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Species adapting to a similar lifestyle may undergo convergent changes in organ structure and cellular function, themselves

relying or not on these convergent genetic changes. The extent of genomic convergence is thus debated and may further

depend on the interplay between temporal factors, such as species relatedness or the age of the transition. Rodents have

repeatedly adapted to life in arid conditions, notably with altered renal morphology and physiology. By analyzing kidney

transcriptomes from 33 species, we find convergence at all examined biological levels, from the whole kidney transcriptome

down to the coding sequences and expression level of individual genes. Transcriptome-level signatures reflect convergent

changes in cell proportions, suggesting convergent structural adaptations of the kidney. A large proportion of genes shows

convergent substitutions, but those happened in small subsets of species, showing that there are multiple genetic paths re-

peatedly taken in a mosaic manner. A similar mosaic signal of convergence is found comparing gene expression in species

spanning the Rodentia order, but convergence is more widely shared at the lower level of the Murinae family. Therefore, we

test more directly the influence of temporal factors. We observe more convergent changes when we select species indepen-

dently adapted from more closely than more distantly related ancestors and when we select older transitions rather than

recent transitions. Our study shows that there are many different, yet repeatedly selected, ways to adapt to aridity and

that the degree of convergent evolution increases with both the age of the transitions and species relatedness.

[Supplemental material is available for this article.]

Repeated evolution, embracing parallel and convergent evolution,
occurs when different lineages evolve similar traits independently.
If these similar traits are underlain by the same genetic changes,
the genetic basis of adaptation might be predictable. Recent geno-
mic studies, combined with smaller-scale genetic studies, have sig-
nificantly advanced our understanding of this question (e.g.,
Brown et al. 2019; Sackton et al. 2019; Chaturvedi et al. 2022;
Zancolli et al. 2022; Corral-Lopez et al. 2024; Pollard et al. 2024).
They highlighted a large variability in the degree of genomic con-
vergence, which may be influenced by several factors. In particu-
lar, depending on the study design, time may have contradictory
influences on the probability of gene reuse and the expected
amount of genomic convergence (Bohutínská and Peichel 2024).
As time since speciation increases, species accumulate genomic
and functional divergence, so that when adaptation to a common
lifestyle occurs, the probability of gene reuse should be reduced,
which should result in lower amounts of genomic convergence.
However, as time since transition to a given lifestyle increases, ad-
aptation may encompass more and more phenotypic traits, in-
creasing chances that some are shared between different lineages

and thereby increasing the probability of gene reuse and the
amount of genomic convergence. To our knowledge, we so far
lacked study designs that could quantify genomic convergence ac-
counting for both species relatedness and age of transition.

Rodentia is themost diversified order ofmammalswith living
representatives spanning 70 million years (MY) of evolution. The
subfamilyMurinae originated about 11.2 MY ago and today repre-
sents ∼20% of all rodents (Aghová et al. 2018). In these two nested
radiations, repeated transitions to arid environments have oc-
curred, with examples of ancient adaptations as well as more re-
cent ones. This provides a unique opportunity to quantify
genomic convergence while controlling for species relatedness
and age of transition.

Life in arid environments has been studied in a variety of
mammalian clades. Multiple adaptations enable species to cope
with temperature and seasonal unpredictability and with chal-
lenges to food and water availability and quality (Schwimmer
andHaim 2009). Theyhavemotivated a rapidly growing area of re-
search in genomics (Rocha et al. 2021). Studies include the com-
parison of renal gene expression in a few species (MacManes and
Eisen 2014; Marra et al. 2014; Giorello et al. 2018; Bittner et al.
2022), dehydration experiments to study the plasticity of gene ex-
pression (Kim and Shin 2016; Bittner et al. 2021; Blumstein and5These authors contributed equally to this work.
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MacManes 2023), genomic analyses (Cheng et al. 2023; Peng et al.
2023), and population genomic analyses (Tigano et al. 2020;
Rocha et al. 2023).

Most of the studies of transitions to arid environments have
been performed in rodents. Many rodent species adapted to arid
environments have acquired behavioral and physiological adapta-
tions linked tometabolism andwater retention (Rocha et al. 2021),
includingmodified kidneys capable of producing very concentrat-
ed urine (Bankir and de Rouffignac 1985). A recent study analyzed
gene expression changes and genes under positive selection in
three independent transitions to desert life in rodents (Bittner
et al. 2022). They discovered many idiosyncratic changes but
also shared changes in genes of interest known to be involved in
osmoregulation and kidney function. Overall, genes involved in
lipid metabolism, responses to insulin signaling and diabetes,
stress responses, the endocrine system, the arachidonic acid meta-
bolic pathway, and water transport have all been found to be in-
volved in the adaptation of rodents to arid environments
(Giorello et al. 2018; Bittner et al. 2022; Yuan et al. 2025). This sug-
gests that individual coding sequences and gene expression levels
have undergone repeated adaptation in relation to living in arid
environments, and offers a solid foundation to better characterize
the factors that influence the amount of genomic and transcrip-
tomic convergence.

Here we studied the effects of timescale on repeated genomic
and transcriptomic evolution associated with transition to arid en-
vironments (Fig. 1A). First, we quantified signals of repeated evolu-
tion at two timescales, corresponding to the order Rodentia and
the family Murinae. We traced signals in kidney transcriptomes
at different levels: whole-transcriptome variation, sets of covary-
ing genes, individual gene expression levels. We also tested the in-
fluence of cell composition, which has a profound impact on
transcriptomic variation (Pantalacci et al. 2017), and we looked
for repeated amino acid evolution in coding sequences of kid-
ney-expressed genes. Second,we evaluated the influence of species
relatedness and of the age of the transitions on these signals (Fig.
1B). For this, we applied a variety of methods (Fig. 1C).

Results

A multipurpose data set to study convergent evolution

Our goal was to study convergence at two different phylogenetic
scales, Rodents and Murinae, bringing together kidney expression
and coding sequences data for the kidney. We combined publicly
available data (cDNA from published genomes and kidney RNA-
seq data) with newly generated RNA-seq data to obtain coding se-
quence and expression data in a variety of rodents, ensuring a rea-
sonable overlap between the two types of data (12 families, 48
species out of which 33 species with expression data) (phylogeny
built from our assemblies in Fig. 2; Supplemental Data S1). Most of
our sampling effort was meant to increase the number of Murinae
species taken from the wild, but we also included species that are
more easily obtained from laboratory colonies or commercial
strains (Supplemental Tables S1–S3; Supplemental Methods).

