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1 | INTRODUCTION
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Abstract

DNA methylation-based biomarkers of ageing (epigenetic clocks) promise to lead to
new insights into evolutionary biology of ageing. Relatively little is known about how
the natural environment affects epigenetic ageing effects in wild species. In this study,
we took advantage of a unique long-term (>40 years) longitudinal monitoring of indi-
vidual roe deer (Capreolus capreolus) living in two wild populations (Chizé and Trois-
Fontaines, France) facing different ecological contexts, to investigate the relationship
between chronological age and levels of DNA methylation (DNAm). We generated
novel DNA methylation data from n = 94 blood samples, from which we extracted
leucocyte DNA, using a custom methylation array (HorvathMammalMethylChip40).
We present three DNA methylation-based estimators of age (DNAm or epigenetic
age), which were trained in males, females, and both sexes combined. We investigated
how sex differences influenced the relationship between DNAm age and chronologi-
cal age using sex-specific epigenetic clocks. Our results highlight that old females
may display a lower degree of biological ageing than males. Further, we identify the
main sites of epigenetic alteration that have distinct ageing patterns between the two
sexes. These findings open the door to promising avenues of research at the cross-

roads of evolutionary biology and biogerontology.
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Monaghan et al., 2008). The starting point of this increase is unde-

niably the compilation of evidence reporting that - in populations of
The last decades have seen a growing interest into the study of age-
ing in the wild (Fletcher & Selman, 2015; Gaillard & Lemaitre, 2020;

animals in the wild - senescence occurs in demographic performance

(actuarial senescence: Brunet-Rossinni & Austad, 2006; Nussey et al.,
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2013; reproductive senescence: Lemaitre & Gaillard, 2017; Nussey
et al., 2013), phenotypic performance (e.g., body mass: Douhard
et al., 2017; Nussey et al., 2011; foraging efficiency: Lecomte et al.,
2010; MacNulty et al., 2009) and physiological traits (e.g., immune
parameters, Nussey et al., 2012; haematological parameters, Jégo
et al., 2014; steroid levels, Sugianto et al., 2020). Nowadays, the age-
specific decline in demographic and physiological performance is
considered to be the rule rather than the exception in the wild, at
least in mammals and birds (Gaillard & Lemaitre, 2020; Nussey et al.,
2013; see also Zajitschek et al., 2020 in insects).

Animal populations in which individuals are monitored from birth
to death in the wild provide a unique (but largely untapped) resource
for studying individual differences in health and mortality risk at
old ages (Gaillard & Lemaitre, 2020; Lemaitre, Pavard, et al., 2020).
Multiple lines of evidence emphasize the relevance of such longi-
tudinal and individually-based data. First, the vast majority of the
current research in biogerontology has focused on inbred laboratory
organisms with no or low genetic variation and maintained under
controlled conditions (e.g., Caenorhabditis elegans, Drosophila melan-
ogaster, laboratory rodents, Partridge, 2010). Studies performed on
those species have led to major breakthroughs in the mechanisms
regulating the ageing process from the molecular to the individual
level (Kennedy et al., 2014; Lépez-Otin et al., 2013). However, their
findings can be difficult to extrapolate to species living in more com-
plex environments (Briga & Verhulst, 2015), with diverse genetic
background and much longer lifespan and thereby different life his-
tory strategies, such as humans (Perlman, 2016). Even if ageing stud-
ies of non-human primates kept in captive conditions are increasing
(Jasinska, 2020; Languille et al., 2012), the full diversity of mamma-
lian species displaying life-history traits and life styles similar to the
ones observed in humans (e.g., whether there are socially monoga-
mous, long-lived, provide extensive periods of parental care or cre-
ate tight social bonds with conspecifics) needs to be embraced and
generalized. In addition, the study of the ageing process in the wild
enables - by essence - to investigate the role played by the environ-
ment, an important piece of the ageing conundrum. Similar to what
has been described in human populations (e.g., Robine et al., 2012
in the context of climatic variables), there is increasing evidence
that environmental factors modulate ageing patterns in animal
populations (Holand et al., 2016; Nussey et al., 2007). For instance,
it is increasingly recognized that the social environment can have
a major influence on health and mortality risk at late ages (Berger
et al., 2018; Snyder-Mackler et al., 2020), by notably interacting
with some hallmarks of ageing (e.g., telomere dynamics in Seychelle
warblers, Acrocephalus sechellensis, Hammers et al., 2019). In addi-
tion, while mammalian females generally live longer than males in
the wild (Lemaitre, Ronget, et al., 2020), as commonly observed in
humans or laboratory rodents (Austad & Fischer, 2016; Zarulli et al.,
2018), the exact mechanisms modulating these sex differences in
survival are yet to be deciphered (Marais et al., 2018; Tower, 2017).
In that context, the focus on wild populations can be particularly

