R.d.chakae) (Rambau et al. 2003; Ganem et al., 2020; Matamba et
al. 2022), which mostly occupy mesic areas with vegetation cover and nest in dense
grass (Dufour et al., 2015; Dufour et al., 2019), and R.pumilio occupies arid and semi-
arid sparsely vegetated coastal areas in the winter rainfall region of Namibia and South
Africa (Ganem et al., 2020). Several lines of evidence suggest the adaptation of
R.bechuanae to aridity at the phenotypic level, ranging from differences in morphology
(tail length) or behaviour (habitat selection) compared to more mesic species (Ganem
et al., 2020; Dufour et al., 2019) to a potentially superior ability to regulate osmolality
as evidenced by differences in blood metabolite concentrations with R.dilectus in
semi-arid environments (Keilani et al., submitted). Although considered to be, along
with R. pumilio, the most arid-adapted species in the Rhabdomys complex,
R.bechuanae interestingly comprises populations distributed along a west-to-north-
east aridity gradient, spanning hyperarid, arid and semi-arid regions. We, therefore,
expected this aridity gradient to impose differential selective pressures on key
physiological traits related to adaptation to aridity across the species range. This may
manifest through intraspecific population differentiation and genetic variation
associated with the aridity gradient at loci underlying those key physiological traits.

To investigate the genomic signatures of evolution under arid environmental
conditions in R.bechuanae, we produced an SNP data set derived from restriction-site
associated DNA sequencing (RADseq; Baird et al., 2008). Our general goal was to
assess the influence of temporal and spatial variation in aridity on R.bechuanae
population history and differentiation, using demographic inference and genotype-
environment association approaches. Using an extensive sample of R.bechuanae
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individuals representing several localities along the aridity gradient, our first objective
was to characterise the current population structure within R.bechuanae and its
possible correlation with levels of aridity across the species range. Since R.bechuanae
shares some of its semi-arid range with populations of R.dilectus and its arid range
borders that of R.pumilio (Figure 1), we also investigated population structure at
Rhabdomys genus level, using available samples from R.dilectus and R.pumilio in
addition to R.bechuanae samples, to characterise the structure of genetic diversity
among different Rhabdomys species and test for potential signs of admixture between
R.bechuanae and other species that could impact Genotype-Environment Association
analyses. At the Rhabdomys genus level, we predicted that, given estimated
divergence times between them (du Toit et al., 2012), samples from the same taxon
would cluster together, and, if spatial variation in aridity impacts migration and/or local
adaptation among populations, that there would be an absence or limited amount of
admixture between distantly related taxa despite areas of contact. At the R.bechuanae
species level, we predicted an association between population structure and the
degree of aridity across the species range.

Figure 1: Sample localities of Rhabdomys bechuanae and its neighbouring closely
related Rhabdomys taxa in Southern Africa. Locality code colour: R. bechuanae (red
circles), R. pumilio (purple circles), R. dilectus dilectus (green circles), R. dilectus chakae
(blue circles). Names of the localities are specified for the focal species Rhabdomys
bechuanae. We also indicate with dotted lines the relative areas occupied by the four
Rhabdomys taxa as shown by Ganem et al. (2020) in this region. The base map indicates the
Aridity Index level across the region (World Topographic Map Esri Standard, Aridity Index
layer). Photo credit: J. F. Broekhuis.
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Not only spatial and contemporary variation in aridity but also temporal variation in
aridity could impact current population structure and genetic diversity (Gomulkiewicz
and Houle, 2009; Sarabia et al., 2021; Rocha et al., 2023). Therefore, our second
objective was to infer historical population size and connectivity changes in
R.bechuanae using demographic modelling and to correlate these demographic
dynamics with past variations in aridity, informed by palaeoclimatic data. Under the
hypothesis of local adaptation of R.bechuanae populations currently distributed along
the aridity gradient, we expected demographic modelling to provide information on the
period during which this process of adaptation was initiated by recapitulating the timing
of population divergence (population split inference and/or decrease in effective
population size (Ne)) (Nadachowska-Brzyska et al., 2021). More generally, we strived
to track the impact of historical periods of increased aridity (using available
paleoclimatic data at the regional level) on R.bechuanae populations. We expected a
general impact of historical episodes of increased aridity for all populations towards a
decrease in Ne, due to population crash events as is often observed in the wild in
periods of prolonged drought (Benning et al., 2023; Ventura-Rojas et al., 2024) or to
a decrease in genetic diversity caused by habitat fragmentation and subsequently
reduced population connectivity. The opposite predictions can be formulated for humid
periods. On the other hand, we could also expect populations potentially more adapted
to aridity to experience a more moderate reduction in Ne than less adapted ones.

Finally, our third objective was to address the genomic basis of adaptation to aridity in
R.bechuanae using a GEA approach based on the quantitative Aridity Index variable.
Such an approach allowed us to identify genomic variations associated with variation
in arid conditions across R.bechuanae’s area of distribution, and to highlight functions
highly associated with, and involved in survival in arid environments. We expected
site frequency variation to be most prevalent in or around genomic regions associated
with key functions/classical phenotypes for survival in deserts (DNA repair/protein
modification, osmoregulation, carbohydrate/fat metabolism).



41

Material & Methods

Samples and RAD-seq data production

We used samples collected in the field between 2007 and 2019 by us or some
collaborators, among which population-level samples from R.bechuanae and
R.d.dilectus collected specifically for the present study in 2018 and 2019 (details for
trapping procedures in Ganem et al., 2020). We aimed to avoid related individuals as
much as possible, by selecting mice trapped at least 100 m apart, except for breeding
pairs (a male and a female) that could be trapped in the same nest. This distance was
based on data obtained for R. pumilio indicating minimal relatedness (R=0 between
males and R=0.06 between females) at this distance (Solmsen et al., 2012).

To study fine-scale intraspecific structure, as well as perform genotype-environment
association and demographic history analyses in our focal species, R.bechuanae, we
selected a large number of individuals from this species, sampled in 11 different
localities at least 20 km distant from each other and along the aridity gradient (230
individual samples, 19.82 +/- 4.72 individuals per locality, Figure 1, Table S1). To
address population structure in R.bechuanae and admixture with closely related taxa,
we added to the analysis individuals representative of three other taxa of the
Rhabdomys genus (Figure 1, Table S1), whose distribution areas border or overlap
that of R.bechuanae: R.dilectus dilectus, R.d.chakae and R.pumilio (Ganem et al.,
2020). Given sympatry between R.bechuanae and R.d.dilectus in some parts of their
distribution ranges, we addressed potential introgression between the two taxa by
analysing their populations in two contact sites in which R.bechuanae individuals co-
occur with R.d.dilectus. Altogether, 401 individuals, originating from 36 localities were
included in this study (Table S1). Species-level or subspecies-level identification had
previously been obtained via COI sequencing or FLP genotyping (Ganem et al., 2020
and procedure therein; Table S1).

