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1  |  INTRODUC TION

Telomeres are repetitive sequences of DNA located at the end of 
the eukaryotic chromosomes (Blackburn,  1991). These noncod-
ing regions assemble with the telomere-binding proteins, and as 

a single DNA lagging strand complex, form a cap at the end of 
the chromosome (Armanios & Blackburn,  2012). The telomere 
complex, on one hand, protects the coding sequence from attri-
tion, on the other hand, sets a limitation for the cell replicative 
potential, therefore acting as a ‘mitotic clock’ (Olovnikov,  1996). 
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Abstract
Life-history theory suggests that ageing is one of the costs of reproduction. 
Accordingly, a higher reproductive allocation is expected to increase the deterioration 
of both the somatic and the germinal lines through enhanced telomere attrition. In 
most species, males' reproductive allocation mainly regards traits that increase mat-
ing and fertilization success, that is sexually selected traits. In this study, we tested 
the hypothesis that a higher investment in sexually selected traits is associated with a 
reduced relative telomere length (RTL) in the guppy (Poecilia reticulata), an ectotherm 
species characterized by strong pre- and postcopulatory sexual selection. We first 
measured telomere length in both the soma and the sperm over guppies' lifespan to 
see whether there was any variation in telomere length associated with age. Second, 
we investigated whether a greater investment in pre- and postcopulatory sexually 
selected traits is linked to shorter telomere length in both the somatic and the sperm 
germinal lines, and in young and old males. We found that telomeres lengthened 
with age in the somatic tissue, but there was no age-dependent variation in telomere 
length in the sperm cells. Telomere length in guppies was significantly and negatively 
correlated with sperm production in both tissues and life stages considered in this 
study. Our findings indicate that telomere length in male guppies is strongly associ-
ated with their reproductive investment (sperm production), suggesting that a trade-
off between reproduction and maintenance is occurring at each stage of males' life in 
this species.
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Telomeres shorten with each round of somatic cell division be-
cause the DNA polymerase is unable to completely replicate 
the lagging strand, a phenomenon known as the end of replica-
tion problem (Watson, 1972). Telomere attrition is not only a by-
product of cell division, but it is also affected by environmental 
stressors (Chatelain et al.,  2020). The telomere sequence is in 
fact enriched with guanine nucleotides, which are particularly 
vulnerable to oxidative stress in both somatic and germinal lines 
(Barnes et al.,  2019; Bekaert et al.,  2004; Friesen et al.,  2020). 
Regardless of the mechanism involved in telomere erosion, cellu-
lar senescence is triggered when telomere length (TL) falls below 
a certain threshold, the so-called Hayflick limit (Hayflick,  1965). 
Telomere attrition, on the contrary, can be reduced by the ac-
tion of the reverse transcriptase telomerase that adds repetitive 
units of DNA to the telomeric region at each round of cell divi-
sion (Zvereva et al., 2010). Furthermore, telomere lengthening can 
rarely occur through recombination between sister telomeres, a 
mechanism known as alternative lengthening of telomeres (ALT) 
(Kass-Eisler & Greider, 2000; Liu et al., 2007). Maintaining a bal-
anced TL is critical because abnormal telomere shortening or elon-
gation rates are linked to dysfunctional phenotypes (Vaiserman & 
Krasnienkov, 2021).

As the rate of telomere attrition affects cellular senescence 
and death, TL is considered a hallmark of aging (López-Otín 
et al.,  2013). Although there is evidence of a negative correla-
tion between TL and individual longevity in several species, this 
correlation appears to be weak according to a meta-analysis that 
compares telomere attrition patterns across non-human verte-
brates (Remot et al.,  2022). In fact, telomere dynamics (i.e. the 
rate of TL variation across lifespan) are highly variable among 
taxa, and wide variability exists also within species and between 
tissues. Such variation suggests that the rate of telomere erosion 
does not follow a universal pattern but may rather be shaped by 
species-specific selective pressure according to life-history strat-
egies (Monaghan & Haussmann, 2006; Olsson et al., 2018; Remot 
et al., 2022). Along the slow-fast continuum of life-history strat-
egies (Dantzer & Fletcher, 2015), fast-living species have a short 
lifespan, early sexual maturation and high fecundity. In contrast, 
slow-living species have a long lifespan, late sexual maturation and 
low fecundity (Stearns, 1992).