relevant as the magnitude of sex differences in lifespan is probably

modulated by environmental conditions, in interaction with the sex
differences in genetic background (Lemaitre, Ronget, et al., 2020;
Tidiére et al., 2020). Finally, widening the scope of model species
for ageing research can provide important insights for “healthspan
extension”, notably by targeting wild animal populations displaying
extended lifespan compared to the one expected for their body
size (Austad, 2010) and by including more appropriate senescence
metrics (Lemaitre, Garratt, et al., 2020; Ronget & Gaillard, 2020). To
reach these goals, accurate markers of both chronological and bio-
logical ages on a wide range of organisms are required. In that con-
text, the pan tissue epigenetic clock based on DNA methylation (see
Horvath, 2013) constitutes a promising tool for the study of ageing
in wild populations of non-model organisms (Lu et al., 2021; Parrott
& Bertucci, 2019; Wilkinson et al., 2021).

DNA methylation (DNAm) of cytosine residues within CpG dinu-
cleotides (5-methyl-cytosine) across the genome constitutes a key
epigenetic DNA modification tightly linked to the ageing process
(Horvath & Raj, 2018). Indeed, DNA methylation patterns accurately
predict chronological age in humans (Horvath, 2013; Jung & Pfeifer,
2015) but also in multiple other species (Lu et al., 2021; Paoli-Iseppi
etal., 2017; Wilkinson et al., 2021). Such strong relationship between
chronological age and DNAm has been found in many cell types (e.g.,
white blood cells, brain, liver; see Horvath, 2013). A comparative
analysis of methylomes indicates that methylation can also be used
to assess reliably physiological ageing across mammals (Wang et al.,
2020). The discrepancy between epigenetic age and chronological
age (i.e., epigenetic acceleration) is associated in humans with a wide
range of metabolic, infectious and degenerative diseases (Horvath
et al., 2014; Horvath & Levine, 2015), as well as cancer (Levine et al.,
2015) and mortality (Chen et al., 2016; Christiansen et al., 2016;
Marioni et al., 2015). We hypothesize that DNA methylation profiles
integrates environmental effects that might modulate the pace of
the epigenetic clock. To address this hypothesis, we studied epigen-
etic ageing in the wild and in a sex-specific way.

In this study, we took advantage of a unique long-term
(>40 years) longitudinal monitoring of individual roe deer (Capreolus
capreolus) living in two populations facing different ecological con-
texts to investigate the relationship between chronological age
and levels of DNA methylation. All roe deer used in this study have
been captured within their first year of life, when age can be accu-
rately assigned (Hewison et al., 1999). First, we expected that the
epigenetic clock built from peripheral blood leucocyte DNA would
provide an accurate estimation of the chronological age of the roe
deer in the wild. Second, we performed an epigenome wide asso-
ciation analysis (EWAS) to identify CpGs that were the most likely
to be associated with ageing in roe deer. Third, since male roe deer
show both higher adult mortality and rate of actuarial senescence
than females (Gaillard et al., 2004), we tested the hypothesis that
males should have an epigenetic acceleration higher than females.
Moreover, thanks to the epigenome wide association analysis, we
expected to identify specific CpGs displaying sex-specific DNAm
ageing profiles.
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2 | MATERIALS AND METHODS