DNA extractions for RAD-sequencing were performed from tail tissues stored in 98%
alcohol, with a 96-Well Plate Animal Genomic DNA Mini-Preps Kit from CliniSciences
(Biobasic kit). Preparation of the libraries for RAD sequencing was then performed
following the protocol designed by Etter et al. (2011) and modified as detailed in
Cruaud et al. (2014). Briefly, DNAs were digested with the 8-cutter restriction enzyme
SbfI and ligated to a modified Illumina P1 adapter containing individual multiplex
identifiers (MIDs) 5-6 bp long. Then, 20 libraries were prepared based on equimolar
DNA pools of 22 to 29 individuals per pool. Each pool was sheared by sonication using
an S220 ultra-sonicator (Covaris, Inc.) and size-selected for 300–600 bp by agarose
gel excision. Different P2 adapters including pool multiplex identifiers (MIDs) were
then ligated to different pools intended to be sequenced on the same sequencing lane.
The DNA fragments containing both adapters (P1 and P2) were PCR enriched during
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18 cycles. These 20 RAD libraries were sequenced on a total of four S1 lanes and two
SP lanes of an Illumina NovaSeq 6000, using a 2x150 bp paired-end protocol, at MGX-
Montpellier GenomiX Facility (Montpellier, France).

RAD-seq raw data processing and filtering

Following standard Illumina processing and quality filtering, duplicate reads resulting
from PCR amplification were discarded using the program clone_filter implemented in
the Stacks v. 2.66 software (Catchen et al., 2013). The resulting paired-end reads
were demultiplexed and quality filtered using the process_radtags pipeline, also
implemented within Stacks. Sequence reads from the initial 401 samples were aligned
to the reference genome using BOWTIE (version 2.4.5, Langmead et al. 2009). The
reference genome used was one of R.pumilio (Richardson et al., 2023). Before
mapping, putative repeated elements were removed from the reference genome using
a database of known Glira repeated elements using Repeatmasker v. 4.1.3. Reads
mapping to more than one reference sequence were discarded, and the maximum
number of mismatches allowed was three. The resulting files were converted to .bam
files and sorted using SAMtools (v. 1.18).

The reference-basedGstacks pipeline was applied to cluster reads into RAD loci using
the Marukilow model, minimum mapping quality of 40, and alpha thresholds (for mean
and variance) of 0.05 for discovering single nucleotide polymorphisms (SNPs). Using
the catalogue of loci generated with Gstacks, the populations program was then used
to proceed to SNP filtering steps (Table S2) as follows:

1) Including samples from all four taxa for population structure analyses at the
genus level, retaining (by order of filtering steps) SNPs with a minor variant count of
3 (removal of rare genetic variants, deemed uninformative for population structure
analysis), a minimum Phred genotype quality score of 40, a minimum 10 X and
maximum 30 X coverage (based on empirical distributions), and minimum percentage
of the samples genotyped of 80 %.

2) Including only R.bechuanae samples, retaining SNPs obtained with the same
filtering procedure as described above, with the application of the minor variant count
filter (--mac) for intraspecific population structure and genotype-environment
association analyses, and without the –mac filter for genetic diversity estimation and
demographic history inferences.

For all analyses, only samples with at most 50 % of missing SNP data were
considered. Several different parameter sets were trialled but intermediate stringency
was ultimately chosen as a compromise between SNP numbers vs. coverage. After
these initial SNP filtering steps, only the first SNP of each locus was retained for each
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dataset to minimise linkage disequilibrium bias in downstream analyses. SNP variants
for all individuals were exported in variant call format.

Genetic diversity and population structure

To describe the level and structure of genetic diversity at the genus level, we first
computed diversity (observed heterozygosity Ho, expected heterozygosity He,
nucleotide diversity π, and the inbreeding coefficient FIS) and differentiation (pairwise
FST, Weir and Cockerham, 1983) statistics for all sampled localities with sufficient
sample sizes using the populations program from the Gstacks pipeline.

To characterise population structure, we performed a principal component analysis
(PCA) and a sparse non-negative matrix factorisation (sNMF) analysis using the R
package LEA v.3.14, first on SNPs corresponding to samples genotyped as all four
main described Rhabdomys clades (R.bechuanae, R.pumilio, R.d.dilectus and
R.d.chakae), and then within R.bechuanae only. For all sNMF analyses, we ran 500
repetitions for each value of K ranging from 1 to 15 and chose the best K by evaluating
cross-entropy values across K. Based on the individual ancestry coefficients computed
for the entire genus, potential admixture between taxa with overlapping distributions
was assessed, and more formally tested by calculating the f3 statistics (R package
Admixtools v.1.0.0., default settings; Patterson et al., 2012). Additionally, neighbour-
joining trees were generated using SNP data of these same samples with the R
package ape (v. 5.7-1).

Demographic history inferences in R.bechuanae

To evaluate potential historical events that could have significantly impacted current
population genetic diversity and structure as measured previously, and test if historical
variations in effective population size coincide with known past variations in the degree
of aridity, we estimated demographic changes in the genetic clusters identified by the
sNMF analysis in R.bechuanae using two different approaches. We first used Stairway
Plot 2 v.2.1.2, which conducts multi-epoch coalescent inference to assess changes in
population size over time (Liu and Fu, 2015; Liu and Fu, 2020). We then used
fastsimcoal v.2.8. (Excoffier et al., 2013; Excoffier et al., 2021), which facilitates the
implementation of multi-population demographic models, incorporating factors such
as divergence and migration among populations.

The Python program easySFS was first used to generate the folded site frequency
spectrum (SFS) formatted file with VCF files and a sample list file. Since demographic
inference from the SFS is particularly dependent on the presence of rare alleles (i.e.
singletons and doubletons; Gutenkunst et al., 2009), we used the SNP data set
obtained without applying the -mac filter. We downsampled some genetic clusters to
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homogenise sample sizes among clusters (N=24). The individual samples with the
least missing data were included, and then projected down, to cover the optimal
number of SNPs. Samples without at least 75 % ancestry coefficients attributed to a
given genetic cluster were excluded. To account for the diploidy of R.bechuanae, we
later divided all haploid parameter estimates of effective population size in half. For all
analyses, the mutation rate was set to 5.7 × 10–9 per site per generation (based on the
germline mutation rate found in Mus musculus in Milholland et al., 2017), with a
generation time of one year.

We ran Stairway Plot 2 for each R.bechuanae genetic cluster. We considered the
entire allele frequency spectrum with and without singletons. Ultimately, 67 % of sites
were used to create an SFS training set and train the model, and the remaining sites
were used to create an SFS testing set and test the goodness of fit of the trained
model. The goodness of fit of the trained models was tested using ¼, ½, ¾ or n-2
“breakpoints”, which define the boundaries of each epoch, and the best-fit model was
used to produce the final inference. 200 simulations were carried out for each
estimation.

We also sought to understand the potential roles of environmentally-influenced
isolation and migration patterns inR.bechuanae’s demographic history, using a model-
based approach. To this effect, we tested 16 demographic models with fastsimcoal2
to cover the most plausible population history scenarios (Figure S1). Briefly, models
included the possible scenarios of divergence among the identified
R.bechuanae genetic clusters, as well as the “fork” model where extant genetic
clusters emerged simultaneously from a common ancestor. For the best-supported
topology, "simple" models were tested, varying either effective population size or
bidirectional gene flow, both historically and recently. Finally, more complex models,
combining the best divergence scenario, Ne variation and gene flow variation models,
were tested. We performed 50 replicate runs for each model with each replicate run
using 50,000 coalescent simulations and a minimum (-n) of 20, and maximum (-N) of
80 cycles of a conditional maximisation algorithm. A stop criteria of a 1.0*10-4

difference between likelihoods was used to identify convergence. We used the SFS
described above as the observed SFS, including singletons.