The evolution of life-history traits depends on the resource allo-
cation strategy adopted by a population in which a finite budget of 
resources is expected to be traded-off between growth and repro-
duction (Kirkwood & Austad, 2000). Evidence that a greater allocation 
in reproduction is counterbalanced by a shorter longevity has been 
confirmed by numerous empirical studies that investigated the role 
of the reproductive load on the ageing rate (Candolin,  1998; Hunt 
et al., 2004; Lemaître et al., 2020; Pike et al., 2007; Preston et al., 2011; 
Robinson et al., 2006; van Voorhies, 1992). If an increased reproduc-
tive investment results in a decreased somatic maintenance and vice 
versa, individual phenotypic variability should arise consistently with 
the allocation strategy adopted (Stearns,  1992), including individual 
variation in TL (Tarka et al., 2018).

The cost of reproduction is expected to be greater in the sex 
(usually male) that is under stronger sexual selection. Indeed, male 
competition for the access to the females led to the evolution of 
costly traits that contribute respectively to increased mating (pre-
copulatory traits, i.e. ornaments and weapons) and fertilization 
(postcopulatory traits, i.e. ejaculate features) success (Andersson & 
Simmons, 2006). The relative investment in pre-versus postcopula-
tory traits can vary according to the mating system. In promiscuous 
species, males allocate more resources on traits that ensure fertil-
ization (postcopulatory traits) since they face strong sperm com-
petition. In contrast, when female mating rate is low, males should 
increase the investment on precopulatory traits in order to secure 
mating (Parker & Pizzari, 2010; Puniamoorthy et al., 2012; Simmons 
& Emlen,  2006). Allocation in both pre- and postcopulatory traits 
can come at the cost of higher production of reactive oxygen spe-
cies (ROS), a source of telomere erosion (Kawanishi & Oikawa, 2004; 
Monaghan et al., 2009). As expected, the investment in precopula-
tory traits, such as head coloration in the Australian painted dragon, 
or tail length in the European barn swallow, is negatively correlated 
with somatic telomere attrition in individuals with more prominent 
ornamentation (Kauzálová et al., 2022; Rollings et al., 2017). Consis-
tently, TL negatively correlates with male gonad size in the Atlantic 
silversides (Gao & Munch, 2015) and with sperm velocity in lizards 
(Friesen et al., 2020), suggesting that the postcopulatory investment 
leads to a heightened telomere erosion as well. Indeed, enhanced 
allocation on postcopulatory traits, such as sperm production, can 
occur through faster spermatogenesis (Ramm et al.,  2014). This 
process implies a higher rate of cellular division, and thus greater 
telomere erosion in the germinal line, with potential repercussion on 
fertility (Cariati et al., 2016; Thilagavathi et al., 2013).

Consequently, a trade-off between the investment in sexually 
selected traits and the rate of telomere erosion is expected to occur 
in both the somatic and the germinal lines, particularly in species 
subjected to strong sexual selection, where the investment in sexu-
ally selected traits is high and trade-offs with maintenance (including 
TL) are more pronounced.

