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Introduction

Abstract

Age-related telomere length (TL) variation is relatively well-described for mam-
mals, birds and other model organisms. Nevertheless, it remains largely unknown
in ectotherms, especially turtles and tortoises, which are extremely long-lived spe-
cies with slow or negligible senescence. In this study, we described TL dynamics
in wild spur-thighed tortoises (Testudo graeca), one of the chelonian species with
the lowest aging rates. By combining cross-sectional (single) and longitudinal
(capture—recapture) samplings, we assessed the relationship between TL and indi-
vidual characteristics (sex, age, individual growth rate, body condition index, pres-
ence of shell anomalies). We did not find any association between TL and sex,
individual growth rate, or body condition. However, the relationship with age
remains uncertain, likely due to the complex dynamics of TL over time. Interest-
ingly, shorter telomeres correlated significantly with shell anomalies, which are usu-
ally assumed as a fitness proxy for reptiles. Overall, our results suggest TL as a
potential indicator for ontogenetic studies on tortoises, while its utility as a marker
of biological age appears limited.

endotherms (Simide et al., 2016). However, there is no clear
unique pattern described for TL dynamics in ectotherms (Fitz-
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Telomeres are non-coding DNA sequences involved in several
molecular and cellular functions, including chromosome protec-
tion against replication problems, avoidance of subtelomeric
gene expression, or genome stability preservation (Black-
burn, 2005; Monaghan, 2014). Although telomere studies in
non-model species have become more common in the last
decade, the majority of studies have been focused on endo-
therms (mammals and birds) (Wilbourn et al., 2018). Most of
these studies have reported that individuals with shorter telo-
meres and/or experiencing faster telomere shortening rates have
increased mortality, disease risk and reduced longevity (Olsson
et al.,, 2018a, 2018b; Tobler et al., 2022; Tricola et al., 2018;
Wilbourn et al., 2018).

Telomere length (TL) shortening occurs as a result of base
pair loss during cell replication (Monaghan & Ozanne, 2018),
resulting in telomere shortening as organisms age in many

patrick et al., 2021; Olsson et al., 2018a, 2021), which could
even change across their life stages (e.g. amphibian metamor-
phosis, Burraco et al., 2023; Sanchez-Montes et al., 2020). For
instance, different strains of zebrafish (Danio rerio) have been
reported to exhibit both stable telomere length (TL) and age-
related telomere shortening (Henriques et al., 2013; Lund
et al.,, 2009). Conversely, in female sand lizards (Lacerta agi-
lis), telomere elongation has been observed with age (Olsson
et al.,, 2010). The fact is that post-natal TL dynamics in ecto-
therms do not necessarily match patterns of endotherms
because of physiological responses, metabolic rates, or telome-
rase activity (enzyme responsible for telomere restoration) dif-
fer among organisms with these two thermoregulation
strategies (Fitzpatrick et al., 2021).

Among ectotherms, reptiles are particularly interesting for
studying telomere dynamics because of their phenotypic
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Telomere dynamics in tortoises

plasticity, autotomy and, in some cases longevity (Bateman
et al., 2009; da Silva et al., 2022; Olsson et al., 2010, 2018a,
2018b; Reinke et al., 2022). In reptiles, the relation between
TL and individual characteristics differs among clades, conspe-
cific individuals, or even tissues and cell types of the same
individual (Fitzpatrick et al., 2021; Olsson et al., 2018a, 2020,
2021; Rollings et al., 2019; Serén et al., 2023). Furthermore,
studies on lizards, alligators and snakes have explored the
effects of age, sex and life history traits, such as growth rates
or reproductive investment, revealing diverse TL dynamics
(Olsson et al., 2021). These dynamics range from TL elonga-
tion during juvenile phases to TL shortening with age or in
response to increased growth and/or reproductive investment
(see Olsson et al., 2018a for a review; Fitzpatrick et al., 2021;
Rollings et al., 2019). It is worth mentioning that most of the
studies conducted to date have been performed under labora-
tory conditions or using zoo animals (Hatase et al., 2008; Ols-
son et al.,, 2018b) which leaves telomere dynamics in wild
populations poorly understood. In reptiles, telomere shortening
or elongation can reflect environmental stress, parasitic pres-
sure, self-maintenance or other life history investments like
reproduction, which are key pressures in ecological terms
(Brown et al., 2021; Sparks et al., 2022). Therefore, given the
reflection on fitness of TL dynamics, studies need to focus
more on non-model organisms in the wild.