Following this initial set of model selection runs, maximum observed likelihoods (MOL)
were compared to select the best-fit model. Subsequently, parameter estimation
through simulation of new SFSs for the best-fit model was performed, followed by
parametric bootstrapping. The best-fit run was identified as the one that maximised
MOL for each set of fifty replicates for each model. Using these best-fit runs, we
calculated an AIC score for each model using the formula: [(2k) – (2 x ln(10) x MOL)],
where k is the number of estimated parameters. The model with the lowest AIC was
considered the most parsimonious. The bootstrapped 95% Confidence Intervals for
parameter estimates were obtained by first simulating 100 replicates of the SFS using
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the parameter estimates that produced the maximum likelihood as initial parameters
for the best-fit run (highest MOL) of the best-fit model (lowest AIC). Next, we performed
the same fifty replicate analyses described above for each of the 100 newly simulated
SFS files. Finally, we calculated mean parameter estimates and 95% CIs from the 100
best-fit bootstrapping replicates (i.e. using the best-fit run for each of the 100 simulated
SFS files).

Genotype-Environment Association analyses in R.bechuanae
populations

Beyond the purported effects of past climate on R.bechuanae population structure,
we strived to explore potential signals of genetic adaptation to aridity. To do so, we
first assessed the degree of aridity for each R.bechuanae locality using the Aridity
Index (AI). AI is typically defined as the ratio between precipitation (P) and potential
evapotranspiration (PET) in a given environment (World Atlas of Desertification, 1992).
For each R.bechuanae locality, the Aridity Index (AI) was retrieved based on data
computed using the 30-year average of P/PET (1981-2010):

where i denotes the ith year.

The Aridity index was computed on a 0.5 global grid, using data from Version 3 of the
Global Aridity Index and Potential Evapotranspiration Database (Zomer et al., 2022).

We then assessed the relationship between genetic differentiation among
all R.bechuanae localities (using FST/(1- FST) following Rousset, 1997), and both
geographic and aridity index distances with Mantel tests (R vegan package v. 2.6-4).

To address the genetic bases of adaptation to aridity in this species, we conducted
Genotype–Environment Association (GEA) analyses. Using extensions of FST-based
models, the rationale of these analyses is that environmental variables distinguishing
the differentiated populations should be associated with allele frequency differences
at loci subjected to the selective constraints they impose (Coop et al. 2010). To test
for an association between allele frequency differences between all R.bechuanae
localities and the environmental variable of interest in this study, the Aridity Index, we
used the program BayPass v.2.4, which implements a method accounting for the
neutral correlation of allele frequencies across populations to detect loci associated
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with covariables (Gautier, 2015). We ran BayPass under the standard covariate
model, which uses an Importance Sampling (IS) approximation to identify SNPs
associated with the Aridity Index variable, and corrects for population structure by
using the scaled covariance matrix Ω of population allele frequencies. Three different
runs were performed to test for convergence. To determine the level of association of
each SNP with the Aridity Index and identify SNPs significantly associated, we
computed the empirical Bayesian p-value (eBPis) and Bayes factors (BF) expressed
in deciban units (dB). Three separate thresholds of BF (or degrees of association)
were considered, following Jeffreys, 1961: 10 dB < BF < 15 dB for “strong” evidence;
15 dB < BF < 20 dB for “very strong” evidence; BF > 20 dB for “decisive” evidence.
SNPs with a BF greater than 10 were mapped onto the annotated R.pumilio genome.

We used the annotation of the R.pumilio genome to identify genes containing
significantly associated SNPs or genes located within a range of 30 kb from those
significant SNPs. Functional Enrichment analysis of environment-associated genes
as identified by BayPass was performed using metascape, an online tool for gene
function annotation analysis. The association was considered statistically significant
at P < 0.01.

Results

RAD-seq and genotype dataset

Among 4 271 912 984 sequence reads passing the process-radtags quality check
(see Table S3 for details), 62.01 % of the reads were flagged as PCR duplicates by
clone-filter. The alignment rate on the repeat-masked R.pumilio genome was
55.89 % for R.bechuanae reads, 55.83 % for R.d.chakae reads, 56.09 % for
R.d.dilectus reads and 55.77 % for R.pumilio reads. Gstacks clustered the remaining
665 671 354 reads into 2 664 761 loci. All loci were genotyped with a mean per-sample
coverage of 11.2 ± 4.2 X, a mean of 299.4 bps per locus and consistent phasing for
72.3 % of diploid loci.

The SNP filtering procedures (Table S2) resulted in respectively 57 193 (genus-level),
44 900 (R.bechuanae intraspecific structure, genotype-environment association), and
147 761 (R.bechuanae demographic history) SNPs. In total, 371 samples were kept
after individual missing data filtering. After filtering, for the genus-level dataset, missing
data was 9.56 ± 0.68 % for R.bechuanae samples, 22.11 ± 3.10 % for R.d.chakae
samples, 11.94 ± 0.88 % for R.d.dilectus samples, and 15.32 ± 2.70 % for R.pumilio
samples (Figure S2).
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Population structure & admixture patterns among Rhabdomys taxa
and within R.bechuanae

The Principal Component Analysis and neighbour-joining tree plots (Figure S3) on
retained individuals of all Rhabdomys taxa indicated a clear separation between the
three main lineages, defined on the basis of COI based phylogeny (Du Toit et al.,
2012), R.bechuanae, R.dilectus and R.pumilio. This was particularly clear on the first
principal component axis (PC1), explaining 31.4% of the variance, which separated
all three lineages from each other (Figure S3-A). PC2, explaining 3.63 % of the
variance and separating also R.pumilio individuals sampled across a very wide space,
separated the two predefined subspecies of R.dilectus (R.d.dilectus and R.d.chakae).
Pairwise genetic differentiation estimates confirmed that divergence was lower
between the two subspecies of R.dilectus (FST = 0.07) than between pairs of species
(FST = 0.29-0.52) (Table S4). Within R.dilectus, however, we observed a gradient of
genetic divergence between the two subspecies, with geographically close
R.d.dilectus and R.d.chakae pairs of populations showing lower divergence than the
more distant pairs (Figures S3-B and S3-C).

The cross-entropy plot from the sNMF analysis indicated a minimum value for K=8
clusters; while K=2 separated R.bechuanae from the R.dilectus/pumilio group, K=3
separated the three species, and K=4-8 showed within-species structure in
R.bechuanae and R.dilectus (Figure S4). At K=8 (Figure S3-B), R.pumilio individuals
(N=9) formed one genetic cluster while R.bechuanae samples (N=220) formed four
genetic clusters and R.dilectus individuals (N=144) formed three genetic clusters.
Within R.dilectus, one genetic cluster comprised most R.d.chakae individuals, a
second one was highly present in the R.d.dilectus Lajuma population, and the third
cluster comprised the rest of R.d.dilectus samples. Many R.d.dilectus individuals from
the Soetdoring population, in sympatry with R.d.chakae, showed particularly high
R.d.chakae-related ancestry coefficients, ranging from 51.69 % to 83.51 % (mean =
67.01 %) (Table S5, Figure S3-C). Conversely, R.d.dilectus samples outside the
contact zone exhibited lower R.d.chakae ancestry (mean = 4.93 %) (Table S5).