We associated each species with a biological status corre-
sponding to its arid (orange) ormesic (green) environment.We de-
termined its geographical distribution area and extracted the
corresponding bioclimatic variables (Methods) (Supplemental
Table S4; Supplemental Methods). Because an annual average plu-
viometry canhide large differences between seasons, wedecided to
use the precipitation of the driest quarter of the year and an envi-

ronment with <40 mm was defined as arid. We annotated 28 spe-
cies living in arid environments and presumably adapted to arid
environments (Fig. 2). For convenience, below we refer to them
as “arid species,”whereas other species are named “mesic species.”

To assess the independence of the transitions to arid environ-
ments and date them, we used a semiautomated method, enlarg-
ing our annotation to 1898 species. Then we estimated ancestral
states along a published rodent phylogenetic tree containing
2260 rodent species (Fabre et al. 2012; Supplemental Methods;
SupplementalData S2–S4; Supplemental Tables S1, S4; Supplemen-
tal Fig. S1), which was congruent with our phylogenomic tree pre-
sented in Figure 2. For species in our data set and their relatives, we
furthermanually curated the transitions based on additional infor-
mation from specific literature on the concerned species (i.e., more
complete phylogenies by specialists of the considered group con-
sidering phylogeography) and bracketed them to distinguish re-
cent from older transitions (minimum dates in Fig. 2, intervals
and bibliography in Supplemental Fig. S3; Supplemental Table
S5; Supplemental Methods).

This provided two data sets for expression analyses, so-called
Total_expr andMurinae_expr, which encompassed 33 and 11 spe-
cies, respectively (Figs. 2, 3A,E). Not all species for which RNA-seq
datawere availablewere selected for these data sets, as the selection
needed to balance the many requirements for gene expression
analysis (reproducible kidney dissection, RNAquality and batch ef-
fect, number of replicates; available expression data for an out-
group mesic species or a closely related species; minimizing
overrepresentation of a genus; keeping a reasonable balance be-
tweenmesic and arid species). In these final data sets, nine selected
species had no replicates. They were nevertheless selected because
(1) a closely related species from the same genus could serve as bi-
ological pseudoreplicates for the considered environmental transi-
tion, and/or (2) arid and corresponding mesic species were all
dissected and sequenced by us at the same time, ensuringminimal
confounding effects.

In contrast, for coding sequence analysis, wemaximized phy-
logenetic power by working on the largest possible data sets,
named Total_seq and Murinae_seq, which encompassed respec-
tively all the rodent species (48) and all the Murinae species (14).

Higher degree of gene expression convergence at gene, module,

and whole-transcriptome level in the Murinae subdata set
compared with the total data set

We investigated whether differences in the whole transcriptome
that were recorded agnostically by principal component analysis
(PCA) or by coexpressionmodule analysis carried a signal associat-
ed with the mesic/arid environment. Next, we investigated the
possibility of identifying genes that exhibit differential expression
in relation to the environment.

First, we analyzed broad patterns of expression differences in
a PCA. In the Total_expr data set, the difference between arid and
mesic individuals only becomes apparent when the phylogeny is
accounted for (Methods) (Fig. 3B; Supplemental Fig. S4).We found
that the fifth principal component (PC), which accounted for only
4% of the variation, only partially separates arid from mesic spe-
cies. We verified that this was not an artifact of technical batch ef-
fects (Supplemental Fig. S5; Supplemental Table S3). In the
Murinae_expr data set, the first component carriesmost of the sep-
aration between arid and mesic individuals and accounts for a
large proportion of the variation (25%) (Fig. 3F). However, on
the first two PCs, three individuals of the arid species Mus
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macedonicus locate with mesic species of the genus Mus, probably
because they are closely related and because M. macedonicus lives
in themoderately aridmediterranean environment. To investigate
the phylogenetic structures in these multivariate comparative
data, we then used a phylogenetic principal component analysis
(pPCA) (Jombart et al. 2010a,b; Supplemental Methods). We ob-
served that in the Total_expr data set, the third component, which
shows a phylogenetic signal, is also correlated with the environ-
ment (PC3) (Fig. 3B; Supplemental Fig. S6). In the Murinae_expr
data set, the two componentswith themost variance are correlated
with the environment, one with a phylogenetic signal (PC1) but
the other in opposition with the phylogenetic signal (PC12) (Fig.
3F; Supplemental Fig. S7). This suggests convergence at the
whole-transcriptome level.

By constructing dendrograms based on gene expression dis-
tances of DE genes (thus, without phylogenetic correction) we
confirm that species adapted to arid environments tend to be clos-
er, but the bootstrap supports are low. Hence, as in the PCA, there
is a strong phylogenetic signal mixed with environment signal in
expression divergence (Supplemental Figs. S4, S8).

Second, we hypothesized that convergence in gene expres-
sion could be detected in functionally related sets of genes that
exhibit coordinated changes in expression throughout the phylog-
eny. We ran correlation network analyses to detect these modules
of covarying genes (Horvath 2011). Seven modules in the
Total_expr and 10 in the Murinae_expr data set showed a signifi-
cant correlation with the arid habitat (Fig. 3C,G; Supplemental
Table S11). Within each rodent family, the expression level in
the Total_expr modules varied consistently with the habitat, con-
firming that a convergence signal is present alongside the phyloge-
netic signal (Supplemental Figs. S4, S9). The 10 Murinae_expr
modules presented several overrepresented functional categories
consistent with the literature mentioned in introduction, such as
lipid metabolic processes, cholesterol metabolism, anion trans-
port, and symporter activity (Supplemental Table S10; for top 25
terms, see Supplemental Fig. S10).

Third, we assessed differential expression by pairwise con-
trasts between arid and mesic conditions. Using the standard
tool DESeq2 for differential expression analysis, we accounted
for the family as a batch effect to identify genes that were signifi-

cant at the 0.1-adjusted P-value threshold and exhibited a log-
fold change greater than 0.4 (for lists and other thresholds, see
Supplemental Tables S6, S7). We found 41 genes in the
Total_expr data set and 744 genes in the Murinae data set. This
is 30.0 and 31.7 times more genes than expected (P-values <
0.0001 estimated from permutations) (Supplemental Fig. S11).
Among these genes, we found genes involved in kidney metabo-
lism and kidney adaptation to aridity (e.g., Slc35b4 and Slc40a1
in Total_expr; Aqp2, Aqp7, Slc14a2, Slc8b1, and Slc27a2 in
Murinae_expr) (Supplemental Material; Supplemental Tables S9,
S10). In addition, we applied the EVE phylogenetic modeling
method, an approach based on an Ornstein–Uhlenbeck model
with two optima that allows statistical assessment of branch-spe-
cific shifts in expression while accounting for interspecies varia-
tion (Rohlfs and Nielsen 2015; Gillard et al. 2021) but works one
gene at a time, contrary to DESeq2. After P-value adjustment for
multiple testing, we found only two genes in the Total data set
and four in the Murinae data set (0.1-adjusted P-value threshold).
However, many genes found by DESeq2 are significant with EVE,
suggesting that both methods are to some extent congruent
(70.1% of DESeq2 significant genes have EVE P-value <0.05 for
Total_expr, 77.6% for Murinae_expr) (Fig. 3D,H; Supplemental
Fig. S12A). The remaining genes may reflect different abilities of
the two methods to detect phylogenetic structures of convergent
expression signals (Fig. 1).