2.1 | Study populations

We sampled roe deer living in two enclosed forests with markedly
different environmental contexts: Trois-Fontaines (TF) and Chizé
(CH). The Trois-Fontaines forest (1360 ha) is located in north-
eastern France (48°43'N, 4°55'E) and is characterized by a continen-
tal climate, moderately severe winters and warm and rainy summers.
This site has rich soils and provides high quality habitat for roe deer
(Pettorelli et al., 2006). In contrast, the Chizé forest (2614 ha) is lo-
cated in western France (46°50'N, 0°25'W) and is characterized by
temperate oceanic climate with Mediterranean influences. This site
has a low productivity due to poor quality soils and frequent sum-
mer droughts (Pettorelli et al., 2006), and thereby provides a quite
poor habitat for roe deer in most years. Individuals from these two
populations have been intensively monitored using a long-term
Capture-Mark-Recapture programme since 1975 and 1977 (for
Trois-Fontaines and Chizé, respectively). At each site, 10-12 days
of capture using drive-netting are organized every year between
December and March (see Gaillard et al., 1993 for details on capture
sessions), which allows capturing and measuring about half of the
population every year. Once a roe deer is captured, its sex and body
mass (to the nearest 50 g) are recorded and a basic clinical examina-
tion is performed. All individuals included in our analyses were of
known age because they were either caught as newborn in spring
(see Delorme et al., 1988 for further details) or as ca. 8 months old
during winter captures, when they still have their milk teeth (most
often incisors and always premolars, Flerov, 1952). Individuals are
equipped with individually recognizable ear-tags and collars (either
numbered, VHF or GPS collars), get a unique id, and are closely mon-
itored throughout their lifetime using subsequent winter captures

and observations in the field.

2.2 | Roe deer blood samples and DNA extraction
In 2016 and 2017, we collected blood samples (up to 1 ml per kg of
body mass) into heparin-lithium collection tubes (4 ml Vacutainer,
BD Medical) from the jugular vein. Within 30 min of sampling, the
blood was centrifuged at 3000 g for 10 min and the plasma layer was
removed before washing the cells with an equivalent volume of 0.9%
w/v NaCl solution. After a second centrifugation, the intermediate
buffy coat layer, comprising mainly leukocytes, was collected in a
1.5-ml Eppendorf tube and immediately frozen at -80°C in a port-
able freezer (Telstar SF 8025) until further use.

We extracted genomic DNA from leucocytes using the
Macherey-Nagel NucleoSpin Blood QuickPure kit. DNA purity was
assessed using a Nanodrop ND-1000 spectrophotometer (Thermo
Scientific). For all samples, the purity absorption range was 1.7-2.0
for the 260/280 nm ratio and >1.8 for the 260/230 nm ratio. We
selected 96 samples by balancing the numbers of individuals among
ages, and between populations and sexes. DNA concentration was
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determined spectrophotometrically using the Qubit assay kit. DNA
samples were then diluted in ultrapure water to reach a concentra-
tion of ~70 ng.ul’1 and displayed in a microplate to complete the

DNA methylation protocol (see below).

2.3 | DNA methylation data
We generated DNA methylation data using the custom lllumina
chip "HorvathMammalMethylChip40". The mammalian methylation
array is attractive because it provides very high coverage of highly
conserved CpGs in mammals (Arneson et al., 2021). Each probe is
designed to cover a certain subset of species, such that overall all
species have a high number of probes (Arneson et al., 2021). The
particular subset of species for each probe is provided in the chip
manifest file can be found at Gene Expression Omnibus (GEO) at
NCBI as platform GPL28271 and on the GitHub page reported in our
section on data availability.

The SeSaMe normalization method was used to define beta
values (methylation levels) for each CpG (Zhou et al., 2018). The

SeSaMe normalization applies to one sample at a time.

2.4 | Quality control and final data set
We implemented several steps of quality control. First, we meas-
ured DNA quality (see above). Second, we carried out unsupervised
hierarchical clustering (based on the inter-array correlation) to find
putative outliers. This analysis revealed one severe outlier (Figure
S1) which was subsequently removed from the analysis. Third, we
developed a random forest-based predictor of sex to find putative
labelling errors. According to the out-of-bag predictions of sex, one
of the male samples actually derived from a female. To err on the
side of caution, we removed this sample from our analysis. After
omitting the sample, the out-of-bag estimate of accuracy was 100%.
The 94 roe deer samples (i.e., 45 male samples, 44 female sam-
ples) analysed in this study correspond to 83 individuals (i.e., 11 indi-
viduals were sampled both in 2016 and 2017) aged from 8 months to
13.5 years of age. This age range encompasses most of the roe deer
lifespan as individuals older than 15 years of age are rarely observed
in the wild (the oldest age ever recorded for a roe deer monitored in
the wild being 17.5 years old, Gaillard et al., 1998).