R.bechuanae individuals showed overall low proportions of the other species’ gene
pool (Figure S3-B, Table S5). Pairwise FST estimates between sympatric populations
of R.bechuanae and R.d.dilectus were lower in Soetdoring (FST_sympatric_Soetdoring =
0.346) than between allopatric populations of the same species (all other localities;
FST_allopatric = 0.392 +/- 0.006), though this was not true for Sandveld (FST_sympatric_Sandveld
= 0.402) (Table S4). However, the strong genetic differentiation between most
R.d.dilectus allopatric populations and samples from the Lajuma locality may influence
this pattern as well (FST_allopatric_without_Lajuma = 0.373 +/- 0.004). Moreover, f3 statistics
showed no significant evidence of admixture (z-value > 0) between R.bechuanae
populations from the edges of the species distribution (Klein Pella, Lake Naute,
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Sandveld, Soetdoring, Tussen die Riviere) and neighbouring taxa (R.pumilio and
R.d.dilectus) (Table S6).

The analysis of population structure on all retained R.bechuanae individuals confirmed
and detailed patterns of intraspecific differentiation in our focal species (Figure 2,
Table S4). The overall level of genetic differentiation among R.bechuanae sampling
localities was relatively low, spanning 0.010 to 0.058 in pairwise FST values (Table
S4). Combined, the Principal Component Analysis (PCA) (Figure 2A), the sNMF
analysis (Figure 2B) and the neighbour-joining tree (Figure 2C) indicated a separation
of several sampling localities or groups of localities from each other. The PCA results
showed a clear separation between individuals from the sampling localities Tussen
die Riviere + Gariep, Sandveld, and Klein Pella, with individuals from Lake Naute,
Mariental, Molopo, Kolomela, Benfontein and Soetdoring intermediate between the
genetic composition of individuals from Klein Pella and Sandveld (Figure 2A).

The sNMF analysis indicated a minimum cross-entropy value for K=4 factors,
identifying four main genetic clusters within R.bechuanae (Figure 2B, Table S7). In
this analysis, one R. bechuanae cluster grouped most localities from a region
corresponding to the Southern Kalahari (Klein Pella, Lake Naute, Mariental, Tswalu,
Molopo, Kolomela) that were classified as hyper-arid or arid localities according to the
estimated Aridity Index (hence called here the ‘Kalahari’ cluster), and the three other
clusters mostly grouped samples from one semi-arid locality each (Sandveld,
Soetdoring and Tussen die Riviere) (Table S7, Table S8). Differentiation between
individuals from Soetdoring, Sandveld and Tussen die Riviere, as well as the grouping
of individuals from localities belonging to the ‘Kalahari’ cluster were also visible on the
NJ tree (Figure 2C). Individuals from several localities at the edge of the semi-arid
zone (Kolomela Mine, Benfontein, Gariep Dam) did not have ancestry coefficients >
70 % from one specific cluster and were instead composed of mixed continuous
ancestries (Figure 2B and 2C), as also suggested on the PCA plot (Figure 2A).
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Figure 2: Population structure among Rhabdomys bechuanae samples (N=218
individuals, 44 900 SNPs). A. First two Principal Components of the Principal Component
Analysis (PCA) representing the genetic variation among R.bechuanae samples. B. Genetic
clusters inferred from sNMF analysis at K=4. Genetic clusters are named according to the
location of samples (TdR: Tussen die Riviere). C. Neighbor-joining tree built using ape.
Individuals with an ancestry coefficient > 0.70 for one cluster are coloured according to the
code colour of the corresponding genetic cluster used in panel A . R.bechuanae individuals
with no ancestry coefficient < 0.70 attributed to the same genetic cluster are coloured in grey.
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Demographic history of R.bechuanae

The results from the Stairway plot analysis performed with singletons (Figure 3A)
suggested differences in the historical variation in population size among the four
R.bechuanae genetic clusters as identified at the level of R.bechuanae. Very similar
results were obtained in the analysis without singletons (Figure S5). Three clusters,
represented by currently semi-arid localities, showed similar demographic trajectories,
with a steep rise in effective population size from 35 thousand years ago (kya)
(Sandveld) or 25 kya (Soetdoring and Tussen die Riviere) before stabilising around
10-15 kya. In contrast, the Kalahari cluster showed a unique pattern of variation in Ne.
After a slow rise in Ne until 30 kya, it stabilised during 20 ky before showing a decline
in Ne from 8 kya. Estimations of contemporary effective population size revealed with
a 95 % confidence indicated a stark difference between the Kalahari cluster (median
Ne estimation = 191 038) and the other three clusters (Soetdoring median Ne = 1 756
850; Tussen die Riviere median Ne = 1 368 891; Sandveld median Ne = 971 357).
However, estimates of genetic diversity obtained for each R.bechuanae locality (Table
S8) did not reveal any differences between arid or hyper-arid localities representing
the Kalahari cluster and the semi-arid localities (Sandveld, Soetdoring and Tussen die
Riviere).

Demographic model testing using fastsimcoal2 revealed model 17 to best fit our data
(Figure S1, Table S9, Figure 3B). The next most parsimonious model was at least
1620.54 higher in AIC. Model 17 included a single divergence event in the presence
of gene flow, which was interrupted, then resumed following a historical event
associated with a population expansion. Mean estimates of demographic parameters
for model 17 are provided with 95% CIs (Table S10, Figure 3B). These results indicate
a divergence time between the four distinct R.bechuanae genetic clusters (Kalahari
and the three semi-arid populations) at approximately 9 kya. Following this divergence,
gene flow involving the Kalahari cluster with the Sandveld or Tussen die Riviere was
limited (Number of effective migrants Nem=0.01 - 0.65) and almost non-existent in all
other directions (Nem=0.00-0.07). After the cease of gene flow between clusters 8 kya
(between 7.71 and 8.20 kya), effective population size expanded significantly for the
Kalahari, Sandveld and Soetdoring clusters in the 4-7 kya period, while the Tussen
die Riviere cluster experienced effective population size growth only recently (0.18-
0.35 kya). Interestingly, mean estimates of contemporary effective population size
revealed with a 95 % confidence also indicated a stark difference between the Kalahari
cluster (Ne = 569 523) and the other three clusters (Sandveld Ne = 198 739; Soetdoring
Ne = 213 520; Tussen die Riviere Ne = 176 661), but in the opposite fashion as the
estimates of Stairway plot. Currently, migration between R.bechuanae clusters is still
low (Nem=0.04-0.59).
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Figure 3: Demographic history of R. bechuanae. A. Stairway plot 2 analysis of the four
main genetic clusters identified in R. bechuanae, showing historical changes in effective
population size (Ne) for each genetic cluster (past 60,000 years). The bold lines represent the
estimated median Ne, and the thin lines correspond to the 95% confidence interval. The grey
rectangle corresponds to the period of the Last Glacial Maximum (LGM). When available,
paleoclimatic information is reported below the time axis, for the Kalahari region (Southern
part) and the semi-arid region (green: humid period; sand: dry period; yellow: aridity
intensification period). B. fastsimcoal2 analysis. The best-fitting model identified is
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represented, corresponding to a scenario of a unique divergence event for the four genetic
clusters, followed by events of population expansion, and a regime of ancient and recent
gene flow. Each block represents a current or ancestral population and the width of the blocks
represent their relative effective population sizes. Dotted horizontal lines represent inferred
demographic events. Mean estimates (in grey font) are shown for Ne_ancestral, Ne_current, Tdivergence,
Tisolation (i.e, timing of gene flow cessation) and Texpansion parameters. Ancestral and current Ne
are indicated for each population in thousands (103) of individuals; timing of events are
indicated in thousand years ago (kya). Blue arrows indicate the inferred direction of gene flow,
and arrow type the relative amount of gene flow: dotted arrow: extremely low (<0.01 migrating
individual/generation); normal arrow: very low (0.01-0.1 ind/gen); bold arrow: low (0.1-0.7
ind/gen). Stairway plot 2 and fastsimcoal2 estimates were based on a mutation rate of 5.7 ×
10–9 mutations per site per year and a generation time of one year, including singletons.