Because the various approaches are consistent with one an-
other, after correcting for the phylogeny, we conclude that the
Total_expr rodent data set exhibits a moderate signal for habitat-
related convergent evolution of gene expression levels, whereas
the Murinae_expr data set displays a stronger signal.

Transcriptome convergence is associated with convergent shifts in

kidney cell composition

Tissue bulk RNA-seq data reflect variation in both expression per
cell and cell-type composition (abundance). Here, different species
may exhibit divergent kidney structures as part of their adapta-
tion to arid environments.We investigated whether tissue compo-
sition distinguishes species living in mesic and arid environments
by deconvoluting our bulk RNA-seq data with MuSiC (Wang et al.

A B

C

Figure 1. Outline of the analysis of convergent adaptation to arid environment in rodents (A), which aims at quantifying convergence at different levels
and phylogenetic scales (B). Themethods are indicated in gray, and their main purpose is schematized (C). In particular, the EVEmodel and Pelican are two
phylogenetic methods. EVE models the evolution of expression toward two optima depending on the condition (theta1 vs. theta2). Pelican looks for dif-
ferences in amino acid usage at a given site between two conditions (here, p1 vs. p2). DESeq2, when used accounting for family effects, models a similar
shift in expression level in each family regardless of the family subtree.
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2019). This method uses cell-type-specific gene expression from
single-cell RNA-seq data in a reference data set to characterize
cell-type compositions from target bulk RNA-seq data (Fig. 4A).
We made several controls to choose the best reference data set (a
rat data set from Balzer et al. 2023), and to evaluate the limits
of the method (Supplemental Figs. S13–S17; Supplemental
Methods). We estimate that themethod can be used for moderate-
ly distantly related species, becausemarkers of cell types are largely
conserved between rats, mice, and hamsters.

In both the Total_expr and the Murinae_expr data set, the
first two components of a PCA calculated on these proportions
separated species living in arid/mesic environments (Fig. 4B,D;
Supplemental Table S12). This discrimination was significant (dis-
criminant analysis [DA], P-values = 0.001 and 0.002 respectively,
Monte-Carlo tests based on 1000 replicates). Visually the separa-
tion is noticeable but imperfect in the Total data set but is very

clear in theMurinae data set, with the ex-
ception of the M. macedonicus samples
(which resemble mesic species as seen
above). Cell types that mostly contribut-
ed to this separation were connecting
duct, distal convoluted tubule, stroma,
intercalated cells, and endothelial cells
on the arid side and proximal tubule
and loop of Henle cells on the mesic
side. Several cell-type-associated P-values
were significant after controlling for the
family effect (Fig. 4C, linear models). No-
tably, for certain cell types, we saw the
same pattern across most families (e.g.,
proximal tubule cells decreased in pro-
portion in species living in arid environ-
ments) but not for other cell types (e.g.,
loopofHenle cells tend to increase inpro-
portion in Cricetidae and Heteromyidae
but not Muridae) (Supplemental Fig.
S18).

Two observations show that this
convergent evolution in cell proportions
globally impacts the transcriptome. First,
variation in cell proportions correlates
with coexpression modules: Modules
upregulated in arid species correlate pos-
itively with cell populations whose pro-
portions are enriched in these species
and reversely formodules downregulated
(Fig. 4E; Supplemental Fig. S19). Second,
marker genes tend to be enriched in dif-
ferentially expressed genes significantly
up- or downregulated in species living
in an arid environment, differently de-
pending on the cell population they
mark: For instance, intercalated cells
marker genes contain upregulated and
proximal tubulemarker genes downregu-
lated DE genes (Supplemental Fig. S15).

Taken together, these results imply
that both Total and Murinae data sets ex-
hibit a significant level of convergent
evolution of cell proportions, again
with a stronger signal in the Murinae
data set. This convergence in cell propor-

tions very likely shapes the global trend of transcriptome conver-
gence pointed above with PCA and gene modules.

Convergent evolution in coding sequences is mosaic

Studies on convergent evolution in coding sequences have shown
that convergence on the exact same amino acid occurs but is rare.
Few convergent phenotypes, including echolocation or C4 carbon
fixation in plants, exhibit convergent substitutions that can be
deemed perfect, such that a transition to an identical amino acid
is found on all branches where a transition to the new phenotype
occurred (Besnard et al. 2009;Marcovitz et al. 2019).Moreover, the
exact same change is not needed to accomplish a similar function-
al effect on a protein. Here, to characterize cases of convergent evo-
lution in coding sequences, we looked for differences in amino
acid usage at a given site between arid and mesic species in the

Figure 2. Phylogram showing the species used in the study,made usingmaximum likelihood on a con-
catenate of 4065 orthologous gene families. Expression (circles) and coding sequence assemblies
(squares) with their source (colors) are indicated. Mus musculus strains (gray box, not included in the
33 species count), Murinae_seq data set (dashed lines box), and Total_seq data set (plain line) are delin-
eated. Families and environments are color-coded, and precipitation is indicated. Transitions to arid en-
vironments are indicated by stars together with minimum transition ages (or maximum when not
available) for data expression analysis.
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Total_seq and Murinae_seq data sets. We used Pelican, a method
that takes into account the phylogeny of the species and that
proved to be the best of its kind in a recent benchmark (Duchemin
et al. 2023). By simulating positive and negative control sites, we
set up a false-positive threshold (0.001) to detect cases with at least
two events of convergent evolution (Fig. 5A; Supplemental Fig.
S20; Supplemental Methods). We also ensured that our detection
is not severely affected by gene length (Supplemental Fig. S21).

In the Total-seq data set, we selected 2350 gene families with
well-aligned single-copy orthologs found in at least 20 mesic and
25 arid species and used in the Total_exp data set to be able to cross
the results. We used Pelican to score the genes based on their best
site (with the lowest P-value) and retained 729 geneswith a P-value
below the threshold (Fig. 5, blue line). SixGO terms displayed a sig-
nificant enrichment, but differentially expressed genes were not
enriched, probably owing to their small number (adjusted P-val-
ue < 0.1) (Fig. 5D; Supplemental Fig. S20). Our simulated positive
controls and the inspection of the best sites show that the lowest
observed P-values correspond to about six independent events
out of 22 transitions (Fig. 5B; Supplemental Figs. S20, S22).

