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Age-dependent reduction in reproductive success can arise due to multiple
factors including a deterioration of reproductive physiology. Senescing males
have been shown to produce ejaculates with poor sperm quality, which
impinges on male reproductive success. In addition to individual age, gamete
age can also affect male reproductive success. Accordingly, variance in male
reproductive success can be due to pre-meiotic (referring to individual age)
and post-meiotic senescence (sperm age). Here, we tested whether male
senescence and sperm cell aging have additive or interactive effects on
male reproductive success in a bird with a promiscuous mating system, the
North African houbara bustard. To assess the effect of pre-meiotic aging, we
compared male reproductive success between two age classes (3-6- and 12—
16-year-old). To infer the effect of post-meiotic aging, male ejaculates were
collected at three-time intervals following a common initial collection (day 1,
5, and 10). Therefore, day 1 ejaculates are supposed to contain younger sperm
than day 5 and 10 ejaculates. Following controlled artificial inseminations,
reproductive success was assessed using three fitness-linked traits (hatching
success, chick growth rate and survival). In addition to reproductive output,
we also assessed whether pre- and post-meiotic aging affected a wide range
of sperm and ejaculate traits. In agreement with previous reports, we found
that males in the older age class produced less sperm with poorer motility
compared to young individuals. However, contrary to the prediction, we found
that ejaculates collected at day 5 and 10 tended to have better sperm traits
such as motility and velocity. The results on sperm traits were generally
mirrored in the effect on reproductive success since young males produced
offspring that grew faster and had better survival during the first month of
life, and eggs fertilized by sperm collected at day 5 had the highest hatching
success. In any of the models, there was evidence for interactive effects of
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male and sperm age. Overall, these results confirm the role of pre-meiotic
aging on male reproductive success. The lack of evidence for sperm aging
could come from the experimental design but might also reflect the pattern

of mating frequency in a species with a lek-based mating system.

aging, chick survival, reproductive success, sperm age, sperm quality

Introduction

Senescence is the progressive decline of physiological
functions with age, resulting in increased mortality risk
(actuarial senescence) and decreased reproductive output
(reproductive senescence) (Monaghan et al, 2008). While
evidence in supporting senescence to be a widespread
phenomenon in nature has been accumulating during the last
decade (Nussey et al, 2013), the study of male reproductive
senescence has been restricted to a narrower range of species
(Lemaitre and Gaillard, 2017). Despite this limited taxonomic
spectrum, current evidence in humans and captive species of
mammals, fish, birds and insects suggests that male age can have
profound effects on several traits defining ejaculate and sperm
quality (Gasparini et al., 2010; Johnson et al., 2015; Carreira
et al., 2017; Herrera-Cruz et al., 2018; Colasante et al., 2019;
Fricke and Koppik, 2019; Farooq et al., 2020). For instance, old
males have been reported to produce lower ejaculate volume
with impaired antioxidant defenses and containing sperm with
reduced motility and velocity (Wolf et al.,, 2000; Sartorius and
Nieschlag, 2010; Noguera et al, 2012; Gunes et al, 2016).
In addition to these phenotypic changes, old males are also
likely to accumulate mutations in the germline due to the
continuous cell divisions that are inherent to spermatogenesis
(Kong et al, 2012; Thomas et al, 2018). Finally, epigenetic
changes of the germline were shown to occur during aging
(Immler, 2018; Evans et al, 2019). The combined effect of
phenotypic and (epi)genetic changes of sperm due to male
age can therefore compromise reproductive success, both by
reducing the probability to fertilize the ovum and increasing the
risk of embryo/offspring mortality (Hale et al., 2008; Kim et al,,
2011; Fay et al., 2016; Lippens et al., 2017; Ruhmann et al., 2018).

Besides these pre-meiotic (organismal) effects of aging,
cellular senescence (post-meiotic senescence) can also
contribute to determine male reproductive success. Sperm
cells are particularly vulnerable to the environmental conditions
they are exposed to, and susceptible to oxidative damage
(Reinhardt, 2007). Sperm cells are prone to oxidative damage
because they (i) produce high amount of reactive oxygen species
(ROS) due to their high number of mitochondria and intense
metabolic activity, (ii) have limited anti-oxidant defenses due
to their reduced cytosol, (iii) do not have known mechanisms
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of DNA repair, and (iv) have membranes that are rich in
unsaturated fatty acids which increase ROS production via
oxidative carbonyls (Aitken, 2020). After their production
during spermatogenesis, spermatozoa are stored in male
ducts (epididymis and vas deferens) and after mating they
can also be stored in the female reproductive tract in birds
(Blesbois and Brillard, 2007). During this period, both in male
and female sperm storage, oxidative damage was shown to
compromise sperm motility, viability, and DNA integrity in
studied species (reviewed by Tarin, 2000); thus, sperm aging
can alter the capacity to fertilize the ovum or impair offspring
health as shown by White et al. (2008) in kittiwakes (Rissa
trydactila). For instance, prolonged sperm storage in male
reproductive tract was also associated with decreased velocity
and impaired fertilization in the guppy (Poecilia reticulata)
(Gasparini et al,, 2014, 2017), reduced viability and increased
DNA fragmentation in zebrafish (Danio rerio) (Cattelan
and Gasparini, 2021) and decreased fertilization, embryo
development, hatching and chick condition in kittiwakes (Rissa
trydactila) (White et al., 2008). Similarly, sperm aging within
the female reproductive tract has been shown to have negative
effects on fertility, embryonic development, and hatching rate
success in poultry (Nalbandov and Card, 1943; Lodge et al,
1971).