2.5 | Epigenetic clock construction

Statistical details (including CpGs and coefficient values) are pre-
sented in the Supporting Information. Our epigenetic clocks for roe
deer were trained on 29,846 CpGs (covariates) that could be mapped
to the Ovir.te_1.0 genome assembly. Epigenetic clocks are multivari-
ate regression models whose dependent variable (chronological age)
was regressed on the CpGs (covariates) using an elastic-net regres-
sion model (Friedman et al., 2010). Toward this end, we used the
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R package glmnet (version v.4.0-2) with argument alpha =.5. To es-
timate the lambda parameter in each training set, we used tenfold
cross validation. We used two strategies to arrive at unbiased esti-
mates of accuracy: (1) leave-one-out cross validation (LOO) and (2)
data splitting (e.g., when training clocks in one group and applying
it to another group). LOO involved iteratively training clocks in n-1
samples and applying it to the left out sample. The final deer clocks
(presented in the Supporting Information) were trained on all N = 94
samples.

To further control for nonindependence, we also estimated
the DNAm age in roe deer based on Universal Mammalian clock
(“Universal log-linear transformed age” clock, see Lu et al., 2021 for
details). We used the tenfold cross validation estimates of the uni-

versal clock to ensure an unbiased analysis.

2.6 | Statistical analyses

We first aimed to detect the function providing the best fit of the
relationship linking DNAm age and chronological age. We thus
compared three models corresponding to (1) an absence of rela-
tionship (constant model), (2) a constant increase of DNAm with
age (linear model), and (3) a nonlinear increase of DNAm with age
(quadratic model, Table S1). The most parsimonious model was se-
lected using the Akaike Information Criterion (AIC). We calculated
AIC weights (AICw) to assess the relative likelihood that a given
model was the best among the three fitted models (Burnham &
Anderson, 2002). We selected the model with the lowest AIC, but
when the difference in AIC (denoted AAIC) between two com-
peting models was less than two units, we retained the simplest
model in accordance with parsimony rules (Burnham & Anderson,
2002). We used a strictly similar approach to analyse the relation-
ship linking DNAm age estimated with the Universal Mammalian
Clock and chronological age.

Second, we analysed factors that could explain the between-
sample variation in the epigenetic acceleration. Following Horvath
(2013), we computed the epigenetic acceleration as the residuals of
the models that best described the relationship between DNAm age
and chronological age (i.e., quadratic model, see below). We then
investigated whether the epigenetic acceleration was influenced
by sex, population and roe deer body mass (measured at capture)
for the three main life stages in terms of survivorship in roe deer
(Gaillard et al., 1993): juvenile (<1 year of age), prime-age (1-8 years
of age), and senescent (>8 years of age). As roe deer lived on average
longer in the population facing a marked food limitation than in the
population living in a more productive forest, probably in relation to
weaker tooth wear (Veiberg et al., 2007), we expected the epigen-
etic acceleration to be higher in the latter. For both prime-age and
senescent life stages we ran a set of 14 models with the epigenetic
acceleration as the dependent variable and sex, population and body
mass as the independent variables (see Table S2 for a full list of mod-
els). To avoid fitting over-parameterized models, we did not include
any three-way interactions. Due to the low number of individuals

of 1 year of age (N = 8), we only fitted four models for the juvenile
life stage, the constant model (i.e., no detectable influence of any
independent variable) and models including either a linear effect of
body mass, sex or population. Given that roe deer reach about two-
third of their final body mass by 8 months of age (Hewison et al.,
2011), body mass at 8 months of age reliably measures the overall
allocation to growth by a roe deer, allowing us to explore whether a
high allocation of resources towards growth can be associated with
long-term ageing costs (a long-standing question in evolutionary bi-
ology of ageing, for example, Metcalfe & Monaghan, 2003), detect-
able through an epigenetic acceleration. In all cases, the best fitting
model was selected using AIC (see above). AIC tables are provided in
Supporting Information.