Repeated evolutions were not observed in all independent transi-
tions but were limited to a subset of the families of rodents, and
this subset was proper to each gene (but often correlated between
sites of the same gene).

In theMurinae_seq data set, using the samemethod, we char-
acterized 459 genes with convergent evolution in coding sequenc-
es out of 2308 gene families with more than seven arid and nine
mesic species, corresponding to five transitions. Differentially ex-
pressed genes as well as five GO terms showed an enrichment (ad-
justed P-value< 0.1) (Fig. 5E). Here again, we did not observe
sites with convergent evolution at all five transitions but several
sites with convergent evolution at four out of five transitions
(Fig. 5B,C).

Patterns of convergent evolution in coding sequences there-
fore appear similar in Murinae_seq and Total_seq data sets, with
20%–30% of genes carrying at least one site with two transitions,
but no site undergoing convergent evolution at all transitions.
Convergence seems stronger in Murinae as some sites converge
at almost all transitions (four of five), which is far from being the
case in the Total data set (about six of 22 transitions).

A B C

G HFE

D

Figure 3. Detection of convergence in expression levels in rodents and inMurinae. (A–D) Detection in the Total_expr data set. (A) Phylogeny of species in
the total expression data set. Species names are colored by environment (mesic: green; arid: orange). Rodent families are color-coded. Minimal dates of
transitions to arid environments are indicated. (B) Whole transcriptome patterns extracted with a principal component analysis (PCA) made using batch-
corrected expression values for 5443 genes and 80 individuals. PC1 is shown with PC5, because it is best correlated with the environment. Main patterns
from a phylogenetic principal component analysis (Phylo-PCA); the components associatedwithmost variance are represented. (C) Coexpressionmodules
are represented by their eigen gene with the color showing expression levels in each species. Modules significantly down- or upregulated in arid species are
depicted at the top of the panel, with grayscale colors indicating the strength of the correlation. Modules are named according to the sign and significance
of this correlation and a number (tu: Total up; td: Total down; tn: Total not correlated). Barplots represent the numbers of genes in eachmodule. (D). Venn
diagram of differentially expressed genes found with DESeq2 and EVEmodel. The position of genes passing the EVEmodel FDR threshold is shown with a
small bar. (E–H) Results for the Murinae expression data set. (E–G) Detection in the Murinae data set, for 7779 genes and 29 individuals. Colors as in A, and
legend as in B–D. (mu) Murinae up, (md) Murinae down, (mn) Murinae not correlated. Code for species names in Figure 2.
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Figure 4. Convergent tissue composition in species living in an arid environment. Cell proportions were estimated by deconvolution using rat scRNA-seq
data. (A) Principle of the method. UMAP redrawn from selected samples from Balzer et al. (2023). All cells from the scRNA-seq data except immune cells
were used. (B,D) PCA on cell-type proportions is presented for the Total_expr and Murinae_expr data sets. Centroids are represented for species living in a
mesic (green) and arid (orange) environment. (C) Cell proportions for species of the Total_expr data set, segregated by habitat. P-values of linear models
testing for an effect of habitat accounting for the rodent family are indicated. (E) Correlations of Murinae coexpressionmodules (shown in Fig. 3G) with cell
proportions, colored according to key. Cell types are abbreviated as follows (see also schema of panel A): endothelial cells (Endo), stroma cells (Stroma),
proximal tubule cells (Prox tub), loop of Henle (LOH), distal convoluted tubule (DCT), connecting tubule (CNT), collecting duct principal cells (PC), and
collecting duct intercalated cells (IC), immune cells (Immune).
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Figure 5. Convergent evolution in coding sequences. (A) Distributions of log10(P-value) of Pelican tests for real Murinae_seq data (black; all sites and
excluding constant sites), simulated negative controls (blue; 1/1000 quantile is indicated), simulated positive controls (red; number of transitions is indi-
cated; dashed lines show the minimum P-value). (B) Scatterplot displaying log10(P-value) of Pelican tests for all sites common to Murinae_seq (x-axis) and
Total_seq (y-axis). The density plot is in black. Blue and dashed red lines as in A for Murinae_seq and as in Supplemental Figure S20A for Total_seq. (C) Top
21 best sites found by Pelican with Murinae_seq data set. (D) Genes ordered according to Pelican’s best site-wise P-value in the Murinae_seq data, with
1/1000 threshold in blue. DE genes indicated by triangles. Genes that belong to selected significant GO-term are indicated. Star indicates a significant
enrichment (adjusted P-value < 0.1). (E) Same for Total_seq data.

Chalopin et al.

478 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280089.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


Altogether, the analysis of expression levels, tissue composi-
tion, and genomic convergence suggests a greater level of conver-
gent evolution within a single rodent family, Murinae, than in the
total data set. One possible reason is thatMurinae have recently di-
verged and thus share a common genomic background. Another
reason may be that their transitions all occurred in a more similar
time frame,whereas in the total data set some species belong to lin-
eages that have adapted from mesic ancestors tens of millions of
years ago, but others adapted very recently.

Convergent evolution in expression levels is stronger for ancient

transitions than for recent transitions

To explore the effect of the age of the transitions, we prepared
two data sets of size similar to the Murinae, in terms of number
of species and number of transitions to the arid habitat (four tran-
sitions), but these transitions are either relatively recent (recen-
t_expr, within the same genus and less than 6 MY ago) (Fig. 6A),
or more ancient (ancient_expr, at the base of a rodent family
and/or more than than 6 MY ago) (Fig. 6E). In both cases, transi-
tions happening in different rodent families were represented so
that the “common background” effect was minimized (three dif-
ferent families for the older transitions, two families for the youn-
ger transitions; see later how we controlled for this effect).

These dates were assessed using time-calibrated trees and an
extensive review of the literature (Fig. 2; Supplemental Methods;
for chronogram, see Supplemental Fig. S2). It should be noted
that some mesic species are present in both data sets, but this
should not affect our conclusions, as it is the events happening
in the arid branches that interest us. We then applied the same
methods as in the previous sections to analyze convergent evolu-
tion in expression levels.

In the recent_expr data set, we found that the fourth axis of a
PCA analysis of expression levels correlated best, albeit imperfect-
ly, with arid/mesic status and explained 7% of the variation (Fig.
6B). In the ancient_expr data set, the second axis of the PCA clearly
separated arid and mesic species and explained 16% of the varia-
tion (Fig. 6F; for main axes in the phylogenetic PCAs correlated
with phylogeny, see Supplemental Figs. S23, S24). This concords
with the number of genes with differential expression found by
DESeq2, which was much lower in the recent_expr data set than
in the ancient_expr data set (Fig. 6D,H). The number of genes
with convergent evolution found by the EVE model was relatively
larger in the recent_expr data set, but we show by simulations that
this topology tends to favor detection with this method
(Supplemental Methods; Supplemental Fig. S12).