In this study, we describe TL dynamics in wild spur-thighed
tortoises (7estudo graeca). To the best of our knowledge, TL
has never been studied before in terrestrial chelonians. Chelo-
nians are extremely long-lived animals and, among them,
T. graeca has been recently identified as having one of the
lowest aging rates (i.e., the speed at which the mortality rate
increases with age; da Silva et al., 2022). Testudo graeca has
been described as a species with a slow pace of life due to
high adult survival rates, long generation times and low and
variable reproductive patterns (Rodriguez-Caro et al., 2023). In
captivity, spur-thighed tortoises can live for up to 160 years
(Bruce, 2004), and the maximum ages reported for wild indi-
viduals exceed 40-50 years (Andreu et al, 2000; Lam-
bert, 1982). Moreover, annual survival rates increase with age
from 20 to 41% in immatures (<4 years) and up to 95 to 98%
in adults (>9 years) (Gracia et al., 2020; Rodriguez-Caro
et al., 2019; Sanz-Aguilar et al., 2011).

In the present study, we explore age-related changes of TL
in blood cells of T graeca and how TL relates to different
individual traits such as sex, growth rate, individual body
condition and presence of shell anomalies. For doing so, we
combined cross-sectional (single) and longitudinal (capture—
recapture) samplings. Cross-sectional approaches allow TL
variation among individuals of the same population with dif-
ferent characteristics (e.g., age) to be widely explored, but
may be influenced by factors like cohort age range or sur-
vival effects (Chen et al.,, 2011). Longitudinal samplings in
the wild are demanding for being based on recapture events,
but better allow subtle TL dynamics to be explored over
time. For example, longitudinal studies prevent from biases
arising from individual variability in interstitial telomeric
sequences (ITS), which might potentially affect cross-sectional
studies (Foote et al, 2013). Although it is worth noting
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that ITS are infrequent among chelonians (Clemente
et al., 2020).

As TL has been described as a marker of aging in other rep-
tiles (Burraco et al., 2020), we could expect to find an associa-
tion between TL and age in the cross-sectional study, as well
as significant TL shortening over time in the longitudinal
study. On the other hand, sex-specific differences in TL should
arise if differences in reproductive investment and/or trade-offs
exist (Rollings, Friesen, et al., 2017, Rollings, Uhrig,
et al., 2017). In the case of 7. graeca, females are typically
larger than males (Benelkadi et al., 2022). In relation to this,
we also expect the animals that grow more (or more quickly)
to show shorter TL (Monaghan & Ozanne, 2018; Rollings,
Friesen, et al., 2017; Rollings, Uhrig, et al., 2017). Growth
involves an important energy investment in all organisms by
increasing oxidative stress and DNA damage, which are
closely related to telomere shortening (Monaghan &
Ozanne, 2018). We also hypothesize that body condition may
be related to TL because body condition reflects the immediate
size-to-weight ratio, which is used as a proxy for both health
status and self-maintenance (Barrett & Richardson, 2011; Bur-
raco et al, 2020; Olsson et al., 2021; Rollings, Uhrig,
et al., 2017). Additionally, this assessment of body condition
has been linked to physiological costs of reproduction and to
sex-specific life strategies (Friesen et al, 2021; Rollings,
Uhrig, et al.,, 2017). Finally, we expect a relationship between
TL and the alteration of shell scute pattern. In chelonians, the
number of shell scutes is a highly conserved trait at the species
level (Zimm et al., 2017). At the individual level, the occur-
rence of shell anomalies is related to stress during egg incuba-
tion, environmental factors, inbreeding and epigenetic-related
problems (Velo-Antén et al., 2011; Zimm et al., 2017). Thus,
we may expect that tortoises with such anomalous numbers of
scutes will have shorter telomeres. Altogether, our results will
contribute to a better understanding of how TL is influenced
by individual factors and with the passing of time in long-lived
species in the wild.