While available evidence convincingly supports the role of
both pre- and post-meiotic senescence as important drivers of
male reproductive success, a question that has received little
attention is whether they have additive or interactive effects
on reproductive output (Pizzari et al., 2008). There are several
reasons to expect that pre-meiotic senescence might amplify
the effect of sperm age. For instance, as the antioxidant defense
system decreases with age, sperm produced by old males might
be more vulnerable to oxidative damage during the storage
period. In agreement with this hypothesis, sperm of old rats are
more vulnerable to both in vivo and in vitro oxidative challenge
than sperm from young rats (Zubkova and Robaire, 2006). Such
interactive effects of pre- and post-meiotic senescence might
have important consequences on male reproductive success, and
particularly so in species experiencing strong post-copulatory
sexual selection (Birkhead and Pizzari, 2002). Indeed, when
females mate with multiple males during the same reproductive
bout, sperm compete for ovum fertilization. In this case, when
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old individuals compete with young males, they might fail to
fertilize the ovum because of a faster rate of sperm senescence.
The aim of the present study is to investigate whether pre-
and post-meiotic senescence have additive or interactive effects
on male reproductive success of the North African houbara
bustard (Chlamydotis undulata undulata). An interactive effect
between pre- and post-meiotic senescence would indicate that
any effect of sperm age on sperm quality and/or reproductive
success depends on male age. Previous work conducted on this
species has shown that male age negatively affects ejaculate
quality, hatching success and offspring growth, survival and
sperm production (Preston et al, 2011, 2015; Vuarin et al,
2021). Old males also suffer from reduced fertilization success
during competitive interactions with young males, even when
males of both age classes provide equal number of sperm of
similar motility to the insemination (Vuarin et al, 2019a).
In addition to this, female houbara bustards can store sperm
for weeks, as shown by females being able to lay fertile
eggs weeks after being inseminated, and approximately 70%
of chicks are sired by the last male used for insemination
(L. Lesobre, personal observation). Thus, the houbara bustard
appears to be a good candidate to explore the contribution of
pre- and post-meiotic senescence on male reproductive success.
To this purpose, we artificially inseminated female houbara
bustards with sperm collected from old and young males. For
each age class, we also collected sperm at different intervals
with respect to a common initial sperm collection. A longer
interval between the initial collection and the collection used
to inseminate the female therefore indicates prolonged sperm
storage and therefore older sperm. This experimental design
allowed us to assess the effect of male and sperm age on several
sperm traits (viability, motility, velocity, morphology, and ROS
production) and reproductive success (hatching success, chick
growth rate and survival). If pre- and post-meiotic senescence
have synergistic effects, we predicted statistically significant
interactions between male and sperm age on sperm quality and
reproductive output.

Material and methods

General procedure and experimental
groups

All birds used in this study are part of the Emirates Center
for Wildlife Propagation (ECWP), a conservation breeding
program located in eastern Morocco, aiming at reinforcing
natural populations of the North African houbara bustard
(Lacroix, 2003). This program entirely relies on artificial
inseminations (Saint Jalme et al,, 1994). Males and females
on this experiment were born in captivity, are part of ECWP
breeders flock and have been used routinely for semen collection
and artificial inseminations in the previous seasons. Briefly,
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semen was routinely collected using a dummy female presented
to males. Once the male mounted the dummy and started
copulating, a glass dish was used to collect the ejaculate
by pressing it gently on the male cloaca during ejaculation.
The semen was immediately transferred to a 2 mL cryotube,
maintained at room temperature. Ejaculates were directly
assessed for motility (using a mass motility index ranging
between 0 and 5, see Vuarin et al,, 2019a for details), volume
and sperm concentration, and diluted (1:1) in Lake 7.1 (Lake
and Ravie, 1984).

For the present experiment, a 20 pl aliquot was diluted
in 180 wL DPBS-BSA (1.5%) and set aside for flow cytometry
analyses (see below), while the remaining was used to inseminate
females. We used semen from 307 males belonging to two age
classes: 154 young males (mean + SD = 4.14 £ 1.09, min-
max = 3-6 years), and 153 old males (mean 4= SD = 13.58 £ 1.61,
min-max = 12-16 years). Age categories were chosen based
on previous work and senescing patterns (Preston et al,, 2011;
Vuarin et al,, 2019a). These birds were subsequently allocated to
three groups (evenly with respect to male age), corresponding
to three intervals of sperm collections. Specifically, an initial
semen collection was performed (day 0) and then for each
group the collections were repeated after 1, 5, or 10 days.
All birds experienced the 3 collection intervals, with a rest
period of 12 days between cycles (Supplementary Data and
Supplementary Figure 1).

Semen analysis

Flow cytometry analysis was performed using a Guava
easycyte 5HT (IMV, LAigle, France) flow cytometer equipped
with a 150-mW blue argon laser (488 nm) and 3 color
photomultipliers green (525/30 nm), yellow (583/26 nm) and
red (695/50 nm). For each sample 10,000 events were counted
in the sperm population gate. Data were analyzed using the IMV
Easycyte plus software (IMV, LAigle, France).