The guppy (Poecilia reticulata) is a classical model species for 
sexual selection studies. Males exhibit orange-coloured spots 
that positively affect male mating success (Houde,  1997). These 
carotenoid-based ornaments are costly to produce, as indicated 
by the fact that their expression is condition-dependent (Anders-
son, 1986; Grether et al., 2004; Locatello et al., 2006; Nicoletto & 
Kodric-Brown, 1999). Furthermore, the high level of polyandry typ-
ical of this species foresees strong sperm competition. Increased 
sperm production is the most common evolutionary response to 
increased levels of sperm competition (Lüpold et al., 2020). Guppies 
make no exception, and the number of sperm transferred during 
copulation is the best predictor of fertilization success (Boschetto 
et al., 2011). Male guppies indeed evolved large sperm reserves that 
allow them to successfully inseminate several females consecutively 
(Magris et al.,  2020). Once depleted, sperm reserves are restored 
in a few days (Kuckuck & Greven, 1997). As a result, the ejaculate 
production represents a significant component of the reproductive 
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budget of an individual and shows stronger condition dependence 
than other sexually selected traits (Devigili et al.,  2017; Gasparini 
et al., 2013). Male guppies show senescence for both male orange 
colours and ejaculate traits, but aging is faster for precopulatory 
traits (Gasparini et al., 2010, 2019).

Here, we aim to test whether any variation in TL is associated to 
either age (telomere dynamics) or pre- and postcopulatory sexually 
selected traits investment in male guppies. We did the following pre-
dictions: (i) to observe little variation in the TL of somatic and sperm 
cells as a function of age in guppies according to previous findings on 
short-lived ectotherm species (Harel et al., 2015; Lund et al., 2009; 
Olsson et al., 2018; Remot et al., 2022); and (ii) if a higher investment 
in sexually selected traits is traded-off against maintenance, males 
with enhanced sexual traits will have shorter telomeres, supporting 
the trade-off hypothesis (TOH).

We first estimated telomere dynamics in the somatic and in 
the sperm cells in order to disclose any evidence of somatic or 
reproductive aging in this species. We thus measured somatic 
TL at birth (undetermined sex), at 5 ± 1 (full adult males) and at 
12 ± 1 months (old males). We further measured sperm TL at 5 ± 1 
and 12 ± 1 months. Second, we assessed the relationship between 
the investment in pre- (relative area of orange spots) and postcop-
ulatory traits (relative sperm production) and TL in the somatic 
and in the sperm cells. Since a steeper decline in maintenance 
and reproduction appears with aging (Jones et al., 2014; Nussey 
et al.,  2013), we estimated the relationship between the invest-
ment in sexually selected traits and somatic and sperm TL in both 
young and old males.

2  |  MATERIAL S AND METHODS

Guppies used in this experiment are descendants of a stock col-
lected from Lower Tacarigua River in Trinidad. They are maintained 
as a self-sustained population at the Botanical Garden of the Univer-
sity of Padova where the experimental fish have been collected at 
the fry stage and subsequently acclimatized to the laboratory condi-
tions in stock tanks.

2.1  |  Experimental design

Fry were haphazardly collected from monitored stock tanks at 
1 ± 1 days old to be subsequently euthanized with an overdose of 
MS222 (Matthews & Varga,  2012) and stored at −20°C in abso-
lute ethanol until DNA extraction. Experimental males (5 ± 1 and 
12 ± 1 months old) were selected haphazardly from the stock tanks. 
Guppy's sperm can undergo senescence when stored in the male 
gonads before mating (Gasparini et al.,  2014); moreover, variation 
in TL has been found at different spermatogenesis stages (Fice & 
Robaire, 2019). To standardize any possible TL variation attributable 
to these processes, we stripped each male to equalize their initial 
sperm age (Gasparini et al., 2009). We then placed the males into 

individual tanks (2.5 L). At the age of 5 ± 1 months, all males are sexu-
ally mature full adult (Magurran., 2005), while at age 12 ± 1 months, 
males show reproductive ageing (Gasparini et al., 2019). After 4 days 
of isolation to allow replenishment of the ejaculate reserves, males 
have been photographed to assess the relative orange area (orange 
area over body area %), and then stripped to assess the relative 
sperm production (residuals of bundle count over body area). After 
phenotypic traits capture, males were euthanized with an overdose 
of MS222 and a sample of muscle and sperm were collected (proto-
col below) and stored in absolute EtOH at −20°C.