Materials and methods

Study system, sampling and data collection

Testudo graeca is the most widely distributed tortoise species
in the Western Palearctic, with different lineages ranging over
North Africa, the Near and Middle East and southern Europe
(Fritz et al., 2007, 2009; Gracia et al., 2017; Javanbakht
et al., 2017; Mikulicek et al., 2013). Here we sampled a popu-
lation from arid environments in SE Spain (Figure S1).

We conducted a cross-sectional study between 2005 and
2019 in spring to sample 90 tortoises that represented the SE
Spanish distribution range (39 males, 38 females and 13 sub-
adults with ages ranging from 2 to 27 years; Table SI,
Figure S1). We collect blood samples and they were conserved
in 70% ethanol (stored at —4°C until analysed). Each tortoise
was permanently marked by carapace notching and the follow-
ing individual traits were recorded: sex (according to external
secondary characters; Lopez-Jurado et al., 1979); age (esti-
mated from carapace ring counting, Rodriguez-Caro
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et al., 2015); body weight (g); plastron and carapace length
(mm); shell anomalies (occurrence of any deviation from the
typical number and arrangement of shell scutes, Benelkadi
et al., 2022) (see Fieldwork Information on Methods in
Appendix S1 for more details). The frequency of such anoma-
lies in the SE Spanish 7. graeca population has been estimated
at 17% by Moreno (2017). Our cross-sectional sampling
included 20% of the tortoises with anomalous scute counts
(Table S1).

In addition to the information recorded during fieldwork,
two more descriptors were estimated. Firstly, a growth rate
score per individual (mm/year, k) was calculated separately for
males and females using carapace length and age in the von
Bertalanffy model (Fabens, 1965; Rodriguez-Caro et al., 2013)
(Equation S2). This model is typically used to describe chelo-
nians growth (e.g., Benitez-Malvido et al.,, 2019; Zivkov
et al., 2007) and allows estimations of each individual’s growth
rate since its birth to the current measurement time. This
approach compares individual growth to the growth pattern of
the whole population. Secondly, individual body condition was
estimated using the residuals of the linear regression analysis
between weight and plastron length (Rollings et al., 2019). It
is necessary to notice that these two variables show in our
dataset a robust linear correlation coefficient of 0.93, as indi-
cated by a Pearson test (P < 2.2e—16).

For the longitudinal study, we twice sampled 14 adult
females, which were captured and recaptured with time inter-
vals from 1 to 14 years (Table S2, Figure S1). We focused on
females because they are much easier to recapture after long
time intervals due to their smaller home ranges and higher site
fidelity (Gracia et al., 2020).

Laboratory analyses and relative telomere length
calculation

DNA was extracted from blood samples using the DNeasy
Blood and Tissue kit (Qiagen) following the manufacturer’s
protocol. Telomere length was measured using the real-time
quantitative PCR (qPCR) method described in Cawthon (2002,
2009), adapted for tortoise and turtle samples by Plot
et al. (2012). We used the highly conserved subunit of ribo-
somal DNA 18S as a single-copy gene (commonly employed
in phylogenetics, intra- and interspecific comparisons and telo-
mere studies in reptiles and other taxa to calculate relative TL)
(Plot et al., 2012; Yang et al., 2018). DNA samples were
assayed using the Maxima SYBR Green qPCR Master Mix
(Thermo Scientific) in a StepOnePlus system (Applied Biosys-
tems). The efficiency of each amplicon was estimated from the
slopes of the amplification curves for each qPCR reaction
using LinReg PCR software and it varies from an average of
1.900 for telomere plates and of 1.768 for 18S plates (Ruijter
et al., 2009). The individual plates included the samples for
telomeres or 18S amplification (run on different plates), a ref-
erence sample (Gold Sample) and a negative control (water).
To ensure the robustness of our measurements, all samples,
including the negative control and golden sample, were run in
triplicate. The relative telomere length (T/S ratio) was