Three gene expression modules were significantly correlated
with the arid environment in the recent_expr data set, whereas
seven were correlated in the ancient_expr data set (Fig. 6C,G).
They were enriched for relevant functions in the ancient_expr
but not in the recent_expr data set (Supplemental Fig. S25;
Supplemental Table S10). This was also coherent with dendrogram
analyses of DE genes (Supplemental Fig. S26).

Altogether, whole-transcriptome patterns, gene modules,
and differential expressed genes detected by both methods show
more convergent evolution in ancient transitions than in recent
transitions.

Disentangling the contribution of environmental and temporal

factors on expression level and cell composition evolution

In prior sections, we emphasized that convergent evolution in
gene expression levels is more pronounced within a single family

than throughout the entire data set and that it is also more pro-
nounced for ancient transitions than for more recent transitions.
This was noted for data sets that were equivalent in species count
and transition count, albeit for a singular instance in each sce-
nario. To generalize this discovery and separate these two effects,
we constructed every possible species pair in the data set. Pairs
in which both species inherited a change in habitat were eliminat-
ed. We quantified the correlation between transcriptomes and be-
tween cell compositions for each pair. Of note, we cannot run
statistical tests on this analysis because the pairs are not phyloge-
netically independent.

We observed more variation between kidney transcriptomes
of arid species comparedwithmesic species. This is explained if ad-
aptation to aridity drives kidney diversification and/or drives faster
genomic evolution, but mesic species tend to conserve more sim-
ilar kidneys and/or have slower evolution ratesWhatever its origin,
this effect will limit the amount of detectable convergent
evolution.

Kidney transcriptomes were more similar for pairs that be-
longed to the same family than for pairs that did not, as expected
from phylogenetic relatedness (Fig. 7A). This effect is even greater
for pairs of species independently adapted to the arid environ-
ment, with species fromdifferent familiesmore dissimilar and spe-
cies from the same family more similar on average than expected
frommesic species. We made a similar observation when compar-
ing cell proportions (Fig. 7B). This is explained if convergent evo-
lution in expression levels and cell proportions is stronger when
species evolve independently from ancestors that were more alike.

In order to separate this effect from the age of transition, we
split the pairs of species adapted to the arid environment depend-
ing on the age of the transition (Fig. 3A). As we saw earlier, tran-
scriptome correlations were higher for pairs of species belonging
to the same family but also for more ancient transitions (Fig.
7C). We also observed this when we calculated the correlations
only on the union of all the differentially expressed genes found
in the previous sections (1325 genes) (Fig. 7D). We observed
high correlations for the pairs with ancient transitions, whether
the species belong to the same rodent family or not, but observed
lower correlations for the pairs with recent transitions. This is ex-
plained if convergent evolution in expression levels and cell pro-
portions is stronger between ancient adaptations.

Discussion

We studied repeated evolution during adaptation to aridity, at the
macroevolutionary scale, in 12 families of rodents. Our analyses
covered transcriptomes, coding sequences and cell-type propor-
tions, across timescales. The strength of our study is the large num-
ber of mesic and arid species, including several species sampled in
the wild. A caveat in this strategy is that we only have a single in-
dividual in several species. Therefore, we cannot study species-spe-
cific changes in expression, but we can study convergence at the
clade level. Another caveat is that we treated together animals
that had different access to water at the time of sampling (from
ad libitum drinking in laboratory, to wet and dry season in the
wild), which likely reduced our ability to detect convergent chang-
es in expression. Even though some ancestral statesmay be subject
to caution despite our care to annotate them, whichmay affect the
results of phylogenetic methods, we believe the overall message of
the analysis is strong because we rely on several other approaches,
all of which are congruent.
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Ameta-analysis has shown that cases of repeated phenotypic
evolution exhibit higher rates of convergent molecular evolution
within recently diverged lineages than within lineages that di-
verged a longer time ago, but the relationship becomes less clear
within clades with older divergence (Bohutínská and Peichel

2024). Here we tested the effect of timescales on convergent ex-
pression evolution at the macroevolutionary level. We focused
on a single organ and a single rodent clade. Compared with the
above-mentioned meta-analysis of different works carried out in
different clades and for different phenotypic traits, this has the

A
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F

C D G H

Figure 6. Detection of convergence in data sets with ancient and recent transitions to arid environments. (A) Phylogenetic relationships of the subset
with recent (within genera) transitions. The environments and families of the species are color-coded as in Figure 2, and the dates of transitions are indi-
cated. (B) Phylo-PCA plot and PCA plot using family-corrected expression values. (C ) Heatmap representing eigengenes per species and per coexpression
module. (D) Differentially expressed genes called by DESeq2 and genes detected by the Eve model (genes passing the FDR threshold are only found in the
nonoverlapping genes as shown with the small gray bar). (E–H) Same for the set with ancient (between genera) transitions.
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advantage of better controlling the confounding effects of differ-
ences in polygeny and genome architecture on the level of molec-
ular convergence.

In our type of study focusing on an environmental transition,
there are many reasons why convergence may not be found. First,
our analysis merged in the same category different ecological real-
ities, associated with different types of challenges. Second, the
same environmental challengemaybe answered through different
phenotypic traits. Third, the same adaptive trait may involve dif-
ferent functional strategies and, therefore, genetic strategies. For
example, it is known that differentmammals show different struc-
tural strategies to improve water retention in the kidney, and dif-
ferent solute carriers have been pointed out in previous studies.

Despite this, we found convergence at all examined biological
levels, from bulk kidney transcriptomes down to the coding se-
quences and expression levels of individual genes. A number of
these genes are associated with kidney physiology. Notably, we
found in our data several genes and pathways described in recent
surveys (Supplemental Material; Rocha et al. 2021; Bittner et al.
2022).