Viability

Sperm viability (% live out of 10,000 cells) was assessed
using Easy Kit viability (IMV, LAigle, France), based on
propidium iodine (PI) and SYBR-14 dyes. PI enters broken
plasma membrane and binds to nucleic acids provoking the
emission of 617 nm red fluorescence (Gillan et al., 2005). SYBR-
14 dye is membrane permeable and stains only living sperm
emitting 520 nm green fluorescence when binding to nucleic
acids (Garner et al,, 1994). Kit’s 96 wells plate were loaded with
180 L of PBS/1.5% BSA and 20 wL of diluted semen (1:10 in
PBS/1.5% BSA). Negative control was performed diluting the
sample in distilled water instead of PBS to promote membrane
damage. Samples were analyzed after 10 min of incubation in
the dark at room temperature.
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Oxidative stress

Intracellular sperm oxidative stress was measured in live
cells using a combination of Dihydroethidium (DHE, 2 mM
in dimethyl sulfoxide (DMSO), Sigma-Aldrich, St Louis, USA),
which emits 606 nm orange fluorescence when reacting with
superoxide anions O, ~, a ROS (Zhao et al., 2005), and SYBR-14
(Sigma-Aldrich) to measure percentage of living and oxidized
sperm cells (out of 10,000 cells). In a 96 well plate 180 pL
of PBS/1.5% BSA, 20 L of diluted semen (1:10 in PBS/BSA),
1 pL of SYBR-14 (Sigma-Aldrich, St Louis, USA, 1 mM stock
solution, 20 WM in DMSO work solution) and 2 wL of DHE
(2 mM in DMSO) were added. Negative control was performed
incubating sperm with hydrogen peroxide for 15 min at 40°C
prior to analysis. Samples were analyzed after 15 min of
incubation in the dark, at room temperature.

Motility

In addition to the initial mass motility index, sperm motility
was further evaluated with Sperm Class Analyzer software (SCA,
Microptics, Barcelona, Spain). Four microliters of diluted semen
(1:10 in PBS/BSA 1.5%) were placed on a Makler chamber under
a negative phase contrast microscope (Olympus BX41, 10 x
objective) linked to the computer by a camera. A maximum of
five fields were analyzed to reach 350 sperm cells, 25 frames
on each field were evaluated. Percentage of motile sperm and
velocity [curvilinear velocity VCL (jum/s)] were recorded. VCL
was selected among other parameters as it refers to the velocity
of the sperm real trajectory.

Morphology

To evaluate sperm morphology, semen was fixed by adding
10 pL of 4% buffered paraformaldehyde to 20uL of semen
diluted in PBS/BSA 1.5% (1:10). Then, 6 1 of this solution were
placed on a slide with a coverslip (wet mount) and observed
under a phase contrast microscope (Olympus BX41, objective
%100, oil immersion). For each sample 100 sperm cells were
classified according to 8 categories (Bloom, 1973; Alkan et al,
2002): acrosome loss, abnormal head, swollen head, midpiece
defects, tail defects, cytoplasmic droplet, teratogenic sperm
(double head or tail) and normal.

Artificial insemination, egg laying, and
chick rearing

A total of 310 captive bred females were inseminated
only with one of either 95 young males (N = 177 females,
mean female age & SD = 10 £ 2.4, min-max = 4-13 years)
or with 74 old males (N = 133 females, mean female
age £ SD = 10.48 £ 2.45, min-max = 3-13 years), from the
three semen collection intervals. Females were inseminated with
doses containing on average 26.10 million sperms (16.22),
an average inseminated volume of 86.18 pL (£ 30.29), and
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a mass motility index > 3.5. The experimental inseminations
were performed between the first and the second clutch with
no previous insemination during the season, to guarantee the
storage tubules were empty and no further insemination were
performed before the experiment related eggs were collected.

For each inseminated female, we aimed at collecting
the first four eggs laid corresponding approximatively to 2
clutches. The eggs were collected after a single homospermatic
insemination. However, not all females laid 4 eggs. Overall,
599 eggs were laid, and more specifically 44 females laid one
egg, 246 laid 2 eggs, 17, 3 eggs and 3 laid 4 eggs. Upon
laying, eggs were collected and artificially incubated. 54 eggs
showed defects and hence were not incubated, resulting in a
total of 545 incubated eggs. Eggs were candled at day 8 to
check embryo development. When no signs of fertility were
detected, they were opened to discriminate early embryonic
death from non-fertilized eggs. The percent of successfully
hatched eggs (hatching success) was recorded. Body mass
of hatchlings was measured daily (to the nearest of 1 g)
from day 2 to 60 post-hatching. Any mortality occurring
during this period was also recorded. Chicks were reared and
manually fed in cages until 35 days and after transferred to
outdoor aviaries.

Statistical analyses

Statistical analyses were performed using R 3.6.0. To
investigate the effect of male and sperm age (approximated by
the day of ejaculate collection) on sperm quality, we ran linear
mixed-effect models [nlme package, (Pinheiro et al, 2021)]
or generalized linear mixed-effect models [glmmTMB package,
(Brooks et al,, 2017)]. These models included male age, the day
of collection and their interaction as fixed effects. Moreover, to
account for seasonal variation in sperm quality, the date of each
ejaculate collection (designated hereafter as “date”), was also
included in the models as a polynomial term of degree three
since visual inspection showed a non-linear relationship with
the response variables. Male identity was included as a random
effect to account for dependency between samples collected
from the same male at different time of the season.