Telomere dynamics in tortoises

calculated using the formula described by Raschenberger
et al,, 2016, which takes into account variations in telomere
and 18S amplification efficiencies, as well as the amplification
efficiencies of the golden sample (Equation S1). For this for-
mula, we used a mean of the efficiency calculated with LinReg
PCR software for each of the three replicates.

Statistical analysis

Cross-sectional study (single sampling)

In case of cross-sectional study, we made the statistical analy-
sis in two steps. To explore the relation between T/S ratio
(dependent variable) and individual characteristics (age, sex, £,
body condition scores and the presence or absence of shell
anomalies; independent variable), we used univariate models in
linear regression. We made a logarithm transformation of T/S
to standardize the variable from a normal distribution before
construct all models (log T/S ratio). The log T/S ratio and sex
relation was tested only for adults by a one-way analysis of
variance (ANOVA). Age was analysed using a both linear and
quadratic regressions that allow to explore nonlinear TL
dynamics. To avoid sex-specific effects above body condition
index, we employed sex as a covariable in the linear regression
models. Finally, we built a multivariate model to assess the
combined effect of the variables that resulted significant in the
univariate models. We employed a stepwise backward analysis
using the Akaike Information Criterion (AIC) for model selec-
tion to identify the most relevant variables influencing TL. All
analyses were performed using basics stats functions of R soft-
ware environment (R Core Team, 2022).

Longitudinal study (capture-recapture sampling)

To investigate individual telomere dynamics, we estimated
changes in the logarithm of T/S ratio for 14 captured—recap-
tured females in different time intervals (Alog(T/S ratio) = 2"
capture log(T/S ratio) — 1% capture log(T/S ratio)). For each
female, significant differences in TL between the capture and
recapture times were assessed by #-tests using sample triplicates
(Table S3). Subsequently, we conducted a linear regression
between Alog(T/S ratio) (dependent variable) and capture inter-
vals (independent variable). All the analyses were done in R
project (R Core Team, 2022).

Results

Cross-sectional study (single sampling)

The cross-sectional data analysis revealed that TL was not
influenced by sex (Table S4), individual growth rate (k) or
body condition (Table S5). Nevertheless, we found that shell
anomalies were a significant predictor of TL (P = 0.04,
Estimate = —0.14 + 0.06, R> = 0.06, d.f. = 53; Table S35).
Tortoises with shell anomalies are more likely to have shorter
telomeres (Fig. 1). Regarding the influence of age on TL, sig-
nificant effects were observed only in accordance with the
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quadratic regression model. The results indicated that the telo-
meric length is greater in individuals of intermediate ages (lin-
ear term: P = 0.02, quadratic term: P = 0.01, R? = 0.05; see
Table S5). However, in the multivariate stepwise analysis, the
best model describing TL variation only retained the presence
of shell anomalies (starting model including age with linear
and quadratic terms and shell anomalies: AIC = —165.85; final
model including only shell anomalies: AIC = —161.66), being
therefore identical to the univariate model explored before
(Table S5).

Longitudinal study (capture-recapture
sampling)

The capture—recapture data revealed diverse individual TL
dynamics over time: out of the fourteen analysed tortoises,
eight showed significantly shorter telomeres when recaptured,
five displayed no significant differences and one presented sig-
nificant telomere elongation (this last one with a 1-year capture
interval). The linear regression conducted to assess the relation
between A(log T/S) ratio and the time interval between recap-
tures resulted in a non-significant relation (P = 0.421,
Estimate = —0.07 + 0.08, d.f. =13, R*= —0.023, Fig. 2)
(Table S6).