2.2  |  Precopulatory trait measurement

Male body and orange area were captured under a ZEISS Stemi 
2000-C stereomicroscope through a single sided digital photograph 
(Canon EOS 450D) after individual anaesthesia in MS222 (0.15 g/L) 
water-based solution (Chambel et al., 2015). The relative orange area 
(the orange area over the body area %) was measured with the ImageJ 
software (http://rsbweb.nih.gov/ij/downl​oad.html) (Evans et al., 2003).

2.3  |  Postcopulatory trait measurement

Sperm collection and count occurred 4 days after a first strip proce-
dure, a step made with the purpose of flattening sperm age variation 
(see above). After anaesthesia, each male was placed on a black slide 
in 800 μL of saline solution (NaCl 0.9%) under a stereomicroscope. 
His gonopodium was swung over a 180 degrees angle for four times, 
afterwards, a gentle pressure was applied to the abdomen cavity and 
sperm were released. Guppy's sperm are packaged in bundles, each 
carrying around 22.000 sperm cells (Cattelan et al., 2018). Bundles 
were photographed and counted with the ImageJ software. The rel-
ative sperm production was calculated as the standardized residuals 
of the bundles count (Nbundles) over the body area (mm2).

For each male, 30 sperm bundles were collected and centrifuged 
at 5000 rpm in a refrigerated Beckman Coulter microfuge 20R at 4°C 
for 5 min, and the pellet stored in 50 μL of saline solution (NaCl 0.9%) 
at −20°C until needed.

2.4  |  RTL measurement

A total of 115 somatic tissues (whole body 1 ± 1 days old =27 and mus-
cle 5 ± 1 = 62, 12 ± 1 = 26 months old), and 74 sperm (age: 5 ± 1 = 56, 
12 ± 1 = 26) samples were collected. In the 12 ± 1 age class, both mus-
cle and sperm tissues belong to the same males, while in the 5 ± 1 age 
class, muscle and sperm tissues have been sampled from independent 
males except for 11 males from which we collected both tissues. We 
adopted a cross-sectional design because the small size of male gup-
pies makes euthanasia necessary for muscle collection.

Genomic DNA was extracted from muscle, and sperm using the 
Bio Basic EZ-10 Spin Column Genomic Minipreps kit for animal sample 
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according to the manufacturer's protocol except for sperm samples 
for which the kit ACL lysis solution was replaced by 300 μL of RTL 
lysis buffer (Qiagen) and 3 μL of mercaptoethanol. Samples were 
eluted from the column with either 50 μL (muscle) or 20 μL (sperm) 
of the kit Elution buffer. DNA quality was checked with a Nanodrop 
ND-2000 C spectrophotometer (Thermo Scientific, USA) for 260/280 
ratio greater than 1.8 and 260/230 ratio greater than 1.9. Quantity 
was measured with the Qubit (Invitrogen) using the AccuGreen Broad 
Range dsDNA quantification kit (Biotium). Samples were diluted at 
the concentration of 2.5 ng/μL. Relative telomere length was mea-
sured using real time qPCR (Cawthon, 2002) technique that provides 
telomere quantity as ratio between the telomeric DNA and a nonvari-
able copy reference gene, here the melanocortin 1 receptor (Mon-
teforte et al., 2020). We used the telomere primers Tel1b and Tel2b 
(Criscuolo et al., 2009) and the melanocortin 1 receptor MCR1-F and 
MC1-R primers (Monteforte et al., 2020). Amplification cocktail and 
protocol were the same as in Monteforte et al. (2020) and run in an 
Applied Biosystems™ 7500 Real-Time PCR System. Each plate con-
tained three interpolate calibrators and a negative control, all run in 
triplicates. Baseline and cycle quantification (Cq) values were cor-
rected using the LinRegPCR software ver. 2017.1 (Ruijter et al., 2009). 
Removal of between-run variation was obtained with Factor qPCR 
(Ruijter et al., 2015). Relative telomere length was obtained following 
the equation proposed by Pfaffl (Pfaffl, 2001) as reported in Monte-
forte et al. (2020). We set the acceptance threshold for amplifications 
efficiency of 100 ± 20%. Interassay coefficients of variation (CV) were 
7.9% for telomere plates and 1.1% for MC1R plates, while intra-assay 
CVs were 1.4% for telomere plates and 0.65% for MC1R plates.