The effect of male and sperm age on hatching success was
assessed using a generalized linear mixed-effect model. For
offspring survival, we restricted our analysis to the first 35 days
of life since, according to the breeding protocol, chicks are
transferred to different breeding facilities and conditions might
interfere or mask the genuine effects of father age and sperm
age. However, for reference, analyses up to 60 days are reported
in Supplementary Figure 2 and Supplementary Tables 4, 5).
Chicks' survival was modeled using the mixed effects Cox
proportional hazards models (coxme package, Therneau, 2012).
Offspring growth rate up to day 60 was modeled using a linear
mixed-effect model. Preston et al. (2015) showed an effect
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of mother age on hatching success, therefore we decided to
include it in these models as a quadratic fixed effect term in
addition to male and sperm age, and hatching date (to correct
for possible variation across the season). For hatching success
and survival models, female and male identities were used as
crossed intercept random effects to account for dependency
between siblings, while the female and individual identities were
used as nested intercept random effects in the offspring growth
rate model to account for dependencies between siblings and
repeated measures of the same chick. Finally, the model on
offspring growth rate also included offspring age (and squared
age), offspring sex, and the interactions between male and
offspring age as additional fixed effects, to account for any
potential difference in growth rate between sexes and father age
groups.

Model families were chosen based on the type of response
variable and its distribution. Stepwise backward elimination
approach based on the corrected Akaike Information Criterion
(Mazerolle, 2006) was used to select the best parsimonious
model (the model with the lowest AICc) (Arnold, 2010; Aho
etal, 2017). The model assumptions regarding the normality of
residuals, homoscedasticity, and independency were checked. In
case of assumption violation, data transformation, within-group
variability and/or autocorrelation modeling were performed.
The marginal effects plots based on the models were generated
using the ggeffects R package (Lidecke, 2018). Differences in
sample size across models are due to missing values. More
details about the model building and selection are given in

Supplementary material.

Ethical statement

The breeding program runs under the approval of the
Moroccan Ministry of Agriculture and a mandate independent
veterinarian (mandate number: 534-98), providing control of
the wellbeing of the birds. Onsite veterinary facilities ensure
the best possible care for sick or injured birds by a team of
expert veterinarians, and standards from sanitary authorities are
regularly controlled.

Results

Ejaculate attributes and sperm traits

Both male and sperm age affected volume and sperm
number in the ejaculate. Young males produced ejaculates
with larger volume and higher number of sperm (Table 1
and Figures 1A,B). Ejaculates collected after a longer interval
(day 5 and 10) from the common collection also had larger
volume and more sperm (Table 1 and Figures 1A,B), suggesting
that the sperm population kept accumulating with time. The
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interaction between male and sperm age (day of collection)
was not significant and was not retained in the selected most
parsimonious model, neither for ejaculate volume nor for
number of sperm in the ejaculate.

Young males also had a higher proportion of motile sperm
in the ejaculate compared to old males (Table 1 and Figure 1C),
and higher sperm curvilinear velocity (VCL) (Table 1 and
Figure 1D). As for ejaculate volume and number of sperm, both
proportion of motile sperm and sperm velocity were higher in
ejaculates collected at day 5 and 10 (Table 1 and Figures 1C,D).

Male age was not retained in the most parsimonious selected
models for the percentage of sperm with normal morphology,
the percentage of dead sperm, and the percentage of DHE
positive sperm per ejaculate (Table 2 and Figure 2). However,
the percentage of sperm with normal morphology increased
as the collection interval increased (Table 2). Similarly, the
percentage of dead sperm per ejaculate was lower when
ejaculates were collected after the longest interval from the
initial collection (Table 2 and Figure 2A). However, the
percentage of DHE positive sperm (a measure of oxidative
stress) increased with day of collection, suggesting higher
oxidative stress in sperm with prolonged storage time (Table 2
and Figure 2B).

Reproductive success

Over the 545 eggs that were incubated, 393 hatched
(72.11%). Hatching success did not differ according to male
age (however, older females laid eggs with lower hatching
success) (Table 3 and Figure 3A). Females inseminated with
samples collected at day 5 had the highest hatching success
(Table 3 and Figure 3A). The interaction between male and
sperm age was not significant and not retained in the most
parsimonious model. The delay between insemination and
egg laying was similar for females inseminated with ejaculates
collected at the 3 different intervals (Supplementary Data and
Supplementary Table 2; Day 1 mean % SD = 6.97 & 2.23 days,
Day 5 mean + SD = 7.88 =+ 217 days, Day 10
mean £ SD =7.62 & 2.01 days).

