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EVOLUTIONARY BIOLOGY

Reproductive aging weakens offspring survival and
constrains the telomerase response to herpesvirus in

Pacific oysters
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Telomere length (TL) is increasingly recognized as a molecular marker that reflects how reproductive aging affects
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intergenerational transmissions. Here, we investigated the effects of parental age on offspring survival and the regu-
lation of TL by examining the telomere-elongating activity of telomerase in the Pacific oyster. We assessed the clas-
sical hallmarks of aging in parents at three age classes (young, middle-aged, and old) and crossbred them using a
split-brood design to examine the consequences of the nine maternal-by-paternal age combinations on their off-
spring. Reproductive aging leads to increased larval mortality and accelerated telomere shortening in spats, render-
ing them more susceptible to infection by the Ostreid herpesvirus. Viral exposure stimulates telomerase activity, a
response that we identified as adaptive, but weakened by parental aging. While telomerase lengthens a spat’s telo-
mere, paradoxically, longer individual TL predicts higher mortality in adults. The telomerase-telomere complex ap-
peared as a conservative biomarker for distinguishing survivors and losers upon exposure to polymicrobial diseases.

INTRODUCTION
The aging capital of an organism is determined by its genetic makeup,
yet it is largely influenced by complex interactions between epi-
genetics and environmental factors, which can either accelerate or
shorten the pace of development and life expectancy. Among the di-
versity of cellular factors dictating an individuals aging rate, cytoge-
netic abnormalities and metabolic changes shape the accumulation
of cellular damage, mitochondrial dysfunctions, loss of proteostasis,
and telomere shortening (1-3). Over time, these aging-related pro-
cesses may compromise an individual’s fitness and survival prospects,
alongside what is known as reproductive senescence (4, 5). In most
species, advancing age correlates with a decline in gamete quality
(sperm motility, DNA fragmentation, and aneuploidy), which may
have detrimental trans-generational effects on offspring fitness (6).
However, characterizing the influence of parental age on offspring
traits remains challenging due to the inherent complexity of species
biology. Factors such as sex-specific responses between daughters
and sons, variations in the degree of parental care, and multi-pairing
reproductive systems often confound clear generalizations regarding
alterations encoded by parental age at conception (7). Addressing
these limitations requires the use of simple model organisms (e.g.,
sexually undetermined without parental care) to interrogate factors
affecting the influence of reproductive aging on offspring survival.
In recent years, studies on telomeres in evolutionary ecology have
provided valuable insights into such intergenerational transmissions
(8-10), particularly in quantifying the heritability of aging rate
among populations (11). Telomeres, located at the ends of eukaryotic
chromosomes, consist of nucleoproteins that encapsulate and protect
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coding DNA from oxidative damage (12). The inevitable shortening
of telomeres with each cell division makes telomere length (TL) a
well-established hallmark of aging (1-3, 12). Moreover, telomeres
can further shrink due to intrinsic oxidative stress (13, 14) and ex-
trinsic environmental factors (15, 16). The rate of individual telomere
attrition over time serves as an indicator of cellular aging and can
potentially predict remaining life expectancy (17) and the lifetime of
an organisms reproductive success (18). Early in life, offspring in-
herit TL phenotypes directly from their parents, but the heritability
of TL within populations varies between species (19). Recent investi-
gations on invertebrates have shown high values of TL heritability in
field crickets (20). This questions the potential of TL to evolve under
selection. Here, we investigated whether telomeres may carry paren-
tal effects to the next generation of offspring and underscore the
heritable role of telomeres in reproductive aging (21).

The telomeres lost throughout life can be replenished by the regen-
erating action of telomerase (12, 22), a unique ribonucleoprotein
complex composed of a reverse transcriptase, a noncoding RNA tem-
plate, and multiple associated proteins (12). Telomerase acts by align-
ing on telomere motifs (5'-TTAGGG-3")n at the end of chromosomes,
which catalyzes their regeneration (23), particularly during gamete
formation and early embryonic development. While telomerase activ-
ity can be highly active in these contexts, it is also observed in the vast
majority of cancers (24, 25), where it facilitates cell immortalization
and indefinite cancer cell replication (12, 26, 27). In addition, telom-
erase activity represents a homeostatic cellular response to multiple
oncogenic virus strains (28, 29). However, characterization of this cel-
lular response remains largely restricted to in vitro studies, emphasiz-
ing the need for investigating it in controlled in vivo systems.