Transcriptome-level signatures reflect convergent changes

in cell proportions, suggesting convergent structural

adaptations of the kidney

The structure of kidneys varies considerably among mammals
(Zhou et al. 2023), with differences in renal histology related to ad-
aptations to arid environments (Bankir and de Rouffignac 1985).
Certain differences are species-specific, such as the unique papil-
lary loop of the chinchilla (Chou et al. 1993). Others have been
measured across a wide range of species, such as the relative thick-
ness of the medulla, which is proportional to the maximal length
of the loop of Henle (Beuchat 1996) and is positively associated
with habitat aridity (al-Kahtani et al. 2004). Here, we do observe
a signal of convergence in several cell-type proportions, using rat
scRNA-seq as a basis for defining cell-type transcriptomes. The pro-
portion of proximal tubule cells (PTs) was larger in mesic species:
This was observed independently in different rodent families
(Supplemental Fig. S18). Stromal, LOH, and endothelial cells also
increase in proportion in arid species, but only in certain families.
Together with the diversification and time effect shown in Figure

A B

C D

Figure 7. Similarity of expression levels and cell composition in pairs of species. Transcriptome similarities of expression levels (A) and cell-type compo-
sition (B) measured with Pearson correlation coefficients for pairs of species living in similar or different environments, belonging to the same or to different
rodent families. (C ) Transcriptome similarities of expression levels measured for pairs of species living in arid environments, belonging to the same or to
different rodent families, after ancient or recent transitions (all independent pairs from Fig. 3Awere taken). (D) Same but correlationsmeasured on all differ-
entially expressed genes detected in the study (N=1325 genes).
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6, this suggests that adaptation drives strong structural divergence
of kidneys in arid species compared with their more monotonic
mesic counterparts, but occasionally these structural changes are
convergent.

The convergent changes in cell proportions may explain
some of the convergent changes in marker genes (Supplemental
Material). Because these proportion changes are correlated with
coexpression modules, this reiterates the often-overlooked impact
of differences in cellular proportions on bulk RNA-seq (Pantalacci
and Sémon 2015). To go further, the convergent signal could be re-
fined by more precise cell-type annotation. Renal single-cell RNA
sequencing data from multiple rodent species, ideally including
arid species, will also be needed to study expression change per
cell type versus cell proportion changes. As in the kidney, cellular
composition has likely undergone convergent changes in other
complex and heterogeneous organs, and the deconvolution ap-
proach we present here could help study them.

Convergence in amino acid usage suggests multiple genetic

paths repeatedly taken in a mosaic manner

A large proportion of genes showed convergent amino acid substi-
tutions. The enrichment of relevant gene functions like symporter
genes or in differentially expressed genes in arid versus mesic spe-
cies suggests a link with kidney adaptation to aridity. However, we
observed that convergence most often does not happen in more
than two independent transitions and may affect traits other
than the kidney (provided that a gene is expressed at reasonable
levels in kidneys, it is in our data set). We expect that the combina-
tion of these two effects will strongly diminish the chances to find
significant GO terms. Furthermore, we do not rule out that more
indirect effects inflate the number of these genes. For example,
faster evolutionary rates of habitat-driven speciation may increase
the chances to observe convergent epistatic changes in proteins
with neutral functional consequences.

Even in the sites with the best scores, we did not observe sites
with the exact same amino acid change occurring in all arid species,
but changes occurring in four to five clades at best. We performed
simulations that refute low sensitivity inour detection. The observa-
tion that, for each gene, convergence happens for some clades only
indicates that several genetic paths are repeatedly followed but in a
mosaic manner, and there is no main path for adaptation, which
would be systematically used in all transitions. Consistent with
our results, a recent analysis of molecular evolution associated
with diverse convergent phenotypes in rodents found very few cas-
es of perfect convergent amino acid evolution (Roycroft et al. 2021).

Wewere not able to study all the genes in the rodent genome,
becausewe left aside genes that had undergone recent duplications
and low-expressed genes whose sequence could not be recon-
structed in certain species. It therefore remains possible that exam-
ples of perfect convergent amino acid substitutions (or convergent
expression) are hidden among the remaining genes.

Effect of temporal factors on the convergent evolution

of expression levels

We found a striking coherence among the different methods we
used for analyzing expression data sets, even though each has its
own unique characteristics. First, with every method, we observed
a strong phylogenetic signal in the expression data. Second, simi-
larly to the patterns observed for coding sequence, a mosaic signal
of convergence was found comparing gene expression in species

spanning the Rodentia order, whereas more systematic conver-
gence was found focusing on the Murinae family.

We then more directly tested the influence of temporal fac-
tors.We observedmore convergent changes whenwe selected spe-
cies independently adapted frommore closely thanmore distantly
related ancestors and when we compared older transitions versus
recent transitions. Our study shows that there are many different,
yet repeatedly selected, ways to adapt to aridity and that the degree
of convergent evolution increases with both the age of the transi-
tions and species relatedness.

The reasons for this excess may differ in the two cases. The
convergences that have taken placewithin the same family are per-
haps favored by the fact that these species share a relatively recent
common ancestor and therefore share similarities in their muta-
tional landscape, protein interactomes, regulatory pathways, or,
even in some cases, alleles. A phylogenetic effect is visible in the
coexpression modules, which can be considered as the mark of
this common background in gene expression. Our analysis also
shows that changes in kidney structural composition increase
with time, which will blur the evolution of bulk gene expression
levels, reducing our power to detect convergence if no close con-
trol species can be included in the study design.

The molecular convergences between distant lineages that
have long adapted to aridity could be attributed to the fact that
many separate adaptations in various traits have accumulated, in-
creasing the chances of finding some repeatedly. This highlights
that the amount of convergent evolution is influenced by both
historical contingency, leading to clade-specific adaptations, and
timescale.

Methods

Species selection and data preparation

Kidneys sampling

We obtained rodent kidneys of three kinds (Supplemental Tables
S1 and S2; for all details, see Supplemental Material). First, some
samples came from animals trapped in their natural habitat in
six countries. Only one species was trapped on purpose for this
study (France). The others were trapped as part of other projects
(Senegal, South Africa, Greece, Cameroun, Nigeria, Benin), and
kidneys were generously donated to us from collections
(Michaux et al 2005; Chevret et al. 2014; Garba et al. 2014;
Savassi et al. 2021) or after being preserved for the purpose of
this study. Information on the trapping location was available in
all instances. Second, other samples came from animals that
were part of colonies recently established from wild species
(Acomys dimidiatus, different Mus species, Fukomys mechowii). In
particular for Mus species, this offered the possibility to check if
their daily water consumption was consistent with their estimated
condition (i.e., mesic or arid). (3) We also added a commercially
available mouse strain, as a reference. In all cases, whole kidneys
were preserved in RNAlater and stored at −20°C.

Kidney dissection, RNA extraction, and sequencing

To obtain representative expression levels, we removed fat tissue
and adrenal gland and used the whole kidney, including for
large-sized species (Supplemental Methods). All pieces from a sin-
gle kidney were lysed in TRIzol with a Precellys homogenizer
(Bertin) before precipitation and further purification using the
RNeasy mini kit from Qiagen. RNA integrity was controlled on a
TapeStation (Agilent Technologies, most RIN was more than 7.8,
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occasionally more than 6.5). poly(A)+ libraries were prepared with
the TruSeq V2 kit (Illumina, nonstranded protocol), starting with
150 ng total RNA before sequencing (Illumina HiSeq 4000, 50 bp
single end; one individual per species was resequenced in 100 bp
paired-end for transcriptome assembly).