Third, we investigated further how sex influenced the relation-
ship between DNAm age and chronological age through the use of
sex-specific epigenetic clocks. For this purpose, we first built an epi-
genetic clock (called “female clock”) using data from female samples
only, and then investigated the relationship between the female
clock and both male and female chronological age. We performed a
similar analysis with an epigenetic clock built using data from male
samples only (called “male clock”). In our study, 11 individuals were
sampled both in 2016 and 2017. Thus, to account for this pseudorep-
lication problem (sensu Hurlbert, 1984) we replicated all analyses
using linear mixed-effects models, which included a random effect
of individual roe deer, using the R-package Ime4 (Bates et al., 2015).
For all models, results were qualitatively unchanged (see Tables S3
and S4) and for the sake of simplicity, we only report results from
simple linear models below.

Fourth, we performed an epigenome wide association (EWAS)
study of chronological age in roe deer. Unfortunately, a complete
genome assembly is not available for roe deer. Therefore, we per-
formed an EWAS analysis based on the related White-tailed deer,
Odocoileus virginianus (Ovirte_1.0 genome assembly). In total,
29,846 CpGs from the HorvathMammalMethyIChip40 were aligned
to loci that are proximal to 6314 genes in the Ovir.te_1.0 genome as-
sembly. Due to the high interspecies conservation of the probes on
the array, findings can be extrapolated to roe deer, and even humans
or other mammalian species. To assess the potential mechanism, we
used a multivariate regression model to identify the CpGs that have
a distinct pattern of DNAm ageing between the sexes. We used two
multivariate models. In the first model, DNAm levels of an individual
CpGs were regressed on sex-specific chronological age to identify
the loci with DNAm ageing that are shared between sexes (“Age”
main effect), and also the basal sex difference that is independent
of chronological age (“Sex” main effect). In the second model, we in-
cluded an interaction term to identify the CpGs with distinct DNAm
ageing between males and females.

For all EWAS results, the top 1000 CpGs (up to 500 per di-
rection) were used for gene set enrichment analysis. We used the
rGREAT package for the analysis (McLean et al., 2010), with a 50 kb
window for assigning the CpGs to the adjacent genes. The back-
ground included human Hg19 limited to 29846 probes mapped to
Ovir.te_1.0 genome.
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3.1 | Relationship between DNAm and

chronological age

The model that best described the relationship between DNAm and
chronological age was the quadratic model (Table 1a; Figure 1a; Table
S1). A similar pattern was also observed when DNAm Age was esti-
mated with the Universal Mammalian Clock (Figure 1b; Table 1b). This
relationship may be due to the fact that DNA methylation accumu-
lates at a faster rate during the growth and development of juveniles
than later in life when roe deer have reached their full size (at 2 years
of age, roe deer have reached >90% of their asymptotic body mass,
Hewison et al., 2011). Accordingly, the model that best described the
relationship between DNAm and chronological age in adults only (2-
14 years of age) was the linear model (slope of 0.75 + 0.02, N = 86,
R? = 0.92; Figure 1c; Table S1). For a subset of 26 adults from the
Trois-Fontaines population, the exact date of birth was known mean-
ing that it was possible to compute age at a very fine-scale resolution
(i.e., in days). The use of this chronological age data measured in days
slightly improved the fit of the relationship compared to the one ob-
tained with the chronological age measured in years but the slope was
left unchanged (slope of 0.76 + 0.04, N = 26, R? = 0.95; Figure 1d). As
expected, in the vast majority (i.e., 81.8%, nine out of 11 individuals)
of the individuals for which we estimated the epigenetic age in both

2016 and 2017, we observed an increase in DNAm age (Figure 2).

3.2 | Epigenome wide association study of
chronological age

Our EWAS of age used the R function "standardScreeningNumeric-
Trait" in the WGCNA R package (Langfelder & Horvath, 2008). This R
function correlates each CpG with the numeric phenotype (age) and
outputs a Student t test statistic referred to as (Z statistic) and a cor-
responding p-value. The EWAS results revealed that chronological
age has a profound effect on DNAm levels (Figure 3). Even at the ar-
guably overly stringent p-value threshold of p < 1078 (corresponding
to Bonferroni correction for 5 million independent hypothesis tests),
1908 (out of 29,846) CpGs exhibited a significant correlation with age.

TABLE 1 Parameters of the selected

. . D iabl
models in the main text ependent variables

(a) DNAm age

(b) DNAm age
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The most significant CpGs were located in GRHL2 5'UTR (z = 12.5),
ADRB1 exon (z = 12.3), and PURA 3'UTR (z = -11.4) (Figure 4a).
Ageing-associated CpGs in roe deer leucocyte DNA were distributed
in all genic and intergenic regions that can be defined relative to tran-
scriptional start sites (Figure 3b). However, promoter (p = 7.1e-44)
and 5'UTR (p = 4e-8) regions contained a significant number of CpGs
that gained methylation levels with age (Figure 3b). The same can be
observed for CpGs located in CpG islands (Figure 3c).