Discussion

In this study, we explored how TL changes with age and
relates to important individual traits during the postnatal life in

Log T/Sratio
N
(=]
o

0.0

Andrea Mira-Jover et al.

wild spur-thighed tortoises. Our univariant exploration revealed
a negative relation between TL and the presence of shell
anomalies and a quadratic relationship between TL and age.
However, this latter relationship was not retained in the best
multivariate analysis built with a stepwise procedure, and the
capture—recapture experiment unveiled diverse individual TL
dynamics over time. Furthermore, we found no relationship
between TL and sex, individual growth rate or tortoise body
condition. The lack of relation between some variables and TL
may arise from limited statistical power owing to a relatively
modest sample size, or because we studied individuals inhabit-
ing homogeneous conditions (a single population). However,
overall, our results around TL and aging align with previous
studies and support the notion that telomeres shorten more
slowly—or have more diverse dynamics—in long-lived species
than in short-lived ones (Dantzer & Fletcher, 2015; Haussmann
et al., 2003).

Our study is pioneering for establishing the relation between
occurrence of morphological anomalies and TL in a wild-living
ectotherm. In reptiles, scalation asymmetries and anomalies are
strongly influenced by environmental factors and nest condi-
tions during embryo incubation (Peet-Paré & Blouin-
Demers, 2012; Zimm et al., 2017), and also by inbreeding or
genetics (Brown et al., 2017; Velo-Antén et al., 2011). Subtle
deviations from bilateral symmetry are frequently used as a fit-
ness proxy (Cordero Rivera et al., 2008; Leary et al., 1984;
Velo-Antén et al.,, 2011) which is, however, not always justi-
fied (Brown et al., 2017; Lens et al, 2002; Lowenborg
et al., 2011). Our results suggest a link between developmental

0.5 1.0

Shell anomalies

Figure 1 Violin plot representing the distribution of telomere length (logarithm of T/S ratio) in relation to the presence or absence of shell
anomalies in Testudo graeca at the cross-sectional study (Sample size = 55, P = 0.04, Estimate = —0.14 + 0.06, R% = 0.06, d.f. = 53; Table S5).
Dots and white bars represent the median and first to third quartiles, respectively, while the density curves depict the probability distribution of

the dependent variable.
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Log T/S ratio
(9]

o

I {st capture  E=E2nd capture
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otk bl

Individuals
N=14

mm A log T/Sratio  ——Capture interval

Figure 2 Telomere length variation at the longitudinal study. For each individual Testudo graeca (N = 14), bars represent the logarithm of T/S
ratio (15t capture in blue, 2" capture in yellow) and logarithm of AlogT/S ratio (calculated as the 2nd capture logT/S ratio minus the 1st capture
logT/S ratio). Therefore, negative values of AlogT/S ratio represent telomere shortening over time, while positive values represent telomere
elongation. Significant differences between capture and recapture logT/S ratios are denoted by an asterisk (see t-test results in Table S3).
Individuals are sorted based on the capture interval, which is represented by the orange line.

instability and TL in blood cells of adult 7. graeca. Taking
into account that the incubation of eggs and the development
of tortoises to their adult stage occur at different times and in
very different environments, we would venture to propose that
the observed relationship is attributable to endogenous factors
(i.e., genetic and epigenetic factors), rather than exogenous
(developmental environments). Further research (including
experimental designs) may elucidate causality and potential
sources for this relation, and also the consequences of shell
anomalies on 7. graeca fitness.