Bioclimatic variables, transitions to arid environments

Weobtained the geographical distribution area of each species using
GBIF (https://www.gbif.org/) data through the rgbif package (Cham-
berlain and Boettiger 2017). Then, for each species, we extracted
BIO17 values of its distribution area with the dismo package (10.
32614/CRAN.package.dismo), which indicates precipitation values
of the driest quarter from the international database worldclim
(https://www.worldclim.org/data/bioclim.html). Median values
were calculated for each species after excluding samples from zoos,
museums, or laboratories. We considered a species as adapted to
the arid environment if the median BIO17 is below 40 and to the
mesic if the median BIO17 is more than 40.

To obtain the ancestral state reconstruction, we opted for
a semiautomated method, based on a broad annotation in many
species, which we manually curated for some of our nodes of inter-
est. The annotationof the bioclimatic variableswas intersectedwith
a large-scale tree of rodent species (2257 species) (Supplemental
Methods; Fabre et al. 2012). We then reconstructed the ancestral
states using a maximum likelihood estimation (ape R package)
(Paradis and Schliep 2019). This provided us with the scaled likeli-
hoods of ancestral states for each internal node of the tree. Based
on this extensive automated annotation, we then reviewed individ-
ually the transitions based on literature on rodent phylogeny and
phylogeography (Supplemental Fig. S1; Supplemental Methods).
The minimum and maximum ages of transitions to the arid envi-
ronment in the expression data set were then estimated from the lit-
erature (Supplemental Methods; for 18 articles, see Supplemental
Table S5). Transition dates are expected to be older than the node
corresponding to the most basal divergence within a family of
arid species but younger than the node linking this family with a
family of mesic species (Supplemental Fig. S2).

Convergent changes in gene expression data

An automatic workflow was set up using Nextflow (version 19.04.0,
April 2019) and is summarized in Supplemental Figure S27.

Published RNA-seq libraries

We interrogated the NCBI for rodent Illumina RNA-seq libraries
and selected those with kidney in the metadata. We excluded
data from mouse, rat, and pooled species. Whenever possible we
selected for each species the three samples with best quality using
MultiQC (Ewels et al. 2016). We obtained 60 samples from 21 dif-
ferent species (Supplemental Table S3).

De novo transcriptome assemblies and expression levels

To fairly estimate gene expression levels, we generated de novo
transcriptome assemblies for all species, even when genomes
were available. We used the selected 60 public samples plus 17 of
our samples (Supplemental Table S3) as a basis for an assembly us-
ing Trinity version 2.8.5 (Grabherr et al. 2011). We predicted cod-
ing sequences from these assemblies and evaluated them with
BUSCO version 3.0.2 (Haas et al. 2013; Manni et al. 2021). The
quality of the assemblies is summarized in Supplemental Table
S13. Expression levels were obtained by mapping the sequence
reads against coding sequences from de novo assemblies using kal-
listo 0.45.1 (Bray et al. 2016) with the default parameters.

Annotation of transcripts

We selected the rodent subset (14 genomes) from EggNOG version
5 (Huerta-Cepas et al. 2019) and used them as a BLASTX database
to align the predicted coding sequences (CDSs). For each CDS, we
retained the best hit with an E-value threshold 1×10−6 and as-
signed it to the corresponding EggNOG cluster. We kept the CDS
with the best hit when multiple CDS of the same species were
linked to a particular EggNOG cluster.

Preparation of the expression matrices

We isolated 11,437 gene orthogroups with data for at least three
species. All transcripts of a given gene were imported using
tximport package (Soneson et al. 2015) with the option
countsFromAbundance= “lengthScaledTPM” for additional scal-
ing using the average transcript length to account for gene length
differences between species (Supplemental Table S3; Supplemental
Data S5). We then performed the following steps on each data set
independently.

We first adjusted the expression levels to minimize the influ-
ence of phylogenetic effect by applying batch correction using
ComBat_seq from sva package (Zhang et al. 2020). Batch groups
are defined based on species phylogenetic relatedness and usually
correspond to a rodent family. Because we need at least one arid
species and one mesic species in a batch group to perform resam-
pling (see below), we combined two sister families in the same
batch when needed (Supplemental Table S3). The correction was
applied on all sets except Murinae, in which all species belong to
the same family.

Convergence detection by differential and correlation network analyses

On each data set, only genes with nonnull values in all individuals
were used, and mitochondrial genes were removed.

We implemented PCAusing the prcomp function from the stats
package. Between-class analyses were used to estimate the effect of
environmental factors (Dray andDufour 2007). Dendrograms using
expression data were drawn using neighbor-joining on the basis of
expressiondistancematrices (1– Spearman’s correlation coefficient)
complemented with 1000 bootstrap analyses (ape 5.7) (Paradis and
Schliep 2019). We implemented phylogenetic PCA using the ade-
phylo package (Jombart et al. 2010a,b).

We performed differential expression analyses using the
DESeq2 package (Love et al. 2014). Differentially expressed genes
were filtered based on log2 fold-change threshold of 0.4 corre-
sponding to fold-change greater than 1.3 (“greaterAbs”) and ad-
justed P-value<0.1 (Supplemental Table S7; for results with
other thresholds, see Supplemental Table S6). To estimate whether
the number of observed DE genes between the arid and mesic spe-
cies is significantly different from a random observation, we set up
a protocol based on permutations inspired by Bittner et al. (2022)
that respects the phylogenetic groups (Supplemental Table S3;
Supplemental Methods).

Wemodeled the evolution of expression using the EVEmodel
R package (Gillard et al. 2021) using norm-transformed counts of
expression (method ntd from DESeq2 package). We performed
the “twoThetaTest” method contrasting one homogeneous ten-
dency on all branches with two phenotype-specific tendencies
(mesic vs. arid) (Supplemental Table S8). We performed simula-
tions to study the sensitivity of the model for different tree topol-
ogies (Supplemental Methods).

We searched for modules of genes with correlated expression
values with a weighted gene coexpression network analysis
(WGCNA version 1.72) (Horvath 2011). We used normalized
counts obtainedwithDESeq2 and the top 50%most variable genes
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based on varianceStabilizingTransformation from DESeq2. We se-
lected soft-thresholding power from five to 20 based on the
pickSoftThreshold function, and we used the “signed” network
and a minModuleSize = 30 in the blockwiseModules function in
WGCNA.

We computed functional enrichment for Gene Ontology
terms using EnrichGO function from the ClusterProfiler package
(Wu et al. 2021) on lists of differentially expressed genes andmod-
ules of coexpressed genes significantly correlated with arid/mesic
habitat. We developed an in-house script to obtain networks of
gene enrichment results visually similar to (Pollard et al. 2024).
A network displays significantly overrepresented GO terms (P adj
< 0.1) as nodes, with edge weights reflecting shared gene percent-
ages used for clustering by the Louvain community detection
algorithm.