Gene level enrichment analysis of the significant CpGs high-
lighted changes in development, nervous system, O-Glycan metab-
olism, cancer, and immune system, all of which are associated with
ageing biology in humans and other species (Figure 4). The analysis
suggested that CpGs that gain methylation with age are located in
regions marked by H3K27me3 and are targeted by polycomb re-
pressive complex 2 proteins such as EED. EED is associated with
H3K27Me3 marks and is a member of the multimeric Polycomb
family protein complex 2 that maintains the transcriptional repres-
sive states of genes, and plays a role in the regulation of several cell

states including cellular senescence (Ito et al., 2018).

3.3 | Factors affecting the epigenetic acceleration

When focusing on juveniles only, the epigenetic acceleration was
best explained by body mass (Table S2) as shown by the positive
relationship between these two variables (slope of 0.11 + 0.04,
R? = 0.58; N = 8, Figure 1e). On the contrary, for adults, the con-
stant model of the epigenetic acceleration was selected. We then
investigated in more details the factors potentially explaining the
epigenetic acceleration in adults by running separate analyses for
prime-age and senescent adults. However, in both cases, the con-

stant model was retained (Table S2).

3.4 | Influence of sex on the relationship between
DNAm age and chronological age in adults

When using the female clock, an interactive effect of age and sex
occurred (Table 2a, Table S4). As expected, the fit was much better in
females (slope of 0.81 + 0.01, N = 46, R? = 0.99) than in males (slope

Estimate SE t
Intercept 0.46 0.22 2.084
Age 1.09 0.08 13.98""
Age? -0.02 0.006 -3.86"
Intercept 0.2 0.32 0.645
Age 1.29 0.11 1157
Age? -0.04 0.009 -4.87"

Note: (a) Quadratic model describing the relationship between DNAm age estimated with the

roe deer clock and chronological age (N = 94; R? = 0.94). (b) Quadratic model describing the
relationship between DNAm age estimated with the Universal Mammalian Clock and chronological
age in roe deer (N = 94; R%=0.87).

***p < .001.
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FIGURE 1 Epigenetic clock for roe deer built with individual methylation profiles from white blood cells DNA. (a) Epigenetic clock for
known-aged individuals between 8 months and 14 years of age (N = 94; R? = 0.94); (b) Relationship between DNAm Age and chronological
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FIGURE 2 Within-individual change in DNAmAgeLoo across
the two consecutive years of our study (2016 and 2017) (N = 11).
DNAm age increases in nine out of 11 individuals between the two
years of the study

of 0.73 + 0.04, N = 40, R? = 0.87). Interestingly, most male's DNAm
located above the line where DNAm age exactly matched chronolog-
ical age, meaning that males are biologically older than their chrono-
logical age estimated using the female clock (Figure 5a). The opposite
pattern occurred when using the male clock (Table 2b; Table S4;
Figure 5b). Beyond 7 years of age, females were consistently biologi-
cally younger than their chronological age estimated from the male
clock (Figure 5b). As expected, the fit was also much better for males
(slope of 0.72 + 0.02, N = 40, R? = 0.98) than for females (slope of
0.46 + 0.03, N = 46, R? = 0.83) when using the male clock.

3.5 | CpGs whose ageing patterns differ by sex

At genome-wide significance (p < 1079), a total of 876 CpGs were differ-
entially methylated between males and females (Figure 6a). Methylated
CpGs (DMCs) differentially associated with age between males and fe-
males were biased in specific scaffold chromosomes, which are expected
to be the homologs of sex chromosomes in humans and other mammals.
Functional analysis of these CpGs suggested differences in intellect, nerv-

ous system development, histone modifications, and X-linked inheritance.
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Since the epigenetic acceleration was faster in males, we female roe deer (Figure 6b). To further explore the potential sex dif-
screened for differences in ageing pattern between sexes. Notably, ference, we performed an EWAS of sex (adjusted for age as covari-
DNAm ageing was highly correlated (r = .75) between male and ate) to identify the CpGs with basal (mean methylation) differences