2.5  |  Nonvariable copy reference gene assessment

The reference gene serves as a baseline for the quantification of RTL. 
For a correct esteem of RTL, the reference gene should present non-
variable copy number (non-VCN) in the genome. The melacortin 1 
receptor (MC1R) used in this study has been conserved as a single 
copy gene in divergent fish species (Selz et al., 2007) as well as in P. re-
ticulata according to the analysis of its genome (GCF_000633615.1) 
(Künstner et al., 2016). However, to further validate the MC1R is a 
non-VCN gene, we followed the method of Smith and colleagues 
(Smith et al.,  2011). We established a panel of four non-VCN can-
didate genes on four different linkage groups (LG) of the guppy ge-
nome: the MC1R itself on LG3, the intermediate filament protein 
ON3-like on LG2, an uncharacterized protein on LG1 and the β actin 
on LG 8. The intermediate filament protein and the uncharacterized 
protein showed similar expression in high and low sperm guppy se-
lected lines (Cattelan, Vidotto, et al., 2020), while the β actin is usually 
used as a housekeeping gene in gene expression analysis (e.g., Zhang 
et al., 2023). Locus ID, primers sequences and RT-qPCR profiles are 
reported in Table S1. We run a real-time qPCR on 15 muscle tissue's 
samples estimating the RTLs using our putative non-VCN genes as 
reference. We then estimated covariation in copy numbers through 
a correlation matrix, which measures the strength of pairwise linear 

relationships between RTLs of the candidate genes. Pearson's cor-
relation coefficient ranges from 0.88 to 0.98 (Tables  S2 and S3, 
Figure  S1) indicating strong collinearity between all the genes we 
analysed and suggesting that in particular MC1R, the β actin and the 
uncharacterized protein do not present VCN and can be suitable ref-
erence genes for RTL quantification in guppies.

2.6  |  Statistical analysis

We investigated telomere dynamics throughout guppy's lifespan in 
the somatic tissue running a linear regression model (LM) with RTL 
(log transformed to meet the model assumptions) as the dependent 
variable and age as the explanatory variable. We tested age classes 
pairwise comparison running a general contrast between factor levels. 
To quantify the magnitude of the difference between age classes RTL, 
we calculated the effect size according to Cohen's d metric. In order 
to investigate telomere dynamics in the sperm germinal line, we run 
a LM using sperm RTL (log transformed to meet the model assump-
tions) as the dependent variable and age as the explanatory variable. 
To seek any trade-off between sexually selected traits and TL, we cor-
related by mean of generalized linear mixed model (GLMM) the RTL 
as dependent variable with pre- (relative orange area) and postcopu-
latory (relative sperm production) traits, age (5 ± 1 and 12 ± 1 months) 
and tissue (muscle and sperm) as fixed predictors. Male identity was 
entered as random factor to account for repeated measures of TL be-
tween tissues within males. Starting from the full model, we removed 
one by one the least significant predictor to confirm the correlation 
robustness. The reduced models are presented in (Table S6). All analy-
ses were conducted using Matlab version R2018a.

This research complies the ethical requirement and was ap-
proved by the Italian health ministry, authorization n. 624/2022-PR.

3  |  RESULTS

3.1  |  Somatic telomere dynamics

We investigated somatic telomere dynamics throughout guppies' 
lifespan comparing RTL between newborn, adult and old males. 
Relative telomeres length significantly increased in the somatic 
line as a function of age (Table 1, Figure 1). Mean RTL at birth was 
1.131 (±0.726 SD). Muscle mean RTL was 1.577 (±0.908 SD) at 

TA B L E  1  Results from the linear regression model (LM) in which 
muscle log RTL (Relative Telomeres Length) was the dependent 
variable and age (1 ± 1 days old, 5 ± 1 and 12 ± 1 months) was the 
predictor.