Genotype-Environment Association

Aridity Index (AI) estimations validated our sampling of R.bechuanae along an aridity
gradient in South Africa: AI of sampled localities ranged from 0.0322 (Klein Pella,
classified as hyper-arid) to 0.2457 (Sandveld, classified as semi-arid) (Table S8,
Figure 1). To take advantage of the full aridity gradient over R.bechuanae’s area of
distribution, we performed the Genotype-Environment Association analysis at the
locality level in BayPass (this was done by pooling individual genotype information
from each of the 11 R.bechuanae localities). The Mantel tests performed using FST
distances among R.bechuanae localities (Table S4) showed a significant correlation
between genetic distance and geographic distance (p = 0.025) (i.e., isolation by
distance), and between genetic distance and the environmental variable of interest,
the Aridity Index (p < 0.001) (i.e., isolation by environment) (Figure S6). Given these
correlations, we expected very stringent conditions for the GEA analysis. Indeed,
since BayPass explicitly standardises population allele frequencies for their correlation
structure - here induced by the neutral population structure but also the isolation by
environment signal - we expected to have a high rate of false negatives when testing
for an association with the aridity index.

Overall, despite these stringent conditions, 124 SNPs were found to be significantly
associated with the Aridity Index variable (significance threshold of 10 dB), distributed
across all genomic scaffolds (Figure 4A, Table S11). More specifically, 15 SNPs
displayed “decisive” evidence (Bayes Factor (BF) > 20 dB), 25 “very strong” evidence
(15 dB < BF < 20 dB) and 84 SNPs displayed “strong” evidence (10 dB < BF < 15 dB).
Among those, 104 were mapped either within an annotated coding region of the
R.pumilio genome (63 SNPs) or a 30 kb distance of an annotated coding region (41
SNPs), corresponding to 226 outlier genes in total. Of those, 148 corresponded to
identified homologs on the M.musculus genome in various databases as found by
Metascape (Table S11). GO terms related to protein modification, carbohydrate
metabolism, osmoregulation, vasculature development, cardiac conduction, skeletal
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muscle cell development, cell adhesion, cytoskeleton regulation, cellular cycle
regulation, mitochondrion biogenesis and neuronal system biogenesis were found to
be among the most significantly enriched (all p < 0.001) in the 148 functionally
annotated outlier genes (Figure 4B, Table S12).

These terms included genes located in regions containing several clustered outlier
SNPs; 4 were mapped between ANKLE2, GOLGA3, involved in cytoskeleton
regulation, and 2 mapped between EFCC1 and GP9 genes, involved in
osmoregulation. We also identified some genes, involved in membrane biogenesis
(CCDC167), cardiac conduction (FAM161B, COQ6), osmoregulation (NFATC3,
SLC37A3, SLC25A26) and vasculature development (ARHGAP24), that were
previously found to be associated with the response to aridity in other rodents (Chang
et al., 2023, Peng et al., 2023). Finally, notable genes containing or being close to the
most significant SNPs associated with the aridity index (15 SNPs with ‘decisive’
evidence) are presented in Figure 4A. Among those, some were associated with
several functions such as FLT4 (vasculature development, cell adhesion, cellular
response to stress and response to hypoxia) and CD9 (vasculature development,
skeletal muscle cell development, wound healing, membrane assembly, immunity).
Finally, we found a region containing a highly associated SNP and three such
pleiotropic genes (BAD, PLCB3, VEGFB), all involved in, among other functions
associated with survival in deserts, processes related to cell adhesion and cellular
response to stress.
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Figure 4: Genotype-Environment Association results in R. bechuanae. A. Manhattan
plot for genome-wide association analysis performed with BayPass on SNPs across
nuclear genome scaffolds. The line represents the significance threshold at Bayes
Factor=10 ( “strong” level of association). SNPs in different consecutive scaffolds are coloured
differently (non-significantly associated SNPs: light or dark grey; significantly associated
SNPs: yellow or brown). Gene names containing or being close to the most significant SNPs
associated with the aridity index (15 SNPs with ‘decisive’ evidence) are shown. B. Results of
the Functional Enrichment analysis carried out with Metascape - Selected GO terms
related to functions of interest for survival in arid conditions are presented, full results in Table
S11.
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Discussion

In this study, we generated RADseq data to explore patterns of intraspecific genetic
diversity of a rodent species, the African four striped mouse Rhabdomys bechuanae,
that occupies a wide distribution range across a gradient of aridity, from the semi-arid
to the hyper-arid summer rainfall regions of Southern Africa (Figure 1). Despite the
challenges of analysing RADseq data (e.g., Davey et al., 2013, Shafer et al., 2017,
O’Leary et al., 2018), our stringent read and SNP filtering procedure allowed us to rely
on tens of thousands good-quality genotyped SNP markers to perform population
genetics analyses. Our results indicate marked FST divergence betweenR.bechuanae,
R.pumilio and R.dilectus in spite of their parapatry or partial sympatry (Ganem et al
2020). This study also reports lower FST between R.d.dilectus and R.d.chakae, and
evidence for gene-flow and admixture between their sympatric populations.

As far as the focal species R.bechuanae is concerned, our results suggest that
patterns of genetic diversity are not influenced by admixture with the above mentioned
sister species, but rather by geographic structure of the available environment, which
is highly correlated with the degree of aridity across R.bechuanae distribution range.
We found divergent demographic histories among the identified intra-specific genetic
clusters, whose origin is potentially associated with Holocene dry episodes. Finally,
we identified variations in allele frequencies associated with variation in aridity across
the R.bechuanae area of distribution. In accordance with similar findings in the
literature, this enabled us to highlight relevant genes and functions highly associated
with, and involved in survival in arid environments. On the whole, our results are
consistent with the hypothesis that the overall genetic variation is being affected by
the species demographic history, which can fluctuate with aridity levels, as well as
selection pressures on populations that occur across environments of varying aridity
(Hereford and Winn, 2008; Kolbe et al., 2012).