[ EWAS of chronological age
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FIGURE 3 Epigenome-wide association (EWAS) of chronological age in the blood of roe deer. (a) Manhattan plot of the EWAS of
chronological age. Since the genome assembly is not available for roe deer, the coordinates are estimated based on the alignment of
Mammalian array probes to White-tailed deer (Ovir.te_1.0) genome assembly, a related species to roe deer. The direction of associations
with p < 1078 (red dotted line) is highlighted by red (hypermethylated) and blue (hypomethylated) colours. The top 30 CpGs were labeled

by the neighboring genes. (b) Location of top CpGs in each tissue relative to the closest transcriptional start site. Top CpGs were selected

at p < 1078 and further filtering based on z score of association with chronological age for up to 500 in a positive or negative direction. The
labels indicate the odds ratio of regions with a statistically significant proportion change than the background. Fisher's exact test p-values
are reported as: ****p < 1074, ***p < 1073, **p < 1072, * p < .05. (c) CpG islands have a higher positive association with age (hypermethylation)
than other sites. (d) Scatter plot of the top CpGs associated with age in roe deer
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TABLE 2 Parameters of the models
testing for an interaction between

Dependent variables

Estimate

S
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chronological age and sex using (a) (a) DNAm age (female epigenetic Intercept 1.23 0.18 6.80"
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FIGURE 5 Sex-specific epigenetic clock in roe deer. (a) Relationship between DNAm age estimated with the female clock and both male
and female chronological ages (b) Relationship between DNAm age estimated with the male clock and both male and female chronological
ages. In all graphs, the dashed line corresponds to the regression line y = x. Females are displayed in orange and males in green

between sexes. We have identified two CpGs with basal difference
between sexes that also related to age roe deer (Figure 6c): NCAM1
upstream, and POU3F3 exon (Figure 6d). The basal difference in
these CpGs could underlie accelerated epigenetic ageing in males.
For example, the loci in POU3F3 exon have higher baseline and
ageing rate in males than females. POU3F3 (POU class 3 homeo-
box 3) is located on human chromosome 2 and involved in neuronal

development.

4 | DISCUSSION

Our findings highlight a very tight correlation between epigenetic
and chronological age in two populations of roe deer intensively
monitored in the wild. The quality of the fit of the selected model

describing the relationship between epigenetic and chronologic age
over the roe deer entire lifespan was particularly high (R? of 0.94;
Median absolute difference: 0.558 years), which adds to the increas-
ing evidence that the epigenetic tool constitutes an accurate method
to estimate age in vertebrate populations in the wild (Paoli-Iseppi
et al., 2017). So far, a wide range of techniques based on tooth wear
are generally used to assign age in wild mammals (Morris, 1972,
Pérez-Barberia et al., 2014 for a review in red deer, Cervus elaphus).
In roe deer, tooth wear that leads the first molar height to decline
with increasing age throughout the lifespan allows assessing age
of individual roe deer (Veiberg et al., 2007). However, this method
is much less accurate than the epigenetic clock (R = 0.69 vs. 0.93
when a linear regression is used, Figure S2).

Interestingly, the fit of the roe deer epigenetic clock outper-
forms the few epigenetic clocks previously developed from other
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mammalian populations. All studies performed so far have investi-
gated the relationship between epigenetic and chronological age
through linear regressions, and did not account for nonlinearities.
The linear regression provided a better fit in roe deer here (i.e., a
coefficient of correlation of .97) than that reported in humpback
whales (Megaptera novaeangliae, correlation of .89, Polanowski et al.,
2014); wood mice, (Apodemus sylvaticus, correlation of .92, Little
2020), Bechstein's bat (Myotis bechsteinii, correlation of .80,
Wright et al., 2018) or yellow baboon (Papio cynocephalus, correla-

et al.,

tion of .78 and .86 for females and males, respectively, Anderson
et al., 2021), which to some extent might be due to the broad age
range we included in the analysis or to differences in the biological
tissue used to extract DNA (e.g., leucocytes vs. wing or ear punches).
Overall, the epigenetic clocks used in our study constitute a partic-
ularly accurate method for estimating age in roe deer on the basis of
leucocyte DNA.