Muscle RTL

Fixed factor Estimate t p

Age .013 2.382 .018

Note: Significant terms in bold. R2 = 0.047.
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5 ± 1 months and 1.868 (±1.221 SD) at 12 ± 1 months. The pairwise 
comparison between age classes confirms a significant RTL elon-
gation between 1 ± 1 days old and 12 ± 1 months old (p = 0.040), 
while no significance difference was found between 1 ± 1 and 5 ± 1 
ages (p = 0.139), and between 5 ± 1 and 12 ± 1 months (p = 0.578) 
(Table S4). We measured the effect size between age classes, and 
we found that RTL effect size between 1 ± 1 and 5 ± 1 (Cohen's 
d = −0.242) and between 5 ± 1 and 12 ± 1 (Cohen's d = −0.288) was 
small according to Cohen's indexing d, while the effect size tended 
to be medium when comparing newborn with old males (1 ± 1 and 
12 ± 1, Cohen's d = −0.436) (Table S4).

3.2  |  Sperm telomere dynamics

We further analysed telomere dynamics in sperm of full adult and 
old males. Sperm mean RTL ranged from 1.549 (±1.1654 SD) at 
5 ± 1 months to 1.499 (±1.111 SD) at 12 ± 1 months. No significant 
difference in sperm RTL was found between adult and old males 
(Table 2, Figure 2). The effect size was consistently reporting a very 
small effect (Cohen's d = 0.044) (Table S5).

3.3  |  Sexually selected traits investment and 
telomere length trade-off

We examined the relationship between somatic and sperm germi-
nal line RTL with the investment in sexually selected traits (relative 

orange area, relative sperm production) to test whether the invest-
ment in pre- and postcopulatory sexually selected traits leads to en-
hanced telomere erosion. We analysed this relationship in both adult 
and old males to consider the putative effect of aging in telomere at-
trition. Relative telomeres length was significantly shorter and nega-
tively correlated with relative sperm production in the somatic and 
in the sperm germinal lines independently of the age stage (Table 3, 
Figure  3). The significant association between relative sperm pro-
duction and RTL persists when removing other predictors from the 
model (Table  S6). None of the others sexual traits predicted RTL 
(Table 3). The significant term ‘tissue’ indicates that sperm RTL was 
consistently shorter than muscle RTL since no significant interaction 
of the predictors with the tissues was found (Table S7).

4  |  DISCUSSION

4.1  |  Somatic telomere dynamics

This study aimed to investigate whether the investment in pre- and 
postcopulatory sexually selected traits (orange coloration and sperm 
number) is associated with telomere length in both the somatic and 
the sperm cells. Since the cost of somatic and reproductive main-
tenance is expected to be greater with ageing, we first assessed 
telomere dynamic in the somatic and sperm cells; second, we inves-
tigated whether any relationship between telomere length and the 
investment in sexually selected traits was evident in both full adult 
and old stage of life in guppy males.

In order to study telomere dynamics, we measured guppy TL 
at three different ages, namely at birth (unsexed individuals), 5 (full 
adult males) and 12 months (senescent males). We found that so-
matic TL significantly increased with age. There are two possible 
explanations for this observation. First, since we adopted a cross-
sectional design (i.e. sampling of different individuals at different 
ages), the increased TL as a function of age may be the consequence 
of the lack of individuals carrying shorter telomeres with ageing; 
hence, TL increment with age could be overestimated. Therefore, 

F I G U R E  1  Estimated marginal means 
of muscle log relative telomeres length 
at different ages (1 ± 1 days old, 5 ± 1 and 
12 ± 1 months) from the linear regression 
model (LM) in Table S1.

TA B L E  2  Results from the linear regression model (LM) in which 
sperm log RTL (Relative Telomeres Length) was the dependent 
variable and age (5 ± 1 and 12 ± 1 months) was the predictor.