Offspring sired by old males had a slower growth rate during
the first 60 days compared to offspring sired by young males, as
shown by a significant interaction between male and offspring
age (Table 3). Offspring sired by young males gained on average
0.5 g per day more than those sired by old males, which resulted
in a weight difference of 27 g at 60 days [mean weight of chicks
sired by old males = 736.37 g (SE = 6.60, CI:723.44, 749.30)
for females and 915.68 g (SE = 5.75, CI: 900.43, 930.23) for
males; mean weight of chicks sired by young males = 763.62 g
(SE =7.61, CL:752.05, 774.59) and 942.60 g (SE = 6.84, C1:928.89,
955.67) for females and males, respectively]. Neither sperm age
alone, nor the interaction between father and sperm age were
significant predictors of offspring growth rate.
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TABLE 1 Selected parsimonious linear mixed models exploring the effect of male and sperm age on the ejaculate volume, the number of sperm in
the ejaculate, the percentage of motile sperm (on the logit scale), and the curvilinear velocity (VCL).

Response variable Fixed effect Estimate 95% CI t-value P-value
Ejaculate volume N = 665 Intercept 8.33 7.93,8.73 40.69 <0.001
Male age (young) 0.63 0.14,1.12 2.53 0.011
Collection day (5) 0.48 0.12,0.84 2.63 0.009
Collection day (10) 0.36 0.02, 0.69 2.08 0.038
Date —5.22 —-9.13, —1.31 —2.61 0.009
Date? —5.56 —9.33, —1.79 —2.88 0.004
Number of sperm in the ejaculate N = 593 Intercept 3.22 3.08,3.37 43.50 <0.001
Male age (young) 0.42 0.27,0.58 5.32 <0.001
Collection day (5) 0.48 0.36, 0.60 7.78 <0.001
Collection day (10) 0.74 0.63, 0.85 13.05 <0.001
Date 1.28 0.06, 2.49 2.05 0.040
Date? —2.66 —3.80, —1.53 —4.59 <0.001
Date? —1.04 —2.21,0.11 —1.78 0.0757
Motile sperm (%) N = 658 Intercept 1.15 0.95,1.35 11.15 <0.001
Male age (young) 0.24 0.01, 0.46 2.03 0.0434
Collection day (5) 0.61 0.39,0.82 5.50 <0.001
Collection day (10) 0.56 0.36,0.76 5.41 <0.001
Date —5.45 —7.73, —3.16 —4.66 <0.001
Date? 0.59 —1.63,2.81 0.52 0.604
Date? —3.44 —5.74, —1.15 —-2.93 0.003
VCL N =658 Intercept 31.76 30.46, 33.07 47.52 <0.001
Male age (young) 1.80 0.39, 3.20 2.51 0.012
Collection day (5) 2.80 1.27,4.30 3.61 <0.001
Collection day (10) 2.56 1.13,3.98 3.51 <0.001
Date —36.38 —52.20, —20.56 —4.50 <0.001
Date? 49.07 33.62,64.53 6.21 <0.001
Date? 60.73 —76.56, —44.89 —7.50 <0.001

In total, 667 sperm samples were analyzed. We report the parameter estimate with the 95% confidence intervals, ¢- and p-values. See text and online Supplementary material for details on
the initial model structure and model selection. N, Number of observations; CI, Confidence Intervals. Significance level: p-value < 0.05. Numbers in superscript indicate the polynomial

degree of the term.

Twenty-one chicks out of 393 hatchlings died during the
first 35 days of life. Offspring sired by young males had a better
survival rate compared to offspring sired by old males (Table 3
and Figure 3B). A higher mortality rate was mainly seen in the
first 3 days of chicks’ life. Neither sperm age, nor the interaction
between male and sperm age affected offspring survival.

Discussion

The aim of the present study was to investigate pre-
and post-meiotic senescence and their potential interaction
in males of a bird species with a promiscuous mating
system, the houbara bustard. In agreement with previous work
conducted on the species, we found that pre-meiotic effects
are important determinants of ejaculate and sperm quality, and
male reproductive success. However, contrary to our prediction,
we found that prolonged sperm storage did not impair sperm
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quality and did not reduce reproductive success, in both young
and old males. Thus, we did not find any evidence suggesting
that male age might accelerate post-meiotic senescence.

The deleterious effect of male age on sperm quality and
reproductive success was expected as it has already been
reported in the houbara bustard and other species. Ejaculate
attributes such as ejaculate volume, sperm number and mass
motility index have been previously shown to increase during
the first years of life up to the age of 5-6 years and then gradually
decline (Preston et al,, 2011). Here, we confirmed these previous
findings since old males (mean age of 13.58 years old) produced
ejaculates with lower volume and with less sperm. We extended
previous findings by using flow cytometry and computer-
assisted techniques to assess several sperm traits that collectively
contribute to define sperm quality. We found that young males
had a higher percentage of motile sperm and sperm with
higher velocity (VCL) compared to old individuals. However,
we did not find evidence suggesting that male age affected
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FIGURE 1

Predicted marginal means and their corresponding 95% confidence intervals of the (A) ejaculate volume (L), (B) number of sperm in the
ejaculate (x10°), (C) percentage of motile sperm (on the logit scale), and (D) curvilinear velocity, per male (old vs. young) and sperm age.
Collection day refers to the day sperm was collected after a common initial collection, and it is used as a proxy of sperm age

other traits related to sperm quality such as the percentage of
dead sperm or the percentage of DHE positive sperm in the
ejaculate corresponding to the intercellular ROS production, a
marker for oxidative stress. These results suggest age-specific
effects on different components of sperm and ejaculate quality,
similar to the observation that different phenotypic traits have
different rates of age-dependent decline (e.g., Lecomte et al,
2010; Hayward et al., 2015).