We established a list of renal marker genes with cell type and
renal segments based on a search of databases and literature as de-
tailed in the Supplemental Methods (Supplemental Appendix 2;
Supplemental Table S9).

Deconvolutions

To determine whether changes in cell proportions occurred be-
tween mesic and arid species, we tested several computational
methods to infer cell-type proportions from bulk transcriptomic
data, based on marker genes and on species with kidney scRNA-
seq currently available in rodents (mouse, rat, and hamster)
(Supplemental Methods). Our benchmark shows that MuSiC
(Wang et al. 2019) applied with scRNA-seq data taken from rat
kidney (Balzer et al. 2023) was best (Supplemental Methods).
These data contain 48,744 cells for three lean and untreated indi-
viduals (obtained from theNCBIGene ExpressionOmnibus [GEO;
https://www.ncbi.nlm.nih.gov/geo/] under accession number
GSE209821), with which we redid the UMAP using Seurat pack-
age (Hao et al. 2021) and transferred the annotations from the pub-
lication before estimating cell proportions.

Detection of convergent changes in protein sequences

Coding sequences from genome assemblies

We retrieved coding sequences from 24 published rodent genomes
(Ensembl release 99) (Harrison et al. 2024). For eight species,
genome and kidney transcriptome assemblies were available
(Supplemental Table S1). In these cases, cDNA Ensembl sequences
were favored over transcriptomes in the sequence analysis. We as-
signed these coding sequences to EggNOG groups as described
above (see Annotation of Transcripts).

Sequence alignments

We grouped coding sequences associated with the same EggNOG
group into gene families. We removed families with fewer than
three species and sequences within families if their length was
<70% of the median length of the family. We aligned the remain-
ing protein sequences with MAFFT (version 7.313, with the op-
tions ‐‐localpair ‐‐maxiterate 1000) (Katoh and Standley 2013)
and cleaned the alignments with HmmCleaner (version
0.180750) (Di Franco et al. 2019). We discarded sequences for
which >50% of the positions were removed by HmmCleaner and
amino acid sites with >10% gaps. We obtained multiple align-
ments for 11,437 sets of orthologs, ranging from three to 48 species
(plus two strains) (Supplemental Data S6).

Phylogenetic reconstruction

With a custom script, we back-translated the amino acid align-
ments of the 4065 complete gene families (with 50 sequences)

and retained only the sites without gaps for phylogenetic analysis
(Supplemental Methods). Ten subsets were extracted from these
families. For each subset, we chose randomly 500 genes and 200
sites per gene and then concatenated the 100,000 sites (using
catfasta2phyml.pl; https://github.com/nylander/catfasta2phyml).
For genes shorter than 200 sites, all sites were retained in the
concatenate. Phylogenetic reconstruction was performed using
RAxML-NG software (Kozlov et al. 2019) with the options ‐‐all
and ‐‐model LG+G. We obtained 10 trees for which we estimated
the likelihood of the complete data set. We retained the best tree
for Figure 2 and for detecting convergent sequence evolution.
The corresponding phylogeny built fromour assemblies is congru-
ent with a large-scale rodent phylogeny (Supplemental Fig. S2; for
a cophylogeny done with apes, see Paradis and Schliep [2019]).

Detection of convergent sites

We used Pelican (Duchemin et al. 2023) to detect convergent
changes in cleaned protein alignments using “multinomial-filter =
0.8” (Supplemental Data S7; Supplemental Methods). For each
data set, we filtered the gene families based on the total numbers
of mesic and arid species (see Results). We simulated positive con-
trols of convergence with a custom script and negative controls
with the Pastek simulator (for details, see Supplemental Methods;
https://gitlab.in2p3.fr/pveber/pastek, commit: d267be5f). This al-
lowed us to define a threshold of detection and to obtain genes
for which one site at least passed the threshold.We performed over-
representation analysis using the Gene Ontology database
(ClusterProfiler) (Wu et al. 2021).

Protection of human subjects and animals in research

This study used collections of samples as well as specimens sam-
pled in the frame of this study. This was performed in strict respect
of legislation, regarding animal trapping, animal care, animal kill-
ing, sample transport, and respect of the Nagoya protocol. Specific
accreditations are listed below. More details can be found in
Supplemental Material (Supplemental Appendix 1).

Collections

Collection in Creta was performed by NHMCunder the provisions
of the Presidential Decree 67/81.

For collections from the Republic of Benin, access and sharing
of advantages was agreed by the government of the Republic of
Benin (file 608/DGEFC/DCPRN/PF-APA/SA).

Benin, Cameroon, and Senegal samples were part of the
“CBGP–small mammal collection” (https://doi.org/10.15454/
WWNUPO).

Sampling in the wild

None of the rodent species is protected, and every animal-related
procedure was performed according to official ethical guidelines
(Sikes and Animal Care and Use Committee of the American
Society of Mammalogists 2016).

South African rodent specimens were sampled under permit
number JM 1193/2017, issued by the Free State Department of
Economic, Small Business Development, Tourism and Environ-
mental Affairs (DESTEA) in Bloemfontein (Free State, South Africa)
and exported to France under permit JM 3007/2017, also issued by
DESTEA.

Sampling in Senegal were conducted following official regula-
tions (Centre de Biologie pour la Gestion des Populations (CBGP):
Agrément pour l’utilisation d’animaux à des fins scientifiques D-
34-169-003) of the relevant institutional committee (Regional
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Head of the Veterinary Service, Hérault, France). All transfer and
conservation procedures were performed in accordance with cur-
rent Senegalese and French legislation (by the Senegalese
“Direction Nationale des Eaux et Forêts, Chasses Et Conservation
Des Sols,” partner of the “CERISE” project, which funded this trap-
ping campaign (AAPSCEN-20B III) and the French “Direction
Départementale de la Protection des Populations, Hérault” for
sample importation authorization.

Sampling in laboratories

Animals were maintained and sacrificed in strict accordance with
the European guidelines 2010/63/UE and the local legislation, in-
cluding in breeding species issued fromwild life (France, accredita-
tion SPE-2014-001 69-148; Czech Republic, accreditation 22395/
2014-MZE-17214).

Data access

All raw sequencing data generated in this study have been sub-
mitted to the European Nucleotide Archive (ENA; https://www
.ebi.ac.uk/ena/browser/) under accession number PRJEB54931.
Previously published cDNA libraries and expression raw data are
listed with accession numbers in Supplemental Table S3. All codes
are available in a GitLab repository (https://gitbio.ens-lyon.fr/
LBMC/cigogne/convergent_aridity_2024) and in the Supplemen-
tal Code.
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