In this study, we investigated the in vivo impact of reproductive
aging on the telomerase-telomere complex in the Pacific oyster
(Crassostrea gigas) and explored their narrow-sense heritability and as-
sociation with offspring resistance to the Ostreid herpesvirus 1
microvariant (OsHV-1). OsHV-1 infection, which has caused extensive
mortality in juvenile oyster populations worldwide since 2008, results
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in hemocyte immune exhaustion leading to opportunistic bacteremia
and death (30). Previous research has shed light on drivers that can ag-
gravate this polymicrobial disease (31, 32), including sea water tem-
perature ranging between 16° and 24°C and high food concentrations
used to maximize metabolism (33). Notably, susceptibility to OsHV-1
exhibits high levels of narrow-sense heritability (h%), ranging from
h*=0.65 to h* = 0.99 (34), and is largely influenced by epigenetic varia-
tions, genetic differences and their interactions (35). Given that paren-
tal age modulates epigenetic control of gene expression, we hypothesized
that increasing parental age would negatively affect reproductive per-
formance and offspring survival. To test this hypothesis, we crossbred
adult oysters of varying age categories (fig. S1) and performed whole-
organism proteomic profiling to map common hallmarks of aging.
Subsequently, we assessed the offspring life history traits and survival in
relation to parental age during successive life stages (larval, spat and
young adults; fig. S2). This included developmental success, growth
rate, survival, and resistance to OsHV-1. In addition, we explored
whether these offspring phenotypic traits were heritable and potentially
modulated by telomere dynamics and telomerase activity. Last, we con-
ducted a data mining analysis of gene expression related to telomerase

activity to elucidate family-wide susceptibility to OsHV-1 experimental
infection. Our data reveals that reproductive aging has a notable effect
on larval mortality and telomere erosion in spats, making them more
susceptible to OsHV-1 infection. These results underscore the potential
for using heritable telomerase-telomere complex as a biomarker for
predicting outcomes of polymicrobial infection.

RESULTS

Comparative proteomic confirms hallmarks of

parental aging

To assess the impact of parental aging on reproductive success and
offspring survival, we crossbred 24 adult oysters (12 females and
12 males) across three age classes (young, middle-aged, or old; fig. S1)
to produce 36 full-sibling and 72 half-sibling family combinations
(fig. S1). We then performed whole-individual parental proteome
profiling. Factors sex and age explained 59.90% of the total varia-
tion in oyster proteomic profiles (Fig. 1A). Sex-specific proteomes
explained most of the variance, but the clusters of co-expressed pro-
teins (hereafter called “modules”) associated with sex effect were not
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Fig. 1. Global parental proteomic profiles of Pacific oyster compared by sex and age class. (A) Protein expression differs between sex and age in this species (n = 24
oysters) with sex and age class accounting for 70.07 and 14.18% of the inter-individual variance explained by the model [permutation analysis of variance (ANOVA);
P < 0.001], respectively. (B) Scatterplot of the most significant biological processes increasing in oyster growing old, regardless of their sex. NADH, reduced form of nico-

tinamide adenine dinucleotide (oxidized form). TAP, antigen peptide transporter.
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significantly associated with age class effect, except for a visible
trend for module “Brown” (fig. S3). This suggests that aging effects
on proteome pathways are conserved across sexes. Neither TL nor
telomerase activity differed between young, middle-aged, and old
parents (all, P > 0.471). This is consistent with previous cross-
sectional comparisons in the ocean quahog clam (Arctica islandica),
which is one of the longest-lived animals able to reach ages of
~500 years (36). However, gene ontologies (GOs) that are associated
to telomere regulation and telomerase (fig. S4A) or to DNA damage
and oxidative stress (fig. S4B) were identified to be within the same
modules. This confirms that there are functional interconnections
between these biological processes (13, 14). Although functionally
related, the use of TL alone as an index of chronological age is in-
creasingly criticized due to several factors. These include high intra-
and inter-species variation in TL, methodological issues in telomere
assay protocol or storage conditions, and publication biases (37).
These issues, however, were not completely circumvented by our
sampling design where we used cross-sectional measures of indi-
viduals at different ages. That is, we could not avoid previous selec-
tive disappearance of individuals with short TL. Besides, contrary to
most evidences in vertebrates, TL may not decrease during aging in
adult bivalves. In support of this alternative hypothesis, we found
that distribution of TL among adults were slightly biased to high TL
as compared to those measured in spats of less than 1 year old
(fig. S5). However, we cannot draw any firm conclusions regarding
the TL-age relationship given the paucity of studies on the age de-
pendence of TL among adult shellfishes [but see (36)].

A

Here, our main goal was to focus on the intergenerational im-
pacts of reproductive aging and to use comparative proteomics to
confirm that old oysters endured the hallmarks of aging. As expected,
aging-related phenotypes were confirmed by the enrichment of gene
ontologies (176 GOs in old oysters), which included mitochondrial
dysfunction, increased lipid oxidation, histone methylation, DNA
damage response, and loss of perceptive receptors (Fig. 1B). Most of
these functions can be attributed to the classical hallmarks of aging
among species (3). Collectively, these proteomic analyses confirm
that aging alters multiple traits of reproductive parents.