In addition, to reducing ejaculate and sperm quality, father
age has also been shown to affect negatively both offspring
growth (Preston et al,, 2015) and post-release offspring survival
(Vuarin et al,, 2019a) in the houbara bustard. Here, we also
found that offspring sired by old males had a slightly slower
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growth rate during the first 60 days of life and a higher mortality
rate during the first 35 days of life in captivity, indicating
high fitness cost due to reproductive senescence in this species.
Despite the statistical significance of the difference in growth
rate between paternal age groups, its biological relevance and
impact on fitness should be further investigated, especially in
the wild.

Contrary to our prediction, post-meiotic aging did not
impair sperm quality and reproductive success. We used a
proxy of post-meiotic aging, since we compared ejaculates that
were collected at different intervals with respect to a common
initial collection: the longer the interval, the longer the storage
period, and we assumed that a longer storage would increase
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TABLE 2 Selected parsimonious linear mixed models exploring the effect of male and sperm age on the percentage of normal, dead, and

DHE positive sperm.

Response variable Fixed effect Estimate 95% CI t-value P-value
Normal sperm (%) N = 650 Intercept 0.52 0.41, 0.63 9.13 <0.001
Collection day (5) 0.33 0.21, 0.45 5.22 <0.001
Collection day (10) 0.43 0.31,0.55 7.20 <0.001
Date —2.11 —3.44, —0.77 -3.10 0.002
Date? —3.05 —4.34, —1.76 —4.65 <0.001
Dead sperm (%) N = 666 Intercept 2.07 1.98,2.17 42.37 <0.001
Collection day (5) —0.05 —0.17,0.07 —0.74 0.460
Collection day (10) —0.25 —0.36, —0.13 —4.28 <0.001
Date 1.43 0.12,2.73 2.14 0.033
Date? 2.81 1.55,4.07 4.37 <0.001
Date? —1.85 —3.16, —0.54 —2.78 0.006
DHE (%) N = 667 Intercept 1.05 0.88, 1.22 12.04 <0.001
Collection day (5) 0.20 —0.01, 0.41 1.83 0.068
Collection day (10) 0.45 0.25, 0.65 4.43 <0.001
Date -7.71 —10.00, —5.42 —6.60 <0.001
Date? 0.90 —1.30,3.11 0.80 0.422
Date? —-2.25 —4.55,0.05 —1.92 0.056

We report the parameter estimate with the 95% confidence intervals, t- and p-values. See text and online Supplementary material for details on the initial model structure and

model selection. N, Number of observations; CI, Confidence Intervals. Significance level: p-value < 0.05. Numbers in superscript indicate the polynomial degree of the term.
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FIGURE 2
Predicted marginal means and their corresponding 95% confidence intervals of the (A) percentage of dead sperm, (B) and the percentage of
DHE positive sperm (on the logit scale), per male (old vs. young) and sperm age. Collection day refers to the day sperm was collected after a
common initial collection, and it is used as a proxy of sperm age.

the proportion of old sperm in the ejaculate. Similar reasoning
was used in other studies to assess the effect of sperm age on
reproductive success. For instance, White et al. (2008) equipped
male kittiwakes with rings on the cloaca preventing sperm
transfer during mating. Some birds wore the rings for few days,
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others up to 2 weeks. Once the rings were removed, birds were
able to copulate again, and the longer the period of ring wearing
the older the sperm transferred. Using this elegant experimental
design, they found that sperm aging indeed impaired male
reproductive success, in terms of hatching success and hatchling
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TABLE 3 Selected parsimonious generalized mixed linear models exploring the effect of male and sperm age on hatching success, offspring
survival and growth rate.

Response variable Fixed effect Estimate 95% CI t-value P-value
Hatching success N = 545 Intercept —0.97 -2.71,0.77 —1.09 0.276
Collection day (5) 0.88 0.95, 1.46 2.95 0.003
Collection day (10) 0.45 —0.05, 0.96 1.76 0.078
Date 0.03 0.01, 0.04 3.17 0.001
Mother age —0.08 —0.17,0.01 —-1.73 0.084
Offspring survival (HR) N = 393 Father age (young) 0.27 0.10, 0.72 —2.60 0.009
Date 568.26 0.37, 8.66*¢° 1.70 0.090
Date? 13041.13 19.29, 8.82%¢° 2.85 0.004
Offspring growth rate N = 379 Intercept 199.54 201.76, 197.92 175.95 <0.001
Father age (young) 3.35 0.98,5.72 2.79 0.0058
Offspring sex (female) —19.78 —22.07, —17.49 —17.09 <0.001
Offspring age 16523.03 16289.47, 16756.59 138.61 <0.001
Offspring age2 2621.11 2507.88, 2734.32 45.36 <0.001
Offspring age: Father age (young) 466.67 230.56, 702.77 3.87 0.0001
Offspring age?: Father age (young) 139.71 24.55,254.88 2.38 0.0175
Offspring age: Offspring sex (female) —2907.43 —3146.17, —2668.70 —23.86 <0.001
Offspring age?: Offspring sex (female) —1107.05 —1222.64, —991.47 —18.77 <0.001