We found that the relationship between epigenetic and chrono-

logic ages was better described by a quadratic than linear model

when juveniles were included, but any deviation from a linear
model vanished when considering only adults. This discrepancy
and the negative second order term of the quadratic model clearly
indicate that the relationship between epigenetic and chronologi-
cal ages is steeper in growing juveniles than in adults. A similar
pattern has been reported in humans where the rate of change in
DNA methylation profiles (also called “tick rate”) was higher during
the developmental period than during adulthood, when a constant
tick rate seems to be the rule (Horvath, 2013). The growth period
is associated with a high rate of mitotic division and constitutes a
particularly demanding life stage in terms of resource allocation in
mammals (Reiss, 1989). Although overlooked for a while, the ageing
consequences of a fast growth during early life are increasingly in-
vestigated (Metcalfe & Monaghan, 2003) and recent evidence sug-
gests that fast growth can shorten lifespan in the long-run (Kraus
2013; Lee et al.,
mechanisms underlying this association are likely to be multiple

et al, 2013), even though the exact physiological

and complex (Metcalfe & Monaghan, 2003; Monaghan & Ozanne,
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2018). In roe deer, individuals reach their asymptotic body mass
around the age of 4 years in both males and females (Hewison et al.,
2011). However, juveniles (i.e., at eight months when individuals are
captured for the first time) have already gained about two-third of
their adult body mass (Hewison et al., 2011), with a high amount of
individual variation, which makes winter juvenile body mass a re-
liable measure of growth intensity. We found that the epigenetic
acceleration increases with juvenile body mass, suggesting that in-
dividuals who allocate substantially in their growth are biologically
older than their chronological age indicates, which might contribute
to explain why, in roe deer, a fast-post-weaning growth is associated
with a steeper rate of body mass senescence (Douhard et al., 2017).
Such investigations now need to be pursued with a large sample size.
Interestingly, a positive association between DNA methylation pro-
files (as measured with the Horvath pan tissue clock) and height has
also been observed among teenagers (Simpkin et al., 2016), which
suggests that the discrepancies between biological and chronologi-
cal age following fast growth might be widespread across mammals
and also offer new perspectives for the study of the relationships
between growth and ageing.

While mammalian females undeniably live longer than males
(Lemaitre, Ronget, et al., 2020), studies that have sought to decipher
the genetic and physiological correlates of these sex differences in
survival have remained rather inconclusive. For instance, other bi-
ological markers of ageing such as telomere length or immune per-
formance do not show clear differences between sexes in mammals
(Peters et al., 2019; Remot et al., 2020). Yet, gaining a comprehensive
view of the physiological and genetic basis of these sex differences
in survival prospects is currently a major challenge (Hagg & Jylhava,
2021). Our analyses of the sex-specific clock reveal that beyond
7 years of age, females were consistently biologically younger than
their chronological age when estimated with the male clock. This
suggests that old female roe deer might show a lower degree of bio-
logical ageing than males. Yet, we detected no evidence that the epi-
genetic acceleration was higher in males than in females at any life
stage, and further studies controlling for early-life events (growth
trajectories, reproductive allocation) are now required. For sex-
related CpGs, the top enriched data sets were related to X-linked
and Gonosomal inheritance. Other basal sex differences were re-
lated to the nervous system (e.g., synapse function), cognition (e.g.,
intellectual disability, spatial learning), and development (e.g., ner-
vous system, teeth, muscles). We additionally identified two CpGs
with basal sex differences that also alter with age in roe deer. The
relevance of these CpGs to male excessive in epigenetic age acceler-
ation remained to be tested in experimental studies. Our EWAS was
limited in that we only profiled 29,846 highly conserved CpGs that
are proximal to 6314 genes. Future EWAS studies could profile the
tens of millions of CpGs that are expected to be located in the roe
deer genome.

Overall, our study emphasizes that using the epigenetic age ac-
celeration across longitudinal follow-ups of mammalian populations
does constitute to date the most promising approach to (1) estimate
accurately the chronological age of individual mammals, (2) assess

MOLECULAR ECOLOGY n
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precisely sex differences in physiological condition and (3) establish
reliable predictions in terms of individual trajectories. In the current
context of a growing age in human populations associated with pro-
nounced sex differences in the occurrence of age-associated dis-
eases in the elderly (Austad & Fischer, 2016; Clocchiatti et al., 2016),
this research avenue is extremely promising.
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