Sperm RTL

Fixed factor Estimate t p

Age .003 .284 .776

Note: R2 = .001.
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we cannot exclude a bias due to the selective disappearance of 
males with shorter telomeres in the old class of age. However, no 
difference was found in the relationship between TL and age while 
comparing cross-sectional and longitudinal data in a meta-analysis 
(Remot et al., 2022).

An alternative explanation for the telomere elongation pattern 
found in guppies relies in the anticancer hypothesis which states 
that telomerase suppression in senescent stage of life occurs as a 
mechanism to prevent cancer formation (Gomes et al., 2011). This 
suppressed activity of telomerase is proposed to be an evolutionary 
consequence of higher metabolic and cellular division rates typical of 
endotherms species with determinate growth (Olsson et al., 2018). 
For this reason, telomeres shortening is less likely observed in 
small-bodied, short-lived ectotherm species (Olsson et al.,  2018; 
Tian et al.,  2018) where the telomerase enzyme is instead consis-
tently expressed throughout lifespan (Anchelin et al.,  2013; Lund 

et al., 2009). However, there is no unique pattern of telomere dynam-
ics among taxa, as telomere elongation over the course of lifespan 
has been found even in some mammal species (Criscuolo et al., 2018; 
Hoelzl et al., 2016; Panasiak et al., 2020; Spurgin et al., 2018; Tissier 
et al., 2022) and no TL variation across ages has been found in fishes 
(Remot et al., 2022). These results support the idea that telomere 
dynamics could depend on species-specific life-history strategies 
rather than following a universal pattern of TL shortening.

4.2  |  Sperm telomere dynamics

We measured sperm telomere dynamics from the ejaculate of fully 
adult and old male guppies. We found no statistically significant dif-
ference in sperm TL between these two age classes. This result sug-
gests that in guppies, like in other species (Alibardi, 2015; Anchelin 
et al., 2013; Autexier & Lue, 2006; Harel et al., 2015), the activity of 
telomerase does not decline with age in proliferative tissues, includ-
ing male gonads. Indeed, it has been shown that the telomerase is 
constitutively expressed throughout the lifespan in the gonads of 
several fish species, such as the lake trout Salvelinus namaycush (Pur-
chase et al., 2022), the zebrafish Danio rerio (Anchelin et al., 2013) 
and the killifish Nothobranchius furzeri (Harel et al., 2015).

To date, telomere dynamics in sperm cells have been stud-
ied primarily in rodents and humans, where no consistent pattern 
of positive or negative relationship between TL and age has been 
found; however, sperm deterioration with age is a common phenom-
enon (Monaghan & Metcalfe, 2019). In guppies, sperm performance 
(swimming velocity and competitive fertilization success) does not 
significantly decline with age according to longitudinal studies (Gas-
parini et al., 2010, 2019). The absence of TL variation in sperm cells 
of adult and old males found in this study is therefore coherent with 
the lacking age-dependent decline observed in guppies' ejaculate 
traits. The evolutionary reasons why ejaculate traits age at a slower 
rate than other sexually selected traits remain unclear (Gasparini 
et al., 2019; Sanghvi et al., 2023).

TA B L E  3  Results from the generalized linear mixed model 
(GLMM) in which log RTL (Relative Telomeres Length) was the 
dependent variable and age (5 ± 1 and 12 ± 1 months), relative 
orange area (orange area on the body area %), relative sperm 
production (standardized residuals of sperm bundles count on the 
body area), and tissue (muscle or sperm) were the fixed factors and 
male ID was the random factor.

Full model

Estimate t p

Fixed factors

Relative orange area −.086 −0.133 .893

Age −.016 −1.787 .076

Sperm production −.094 −3.259 .001

Tissue −.137 −2.394 .018

Random factor

Male ID .057

Note: Significant terms are in bold.