We report the parameter estimate with the 95% confidence intervals, t- and p-values. See text and online Supplementary material for details on the initial model structure and model
selection. The chicks for which the sex remained unknown were excluded from the data set of the offspring growth rate model. Numbers in superscript indicate the polynomial degree of

the term.
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FIGURE 3
Predicted marginal means of the (A) hatching success and the corresponding 95% confidence intervals, (B) and chick survival during the first
month of life and the corresponding standard errors, per male and sperm age. Collection day refers to the day sperm was collected after a
common initial collection, and it is used as a proxy of sperm age.

condition (White et al., 2008). In a more recent study, sperm of sperm storage in males, resulting in reduced sperm velocity
male zebrafish were initially collected, then males were isolated (Cattelan and Gasparini, 2021). However, it should be fully
during 4, 7, or 12 days (sexual rest), after which their sperm acknowledged that other studies have failed to report the
were collected again, imposing sexual rest and consequently predicted effect of sperm age on sperm quality. For instance,
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Firman et al. (2015) did not find any evidence of decreased
sperm quality in house mice (Mus domesticus) experiencing a
2-month sexual rest compared to sexually active males. Even
within species, the effect of sperm age might be inconsistent
since, contrary to Cattelan and Gasparini (2021), a previous
work conducted also on zebrafish found that old (stored)
sperm had higher velocity compared to freshly produced ones
(Vega-Trejo et al., 2019).

Despite an experimental design similar to those adopted
in previous studies, we did not find evidence for deleterious
effects of sperm aging. Ejaculates collected at day 5 and 10
had higher volume and contained more sperm compared to
ejaculates collected at day 1, showing that sperm accumulated
in the epididymis and vas deferens over time, in the absence of
mating opportunities. However, unexpectedly, the increase in
sperm age resulted in a higher proportion of motile sperm in
the ejaculate, higher velocity, higher proportion of sperm with
normal morphology, and less dead sperm in the ejaculate. The
only phenotypic trait potentially suggesting a possible decline in
sperm quality with storage was the higher proportion of DHE
positive sperm. However, this did not produce any deleterious
effect in terms of male reproductive success since eggs fertilized
with sperm after a prolonged storage had a higher hatching
success and sperm age did not have any effect on chick growth
rate and survival.

There are several possible explanations for these results. It
is possible that our experimental design failed to produce a
substantial change in the age distribution of sperm. The effect
of sexual abstinence has been extensively studied in humans
(Ayad et al, 2018), and recently, Okada et al. (2020) found
an increase on DHE positive cells in male ejaculates with
a 4-day abstinence in comparison to 1 day. They suggested
that this increase would appear when sperm surpass the
physiological necessary epididymal transit. The distribution of
sperm age at a given time accumulated in male tract will
depend on a differentiation/death process, where new sperm
are produced, age and die. In the absence of sperm release
(during sexual rest), the variance in sperm age will increase,
with the occurrence of old and new sperm in the subsequent
ejaculate. This could explain an increase in volume and sperm
number along with some level of substitution of dead by viable
sperm cells with time, partially explaining why the percentage
of dead sperm and defective cells is improved with storage
in our study. Physiological loss of sperm cells in the male
tract to the cloaca and by duct cells absorption in birds is
expected at some rate, however, in domestic fowls it needed
more than 4 weeks of storage to observe dead sperm cells
being processed by the duct structure (Tingari and Lake,
1972). Nothing is known about such process in bustards, if it
happens and at which rate. With this respect, it should also
be noted that the longest rest duration in our experimental
design corresponds to the average duration of spermatogenesis
in birds [ca 10 days in Japanese quails (Coturnix japonica),
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12 days in barbary drakes, 13-15 days in domestic fowls
(Jones and Lin, 1993)]. How sperm are stored in the male
reproductive tract can have profound consequences on the
reproductive success of males (Reinhardt, 2007). Moreover,
if the number of sperm released in the ejaculate is large
enough, the reproductive success might still be ensured by
the young sperm present in the ejaculate. This also highlights
the possible role of post-copulatory selection (including cryptic
female choice) as a filter promoting younger sperm within
the ejaculate to fertilize the ovum. Finally, it could be that
sperm aging occurring post-mating in the female reproductive
tract might obscure any effect of prolonged storage in the
male reproductive tract. Particularly, this can occur if the rate
of sperm aging follows a non-linear (accelerating) trend. To
explore this issue, we compared the delay between insemination
and egg laying (a proxy of the time sperm spent in the
female reproductive tract) and found no difference between
the experimental groups (the delay between insemination and
egg laying being around 7 days in the three sperm age
groups, see Supplementary material). This suggests that any
additional effect of sperm aging in the female reproductive
tract was constant across experimental groups. According to
the literature sperm stays quiescent inside the females ST'T,
losing motility and only being released for fertilization of the
ovulated oocyte (Sasanami et al,, 2013). Molecular exchanges
between sperm membrane and STT/female tract fluids do occur,
and lactic acid concentrations for example play an important
role on sperm release and retention (Matsuzaki et al., 2015).
Moreover, molecules of the utero vaginal junction involved
in sperm storage have been identified and have shown to
improve sperm viability in vitro when added to the diluent
(Matsuzaki et al., 2020) but no evidence of sperm remodeling
or cell maturation per se were described so far. However,
once more, little is known about avian species and especially
wild models.