Patterns and history of genetic differentiation and gene flow in
R.bechuanae

Analysis of population structure at the species level via the sNMF approach showed
that the 11 R.bechuanae sampling localities are structured into four genetically
differentiated groups of individuals, the ‘Kalahari’ (Klein Pella, Lake Naute, Mariental,
Tswalu, Molopo), and three (‘Sandveld’, ‘Soetdoring’ and ‘Tussen die Riviere’) semi-
arid genetic clusters, with intermediate populations (Benfontein, Kolomela Mine,
Gariep Dam) (Figure 2). The unbalanced sample sizes used in this analysis could
induce some bias in the inference of population structure (Puechmaille, 2016),
especially towards overestimating admixture with the sNMF method (Wang, 2022).
However, this intraspecific structure indicating four distinct genetic clusters and
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localities of mixed ancestries was also supported by the PCA and neighbour-joining
analyses. We also found this intraspecific R.bechuanae structure into four distinct
genetic clusters, when we included in the analysis individuals representative of other
Rhabdomys taxa. Interestingly, this analysis revealed that at the edges of
R.bechuanae’s distribution, there is little to no evidence of introgression with
congeners R.d.dilectus and R.pumilio, indicating potentially strong reproductive
isolation. This result is consistent with previous behavioural findings, indicating that
although R.bechuanae and R.d.dilectus individuals could engage in mating attempts
with individuals of the other species in the absence of conspecifics, these attempts
were rarer than those observed between conspecifics (Dufour et al., 2015).

Pairwise FST values among R.bechuanae sampling localities were consistent with this
intraspecific population structure, although the overall level of intraspecific genetic
differentiation was relatively low despite sampling localities being up to 1000 km apart.
Nevertheless, variation in ancestry coefficients among localities, along with significant
correlation between genetic and geographical distances, revealed a pattern of
isolation by distance consistent with expected patchy habitat available for
R.bechuanae in the arid and semi-arid regions of Southern Africa, limiting dispersal.
On this basis, we speculated that the fragmented habitat usually occupied by this
species, potentially reducing gene flow between geographically distant populations,
could contribute to this pattern of isolation by distance. Beyond isolation by distance,
we also found a significant isolation by environment signal in our data associated with
the Aridity Index variable. Given that the genetic clusters ‘Sandveld’, ‘Soetdoring’ and
‘Tussen die Riviere’ are geographically located at the eastern edge of the species
distribution range in the semi-arid region, while the Kalahari genetic cluster includes
localities occurring in the arid or hyper-arid regions, the identified population structure
might also be associated with distinct environmental conditions, which may impose
different types of selective pressures on the four striped mice.

Historical demographic events, such as range expansions, population bottlenecks, or
divergence due to local adaptation or neutral processes, may have shaped patterns
of population structure and diversity in R.bechuanae and may be at least in part related
to past climatic events. This motivated us to reconstruct the demographic history
based on the joint SFS of each R.bechuanae genetic cluster. Although some historical
demographic events were consistently inferred across the different approaches
implemented, and some results can be discussed, we first highlight the large
confidence intervals obtained for some parameter estimations, in particular with
Stairway plot 2. These large confidence intervals suggest little precision in the
inferences and advocate for interpreting the results with caution. It should be noted
that our inferences of demographic model likelihoods and parameter estimates are
based on the joint SFS of a relatively small number of samples (n) in all populations
after sample size normalisation (2n = 36, 30, 32, and 34 for the Kalahari, Sandveld,
Soetdoring and Tussen die Riviere clusters, respectively). Methods based on SFS are
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more accurate with large sample sizes (Browning & Browning, 2010; Robinson et al.,
2014; Liu and Fu, 2015; Terhorst & Song, 2015). The studied time scale represents
another source of varying precision between demographic history analyses; indeed,
Patton et al. (2019) found that methods exclusively dependent on the SFS excel at
inferring more recent history but perform less well when estimating more ancient
population size history (Liu and Fu 2015; Terhorst and Song 2015; Lapierre et al.
2017; Baharian and Gravel 2018; Rosen et al. 2018). Finally, fastsimcoal2 estimates
of gene flow were low among these clusters exhibiting low differentiation. These
estimates were computed with an SFS constructed using samples with the highest
ancestry coefficient corresponding to their respective clusters, and therefore more
differentiated. As a result, sampling sites in zones of possible admixture were either
undersampled or excluded, which is a probable source of bias towards lower migration
rates.

Although the small sample sizes in our study may have potentially reduced the
statistical power to distinguish between the competing demographic models (causing
false negative outcomes) with fastsimcoal2, we found that the best model fits
significantly better than the remaining models (Table S9). This suggests that the
effects of the underlying demographic events on the observed SFS were strong
enough to allow us to determine the best model.

The fastsimcoal2 estimates suggested that the four genetic clusters diverged around
9 kya (assuming a one year generation time, Figure 3B). In the eastern edge of the
R.bechuanae area of distribution, reconstructions of past Aridity Indices by Chevalier
& Chase (2016) identified a potential dry episode between 8 and 5 kya that could have
created geographic barriers limiting gene flow between populations (Ota, 1998). This
would align with our prediction that decreased population connectivity in dry episodes
would drive differentiation.

Interestingly, following population divergence, no major population bottlenecks were
detected by either method of demographic inference. This observation contradicts our
prediction of a decrease in effective population size during dry periods. Instead,
throughout the drying of the Kalahari during the past 40 000 years, the Stairway plot-
inferred effective population size for the Kalahari cluster remained stable, with only a
small decline in Ne detected over the past 10 000 years. During this time, the Southern
Kalahari experienced a gradual increase in temperature (Lukich et al., 2020) that may
have contributed to this pattern.

However, this concomittance between dry episodes and effective population size
decline was not observed in other clusters or in fastsimcoal2 estimates. In these
cases, we found that clusters expanded recently, albeit in different time periods
(fastsimcoal2 estimates : 0-7 kya). Stairway plot estimates also support significant
expansion for semi-arid clusters around the Holocene glacial retreat (10-12 kya for
Sandveld, 17-15 kya for Soetdoring and 18 kya for Tussen die Riviere). Recent
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estimates for expansion could be associated with any of the several brief wet episodes
occurring from 20 kya (end of the Last Glacial Maximum) across the semi-arid zone
(Chevalier & Chase, 2016). Indeed, rainfall – which triggers plant productivity – causes
rises in rodent demography in arid zones (Ventura-Rojas et al., 2024). Moreover,
environmental changes after the last glacial period may have merged previously
isolated populations, which could contribute to the observed increase in effective
population size by increasing genetic diversity. Our fastsimcoal2 demographic
analyses, and the existence of significant patterns of co-ancestry among four sampled
localities as revealed by the sNMF analysis, showed evident signs of intraspecific
migration and mixing in the history of R.bechuanae. These results suggest that (at
least) low gene exchange has occurred almost continuously among populations
following divergence, with an interruption that could have occurred around 8 kya
(fastsimcoal2 estimate). This gene flow may have contributed to the species remaining
only slightly internally differentiated.

Estimation by Stairway plot showed that current effective population size is lower for
the Kalahari cluster compared to the three others. The Southern Kalahari has
experienced intense aridification in the past 20,000 years, with no major wet periods
to potentially drive population growth or increase in connectivity (Lukich et al., 2020).
This supports our hypothesis of a direct effect of differential climatic histories on
population history. However, the lower effective population size for the semi-arid
clusters (149 614-213 520) compared to the Kalahari cluster (569 523), as inferred by
fastsimcoal2, is consistent with another scenario, one of a recent range expansion of
the former. Indeed, populations with reduced size in isolated habitats may differentiate
via genetic drift during harsh climatic cycles (Tzedakis et al., 2002). This major
discrepancy between the two methods, supporting one prediction or another,
highlights the need for caution in interpreting the results of the demographic inferences
reported in this study.