F I G U R E  2  Estimated marginal means 
of sperm log relative telomeres length at 
different ages (5 ± 1 and 12 ± 1 months) 
from the linear regression model (LM in 
Table 2.
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4.3  |  Sexually selected traits investment and 
telomere length trade-off

In order to reveal a trade-off between TL and male investment in 
sexually selected traits, we assessed whether males' orange col-
oration and sperm production were associated with TL variation 
in both the somatic and the sperm cells, and in full adult and se-
nescent males. Our results indicate a potential trade-off between 
sperm production and TL is occurring in both somatic and sperm 
cells, and in both full adult and old males. Intriguingly, the area of 
orange (carotenoid) coloration did not predict TL in guppy, unlike 
what has been found in the Australian painted dragon (Giraudeau 
et al., 2016; Rollings et al., 2017). Guppies promiscuous mating sys-
tem implies intense sperm competition and competitive fertiliza-
tion success is indeed strongly predicted by the number of sperm 
transferred during mating (Boschetto et al., 2011); hence, selection 
for sperm production is expected to be stronger with respect to 
other sexual traits. Moreover, diet restriction has a stronger nega-
tive effect on sperm production than orange coloration (Cattelan, 
Evans, et al., 2020) indirectly suggesting that the physiological cost 
associated to sperm production is larger. The negative association 
between TL and sperm production, paralleled by the lack of associa-
tion with orange coloration suggest that, in guppy, sperm produc-
tion may have a larger cost even for TL maintenance. In this study, 
sperm production was negatively associated with TL in both adult 
and senescent males and in both muscle and sperm cells. The cur-
rent literature suggests that males with high sperm production may 
pay two costs: One is a reduced longevity, as shorter somatic TL is 
expected to be associated with an increased ageing rate (reviewed 
in Lemaître et al., 2020; López-Otín et al., 2013). The second cost 
consists of a reduced sperm competition success, if sperm produc-
tion is negatively associated with sperm quality (Friesen et al., 2020) 
and reproductive success (Pauliny et al., 2018). However, to confirm 
these predictions, a longitudinal study testing for both longevity and 
fertility is necessary. Both sperm production and TL have a high sire 
heritability (Chik et al., 2022; Eisenberg & Kuzawa, 2018; Gasparini 
et al.,  2013; Vedder et al.,  2022); hence, the investigation on the 

interplay between the two could reveal potential costs also in the 
offspring (Eisenberg & Kuzawa, 2018).

Finally, we find that TL is shorter in sperm than in the muscle 
tissue. The opposite pattern has been found in humans (reviewed in 
Eisenberg, 2011) and mice (Ramos-Ibeas et al., 2019), while there is 
no difference between blood and sperm TL in an ectothermic spe-
cies (Friesen et al., 2020). It has been proposed that the evolution of 
long telomeres in sperm results from the selective pressure on the 
fitness cost of premature aging in species with an increased repro-
ductive lifespan (Eisenberg, 2011). At the same time, in such species, 
telomerase suppression may have evolved in the soma for contrast-
ing cancer formation (Eisenberg, 2011) leading to opposite telomere 
dynamics in the soma and in the sperm. On the contrary, in our study 
species, TL is shorter in sperm tissues with respect to the muscle. 
We can speculate that, on one hand, the intense sperm production 
typical of guppies could provoke enhanced telomeres attrition in 
sperm cell. On the contrary, selection on telomerase activity in the 
soma may be more relaxed in short-lived ectotherm species. If the 
diversity of telomere dynamics in somatic and gametic cells across 
different taxa is the result of selective pressures deriving from di-
versified life-history strategies would only be clarified be widening 
telomere dynamics investigation.

In conclusion, our findings suggest that male investment in sex-
ually selected traits should be taken into account in the investiga-
tion of telomere dynamics since there is increasing evidence that 
telomere erosion may mediate the cost of reproduction in males 
(Friesen et al., 2020; Kauzálová et al., 2022; but see Taff & Freeman-
Gallant, 2017). Especially in polyandrous species, in which postcopu-
latory sexual selection can be predominant, the association between 
sperm investment and TL can reveal hidden costs of the male repro-
ductive output.
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