Alternative explanations for our findings refer to the
process of post-testicular sperm maturation. In mammals,
sperm released in the lumen of the seminiferous tubules at the
end of spermatogenesis are not able to fertilize the ovum, yet.
During their transit through the epididymis, sperm undergo
several morphological and biochemical changes such as nuclear
compaction, modification of the membrane composition, loss
of cytoplasmic droplet and gain of factors necessary for oocyte
binding, leading to sperm capacitation (James et al., 2020).
However, in birds, the role of sperm maturation in the
epididymis remains unclear. The epididymis is much shorter in
birds compared to mammals and sperm transits through the
epididymis faster due to the high rate of sperm production.
Indeed, spermatogenesis is a much longer process in mammals
compare to birds as it ranges from 35 days in the mice to 74 days
in man (Bennett, 1977). Furthermore, artificial insemination
with testicular sperm does produce fertile eggs in poultry which
suggests that maturation in the epididymis is not a necessary
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condition for ovum fertilization (Munro, 1938; Howarth, 1983).
However, other work has suggested that maturational changes
do occur in birds as well. For instance, increasing sperm motility
and velocity through epididymal transit has been reported in the
domestic fowl (Munro, 1938; Ahammad et al., 2011a) and in the
Japanese quail (Clulow and Jones, 1982). Similarly, in poultry,
viability and fertilization capacity gradually increase from testes
to vas deferentia (Ahammad et al,, 2011a,b). The ejaculate is not
only made of sperm cells. Indeed, after ejaculation spermatozoa
are transported by seminal plasma, a very complex fluid
composed of a diversity of molecules. Therefore, sperm cells
interact with seminal proteins and other molecules impacting
sperm physiology and fertilization outcome (Druart and de
Graaf, 2018). Proteomics studies of seminal plasma in avian
species have identified proteins associated with fertility in the
turkey (Stowinska et al., 2017), in the chicken (Labas et al., 2015)
and also with age and sperm velocity in the Red Junglefowl
(Borziak et al., 2016). More recently, extracellular vesicles were
found in chicken seminal plasma with different size and proteins
markers between fertile and sub fertile males (Cordeiro et al.,
2021). Another promising topic is the differences in miRNAs
in high- and low-quality semen samples, miRNA patterns can
be different depending on the male status and environmental
changes, and differences between high and low motility samples
were recently described in roosters (Xing et al., 2022). Further
work comparing the composition of seminal plasma and the
presence of different patterns of miRNAs of ejaculates between
different storage time and between old and young males in the
houbara bustard would be of great interest.

As for organismal aging, the rate of sperm aging is certainly
not constant neither among-species nor among-individuals
within species. The rate of sperm aging can be modulated by
several factors (see Reinhardt, 2007 for a review). However,
investment into mechanisms that limit age-associated damage
does not come without cost. Therefore, natural selection could
have shaped the evolution of anti-aging mechanisms according
to potential fitness costs of accumulating old sperm in the
ejaculate. In several bird species, females mate several times with
the same male. Repeated copulations with the same male might
provide freshly produced sperm for ovum fertilization. Actually,
in some social species, females have been observed to eject sperm
when mating occurs too early with respect to egg laying (White
et al,, 2008), which might represent a female strategy to avoid
fertilization with old sperm. Spontaneous sperm discharge has
also been suggested in males of several bird species, as shown
by the presence of sperm in the cloaca of individuals sampled
during the spring migration (before the mating season had
started) (Quay, 1985). Sperm release might be a mechanism
allowing males to get rid of sperm that had been stored for
long time before reaching the breeding ground. The North
African houbara bustard is a solitary bird dwelling at very low
density in rocky deserts and steppes (Monnier-Corbel et al,
2022). Although males cluster in leks during the mating season,

Frontiers in Ecology and Evolution

11

10.3389/fevo.2022.977184

the lek sites are dispersed over much larger areas compared
to classical lekking species. Therefore, the mating frequency of
males is certainly very low and probably most of them only
mate a handful of times (or maybe never) during the whole
mating period. In species where males have reduced sexual
opportunities, it is straightforward to predict the evolution of
mechanisms allowing to protect stored sperm from oxidative
attack. This might also apply to sperm that are stored in the
female sperm storage tubules which preserve the sperm viability
for weeks.

Our experimental set up involved homospermic (single
male) inseminations. Accordingly, our measure of reproductive
success only refers to the male capacity to fertilize eggs that hatch
and produce viable offspring. Obviously, a different picture
might emerge when ejaculates of different males compete for
ovum fertilization. Female houbara bustards do mate with
multiple males during the same reproductive bout, therefore
there is scope for sperm competition to operate in this species
(Lesobre et al, 2010). Under sperm competition, selection
on traits promoting ovum fertilization is exacerbated (Vuarin
et al,, 2019b). For instance, small reduction in motility might
have no consequences under homospermic mating, whereas
sperm with lower motility can be easily outcompeted if females
mate with multiple males. Previous work conducted on the
houbara bustard has shown that when sperm of young and
old males compete for ovum fertilization (during mixed sperm
inseminations), young males have a substantial advantage since
they have a larger paternity share compared to the 1:1 null
hypothesis (Vuarin et al, 2019a). Therefore, an extension
of the present work could consider performing competitive
inseminations using sperm of different ages. Future work should
also extend the period of sperm storage to fully assess the
possible duration of sperm lifespan and perhaps increase the
likelihood to observe sperm aging in this species.
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