Overall, these results support the hypothesis that climatic fluctuations in the Southern
Kalahari and central South Africa are important factors in shaping the demographic
history of striped mouse populations. This is consistent with results of previous studies
using 9 years capture recapture data showing that short and long term population
dynamics of a R.pumilio population in the Succulent Karoo was, among other factors,
impacted by heat and food availability (Nater et al., 2018). The geographical variation
in aridity during past dry episodes may have promoted divergence through differential
adaptation to local conditions.
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Genomic basis of life in arid habitats: multiple genes underlying a
wide array of adaptive traits

Our hypothesis of differential selective pressures acting on R.bechuanae populations
occurring along the aridity gradient was supported by the identification of outlier SNPs,
in the Genotype-Environment Association analysis, that are located near genes
associated with biological functions already known to be important for adaptation to
an arid or desertic lifestyle. Indeed, we were able to identify some SNPs associated
with the Aridy Index variable despite the very stringent conditions for the BayPass
analysis due to significant correlations between genetic and geographic distance, as
well as environmental distances (Aridity Index). Moreover, this inference was probably
not affected by biases due to small sample sizes in some localities, as Genotype-
Environment association studies using Bayes’ factor do not experience reduced power
at low sample sizes (Forester et al., 2018).

Four-striped mice in the most arid portions of the R.bechuanae area of distribution
(low Aridity index) face many environmental constraints, including high temperatures
and environmental water scarcity. These conditions cause cellular stress via thermal
stress, and by exacerbating the negative effects of dehydration due to lack of water
and rapid water loss (e.g., respiratory water loss, evaporative cooling). Overall, as
evidenced in both this study and other studies, and consistently with our predictions,
our results indicate that different physiological mechanisms may enable R.bechuanae
striped mice to cope with these stressors and inhabit drier environments.

Cell machinery, DNA repair and protein denaturation

Thermal and hyperosmotic stress can have similar physiological effects even though
the underlying mechanisms may differ. The strongest cellular effects include protein
denaturation, the suppression of transcription and translation machinery, the alteration
of cell adhesion, an increase in DNA breaks and protein oxidation, cell cycle arrest,
and eventually apoptosis and cell death (Kampinga, 1993; Lamitina, et al., 2006; Burg
et al., 2007).

Accordingly, we report a significant association between aridity levels and SNPs linked
to genes involved in protein synthesis and modification, DNA repair, cellular cycle
regulation and cell adhesion. Among them, SLC25A26, which codes for a
mitochondrial carrier involved in amino-acid modification and macromolecule
methylation, was found to be positively selected in desert rodents Dipus sagitta,
Meriones meridianus, and Phodopus roborovskii (Cheng et al., 2023). Mutations in
this gene are associated with oxidative phosphorylation deficiency (Kishita et al.,
2015). Genes found to be in the vicinity of outlier SNPs were also enriched for GO
terms related to TOR signalling, a cell signalling pathway that senses changes in
growth factors, nutrients, energy, and stress to regulate protein translation. Selective
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sweeps among Peromyscus eremicus cactus mouse populations (Tigano et al., 2020),
as well meta-analyses of genomics and transcriptomics studies on metazoans'
evolutionary responses to various thermal environments (Porcelli et al., 2015) found
that genes under selection were significantly enriched in GO terms related to
translation, such as « translation », or « ribosome ». Similarly, in Caenorhabditis
elegans, many genes involved in the cellular response to hyperosmotic stress are
linked to the regulation of protein translation and the removal of damaged proteins
(Lamitina et al., 2006). These findings suggest strong selection pressure on genes
that protect against thermal and/or hyperosmotic stress or those that effectively
eliminate damaged proteins and restore translation after acute stress (Kampinga,
1993). Supporting this hypothesis, acute dehydration experiments on cactus mice
found evidence of tissue damage and apoptosis in the kidneys of dehydrated
individuals (MacManes, 2017).

We also report a significant association of the aridity variable with an outlier gene
which encodes a protein belonging to the ubiH/COQ6 family. This evolutionarily
conserved monooxygenase is required for the biosynthesis of ubiquinone, a proposed
antioxidant putatively implicated in the protection of cell damage by reactive oxygen
species (Wang & Hekimi, 2016). This gene was found to be under positive selection
in high-altitude desert hairy-footed jerboas Dipus sowerbyi (Peng et al., 2023), and
knockdown of this gene in mouse and zebrafish cells resulted in decreased growth
due to increased apoptosis (Heeringa et al., 2011). Among other candidate genes,
CCDC167 was also located near an outlier AI-associated SNP. In recent publications,
CCD-containing (CCDC) proteins such as CCDC167 were aberrantly activated in
multiple types of tumors (Chen et al., 2021) and the underlying gene was also
positively selected in desert rodents Dipus sagitta, Orientallactaga sibirica, and
Phodopus roborovskii (Cheng et al., 2023). ANKLE2 (involved in mitosis and protein
dephosphorylation) and GOLGA3 (involved in protein transport) are located in the
same genomic region where we found four significantly aridity-associated outlier
SNPs. Similarly, BAD (BCL2 Associated Agonist Of Cell Death) is located in a genomic
region dense in outlier genes (see Tables S10 & S11), near several strongly aridity-
associated SNPs. BAD encodes a known regulator of programmed cell death, though
it is also involved in crucial biological processes in arid environments such as positive
regulation of T-cell differentiation or cellular response to hypoxia (see below).
Consistently with the rest of our findings, efferocytosis (the process by which apoptotic
cells are removed by phagocytic cells) was one of the most significantly enriched GO
terms overall, suggesting that these genes may be under selection to avoid tissue
necrosis during acute or chronic stress.

Osmoregulation and cytoskeleton regulation

As water is scarce in deserts, the maintenance of osmotic balance imposes strong
selective pressures on osmoregulation. We found that genes in the vicinity of
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significantly associated outlier SNPs in R.bechuanae were enriched in osmoregulatory
functions (e.g., GO terms : Regulation of exocytosis, calcium ion transmembrane
import into cytosol). The gene coding for solute carrier SLC37A3, a membrane
transport protein that may facilitate osmoregulation, was also found to be positively
selected in desert rodents Dipus sagitta, Orientallactaga sibirica and Meriones
meridianus (Cheng et al., 2023).