Regarding sex, previous studies tended to report that the het-
erogametic sex, or the sex growing faster or which needs to
maintain a larger body mass presents shorter telomeres (Barrett
& Richardson, 2011). However, Remot et al. (2020) tested
these expectations in 51 vertebrate species (including mammal,
bird, fish and reptile species), and did not find any of them to
be generally supported. Alternative mechanisms behind sexual
dimorphism may modulate or mitigate sex-specific differences
in TL (Rollings et al., 2019; Rollings, Friesen, et al., 2017;
Rollings, Uhrig, et al., 2017). Testudo graeca lacks sex chro-
mosomes (Pieau, 1975), but the larger size and body mass of

females led us to expect sex-related differences in TL. Telo-
mere length is positively related to survival in many taxa (Wil-
bourn et al., 2018) and sex-biased survival rates have been
found in species with different TL between sexes (Rollings
et al., 2019). The SE Spanish population of 7. graeca shows a
balanced sex ratio and a high adult survival rate for both sexes
(98.4% for males and 94.7% for females) (Gracia et al., 2017,
Rodriguez-Caro et al., 2013), which is compatible with our
results. In fact, it has been reported that 7. graeca females
buffer disturbances by constant-through-time survival rates of
adults at the expense of wide variability in reproductive rates
(Rodriguez-Caro et al., 2021). This results in the question
whereas tortoises adjust their reproductive investment in the
long term to avoid TL damage or not.

We did not find any relation between TL and individual
growth rate (k) or body condition descriptors. Growth patterns
in T graeca have been used in ecological studies to describe
the long-term effect of habitat disturbances (like fires) on sur-
vival rates (Rodriguez-Caro et al., 2013). Body condition is
used as a proxy of immediate health (e.g., to reveal the effects
of virus infections) (Garcia-Morante et al., 2016). Not finding
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a relation of these estimates with TL could be the consequence
of relatively homogeneous growth conditions and the good
health of the analysed animals (we did not find any signs of
disease or anorexia symptoms). Further studies may explore
the potential impacts on TL of habitat disturbances like habitat
loss and fragmentation, fire or drought.

According to the relation between TL and age, some previ-
ous cross-sectional studies for other extremely long-lived spe-
cies found TL maintenance and elongations in wild
populations (Dantzer & Fletcher, 2015). For example: (i) TL
shortening between chick stage and adulthood, but TL mainte-
nance in an adult wandering albatross (Diomedea exulans; Hall
et al., 2004); (ii) no correlation with age in the ocean quahog
(drtica islandica; Gruber et al., 2014); and (iii) apparent TL
lengthening with age in Leach’s storm petrel (Oceanodroma
leucorhoa; Haussmann & Mauck, 2008). By explaining the
absence of shortening patterns at the population level, it has
been suggested that some individuals are able to elongate telo-
meres (‘elongation hypothesis’) and/or, alternatively, that selec-
tion acts against individuals with short telomeres (‘selection
hypothesis’) (Haussmann & Mauck, 2008). In our study, we
found unclear cross-sectional TL and age relation in 7. graeca,
and diverse individual TL dynamics over time when analysing
females’ capture—recapture data. Further research involving
larger sample sizes, fitness traits and telomerase activity could
definitely elucidate the contribution of each hypothesis to the
cellular effects on 7. graeca with the passing of time. For the
moment, our results suggest that TL may have limited utility
as a marker of biological age.

Conclusions

Despite the increasing number of studies on telomere dynamics
in ectotherms, it remains essential to further investigate genet-
ics, physiology and evolutionary ecology in relation to telo-
meres in reptiles (Olsson et al., 2021). Our study contributes
to a better understanding of TL dynamics in long-lived species
and reports for the first time the relationship between TL and
the presence of shell anomalies. Specifically, we found shorter
TL in animals with shell anomalies, but further research is nec-
essary to elucidate the causality and potential sources of this
link. Moreover, we did not find a clear relation between TL
and age, but noted diverse individual TL dynamics over time.
In the same way, we found no relation to link TL with sex,
individual growth or body conditions. Altogether, these results
suggest TL as a potential indicator for ontogenetic studies on
tortoises, while its utility as a marker of biological age and the
other studied traits appears limited.
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von Bertlanffy model (Rodriguez-Caro et al., 2013).
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