Dehydration often results in a decrease in blood volume and an increase in osmolarity.
This decrease in blood volume, detected by baroreceptors, elicits a signalling cascade
to increase heart rate in an attempt to maintain cardiac output and therefore, blood
flow to critical organs (Kaufmann et al. 2020). This is consistent with the finding of
enrichment in GO terms related to heart rate regulation and vasculature (Figure 4B).
In this study, the outlier SNP that was most significantly associated with the Aridity
Index was located on scaffold 2 (Figure 4A), in a genomic region associated with
FLT4, a gene encoding a receptor for vascular endothelial growth factors such as
VEGFB, of which the gene was also found to be putatively under selection in our study.
Located in the same genomic region as BAD (which may have pleiotropic effects, see
above), VEGFB and PLCB3, together with FLT4, are involved among other processes
in the regulation of blood vessel remodelling and of systemic arterial blood pressure.
Interestingly, ARHGAP24, another gene involved in angiogenesis, was found to be
under selection in desert rodents Dipus sagitta,Orientallactaga sibirica, and Phodopus
roborovskii (Cheng et al., 2023), as well as desert-dwelling foxes Vulpes rueppellii and
Vulpes zerda (Rocha et al., 2023). Indeed, maintaining blood flow may be especially
critical to ensure proper bodily functions such as foraging as in the heat; dehydration
can impair performance through reduced blood flow to skeletal muscles, respiratory
alkalosis, or altered skeletal muscle motor recruitment (Sawka et al., 2015). This could
have induced a selection pressure for specific adaptations in skeletal musculature in
the most arid populations, which could explain the enrichment of outlier SNPs in GO
terms related to these functions in this study.

The dialogue between the brain and the rest of the body that ensures this regulation
of water balance, overseen by a specialised part of the central nervous system, the
hypothalamo-neurohypophyseal system (HNS), could explain our finding of
enrichment in GO terms related to the nervous system, (e.g., nervous system
development, regulation of neurotransmitter selection). In rats (Ireland, 1990),
meriones (Rabhi et al., 1993), and dromedary camels (Djazouli Alim et al., 2019), the
supraoptic nucleus (biosynthetic core of the HNS) exhibits significant plasticity in
response to environmental cues. Notably, we found that FAM161B, a gene involved
in cilium organisation, and therefore predicted to play a role in sensing the extracellular
environment, was found to be associated with aridity index in R.bechuanae and to be
positively selected in high-altitude desert Dipus sowerbyi jerboas (Peng et al., 2023).
Mutations in this gene are associated with anomalies, in the morphology of essential
organs (e.g. the heart), and affect indicators of liver functions (International Mouse
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Phenotyping Consortium, Dickinson et al., 2016). Additionally, as the volume of
dehydrated cells decreases, causing rearrangements in the cytoskeleton (Burg et al.,
2007), the significant association of genes involved in the regulation of the
cytoskeleton (e.g., GO terms : RHOA GTPase cycle, Regulation of actin cytoskeleton)
could also point to adaptations to hyperosmotic stress in the striped mouse.

Coping with low energy availability in the environment

Nutrient homeostasis adaptation is considered to be one of the major shared
mechanisms of adaptation to aridity across mammals (Wu et al.; 2014; Kim et al.,
2016; Sugden et al., 2018; Chebii et al., 2021; Rocha et al., 2021). Consistently, the
GO analysis of outlier genes associated with aridity indicated an enrichment for
carbohydrate and lipid metabolism, potentially linked to energy production and storage
in a food-scarce environment.

As our GO dataset was also enriched in genes related to Thyroid hormone signalling,
our results could suggest a component of the regulation of thyroid hormone levels in
coping with aridity. Lower levels of thyroid hormone thyroxine (T4) are generally
associated with a reduced metabolic rate (Mohr et al., 1987; Rocha et al., 2023), which
is a common response of mammals to energy deficit. The selective advantages of
lower metabolism in arid environments include reduced energy demand and
expenditures, as well as lower production of metabolic heat and need for evaporative
cooling (Rocha et al., 2021). Among genes in the vicinity of outlier SNPs, THADA,
involved in heat production, has been widely associated with the evolution of reduced
metabolic rates in warmer climates to prevent overheating and climate adaptation in
humans (Moraru et al., 2017) and was also found to be under selection in North African
red foxes (Rocha et al., 2023). Low metabolic rates are, in turn, associated with lower
respiration rates, as found in arid species such as the dromedary camel Camelus
dromedarius (Ouajd & Kamel, 2009), which could explain the genes enriched in GO
terms related to response to hypoxia.

A growing body of literature demonstrates an important correlation between innate
immunity and factors such as drought or resource availability (Vermeulen et al., 2015;
McDade et al., 2016; Brusch et al., 2019). For instance, a study on great-tit nestlings
found a correlation between higher resource abundance and higher investment in
immune function (Buehler et al., 2009). Innate immunity has also been negatively
correlated to aridity in other wild populations of larks (Horrocks et al., 2015). It is indeed
energetically costly to develop and maintain, and can shift in response to resource
scarcity and water availability (Lochmiller and Deerenberg, 2000; Lifjeld et al., 2002;
Vermeulen et al., 2015; McDade et al., 2016; Brusch et al., 2019). The four-striped
mouse genome shows signatures of selection for innate immune function, associated
with aridity (enriched GO terms, e.g. : negative regulation of alpha-beta T cell
activation, negative regulation of leukocyte migration). This pathway was also found
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to be enriched in selective sweep studies in Nubian ibex (Chebii et al., 2021) and
cactus mice (Tigano et al., 2020). Notably, the gene coding for Nuclear Factor Of
Activated T Cells 3 (NFATC3), here located near an outlier SNP associated with
aridity, is also positively selected in desert rodents Dipus sagitta, Orientallactaga
sibirica, and Phodopus roborovskii (Cheng et al., 2023).

Conclusion
This study, based on RAD-seq genomic data, revealed weak, but significant
intraspecific population structure in this rodent species occurring along a gradient of
aridity in South Africa. We found that population structure in R.bechuanae is partly
due to isolation by distance, itself correlated with isolation by environment along the
aridity gradient. The historical demographic reconstructions suggest that the current
population structure may stem from variations in population sizes, connectivity and
selective pressures imposed by alternating dry and humid climate episodes during
the Late Pleistocene and Holocene periods. A more extensive sampling of genetic
and paleoclimatic data (on a temporal and geographic scale) should provide more
certainty regarding the relationship between demographic estimations and past
climatic patterns.

We also identified genomic regions associated with potential adaptation to varying
levels of aridity in this species. As expected, our results indicate a polygenic basis of
adaptation to aridity, with multiple functions highlighted, ranging from the cellular
response to stress to organism-level responses. These results are largely consistent
with selective sweeps observed in desert rodentia (Cheng et al., 2023), showing
differentiation in similar pathways. This divergence in allelic frequencies likely reflects
variation in physiological performance in coping with aridity, which could be further
validated through phenotypic assays of populations along the South African aridity
gradient. Due to anthropogenic climate change, some of these populations may be
subject to a greater risk of maladaptation. Indeed, the semi-arid zone at the edge of
the R.bechuanae home range, the expansion and contraction of which depends on
land use and precipitation, has experienced a recent trend towards desiccation (Jury,
2021). Genomic offset analyses could predict the extent of such maladaptation under
different climate scenarios. Overall, these results enhance our understanding of the
drivers of population differentiation in a rodent and its adaptation to diverse semi-arid
to arid environments, thereby prompting further evolutionary and physiological
genomics research on key adaptive traits for arid habitats.
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Figure S1: Description of the demographic models implemented with
fastsimcoal2. Population 1 corresponds to the Kalahari cluster, Population 2 to the
Sandveld cluster, Population 3 to the Soetdoring cluster, and Population 4 to the
Tussen die Riviere cluster. Migration rate parameters named for model 13 are the
same in models 14 to 19.
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Figure S2: Distribution of missing data after SNP filtering among sampled localities
(A : R.bechuanae, B : R.d.chakae, C : R.d.dilectus, D : R.pumilio)