Parental aging diminishes offspring survival in early life

We next sought to investigate the impact of parental aging on off-
spring survival. To this end, we surveyed the developmental success
of larvae and spats, including their survival and shell growth rates.
Maternal aging significantly affected larval survival at 2 weeks [Gen-
eralized Linear Mixed Model (GLMM): X2 =11.8,df=2,P=0.003],
regardless of paternal age (GLMM: y* = 4.7, df = 2, P = 0.097) and
interaction term (GLMM: y* = 5.7, df = 4, P = 0.226), when pe-
diveliger larvae metamorphose and become sessile (fig. S2). Larvae
born from old mothers exhibited lower survival rates (39%) than
those from young (72%) and middle-aged (71%) dams (all pairwise
post hoc tests: z > 2.5, P < 0.026; Fig. 2A). From 2 to 40 days after
fertilization, growth rates were slower among offspring born from
old mothers (GLMM: X2 = 9.8, df = 2, P = 0.007). This trend was
exacerbated when larvae were spawned from two old parents
(GLMM interaction term: X2 =422, df = 4, P < 0.001; Fig. 2B);

_l_+|
100 1
;\? 80
Q ®
*@ v
< 601
2 [
Z
& 401 ®
20

Young Middle age OId
Mother age class

Parental age classes:

=== \other Young x Father Young
Mother Young x Father Middle
Mother Young x Father Old
Mother Middle x Father Young

Mother Middle x Father Middle
Mother Middle x Father Old
Mother Old x Father Young
Mother Old x Father Middle
Mother Old x Father Old

B
€50 /
£
£
2251 )
3
o]
=
® 0.0
-«
0 10 20 30 40

Offspring age (days)

Fig. 2. Reproductive aging alters offspring survival and growth rates during larval development. (A) At the time of metamorphosis (14 days old), survival rate falls
in pediveliger larvae (n = 7217) born from old mothers compared to offspring from young or middle-aged mothers (means + SE, all, *P < 0.026) regardless of paternal age.
(B) Using high-resolution microscopy, we highlighted that larval growth rate (n = 6806) is negatively influenced by the interactive effect of maternal and paternal age
[solid and color lines, model predictions surrounded by 95% confidence intervals (Cls)].
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however, this trait was not heritable [GLMM:s using Markov chain
Monte Carlo (MCMCglmm): K* = 0.00, 95% confidence interval
(CI): 0.00 to 0.01; Table 1]. Similar trends in oyster growth occurred
during the spat life stage (from 40 to 365 days old) where the nega-
tive effects of maternal and paternal age on body size changes were
evident and not heritable (fig. S6A). During their first winter and
spring, spat survival remained above 95% (fig. S6B), which was in-
dependent of parental age (P > 0.173). In agreement with our hy-
pothesis, these findings indicate that parental aging, especially when

two parents were old, negatively alters offspring developmental suc-
cess in the earliest developmental stages.

Under controlled laboratory conditions (i.e., seawater at 21°C and
addition of food as ad libitum), maternal and paternal ages influenced
offspring resistance to OsHV-1 equally [Cox proportional hazards
models containing mixed effects (COXME): maternal age: x* = 10.1,
df =2, P = 0.006; paternal age: y* = 10.8, df = 2, P = 0.005]. The pres-
ence of one old parent decreased survival rates in spats, and, with an
old-old parent combination, mortality rates were maximized (Fig. 3A).

Table 1. Impacts of parental aging and estimation of narrow-sense heritability on offspring traits in the Pacific oyster (C. gigas). Table summarizes the
main effect of maternal age, paternal age, and their interaction (—, negative effect; n.s., nonsignificant effect) on the F1 generation at multiple life stages, in
larvae (2 to 40 days old), spats (40 to 365 days old), and young adults (>365 old; see timelines of sampling in fig. S2). It also reports the narrow-sense heritability

(hz) values surrounded by the 95% confidence interval (Cl).

Offspring life stage

Offspring response n Maternalage  Paternal age Interaction between h? 95% ClI
parental ages
Larvae Growth rate 6806 - - - 0.00 0.00-0.01
Spat Growth rate 5042 n.s. - n.s. 0.00 0.00-0.01
Larvae Survival rate 7217 - n.s. n.s. 0.10 0.00-0.28
Spats Resistance to infectious 4325 - - n.s. 0.63 0.37-0.86
disease (OsHV-1)
Adults Resistance to infectious 357 ns. n.s. n.s. 0.11 0.00-0.31
disease (Vibriosis)
Spats Intrinsic ATL 443 - - n.s. 0.53 0.35-0.72
Extrinsic ATL 501 n.s. n.s. n.s. 0.55 0.30-0.85
Intrinsic ATelomerase 72 ns. n.s. n.s. 0.09 0.00-0.31
Extrinsic ATelomerase 72 - - n.s 0.07 0.00-0.25
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Fig. 3. Negative impacts of parental age on spat oyster survival to OsHV-1 challenge. (A) In the laboratory, we optimized conditions for viral replication (seawater at
21°C, food ad libitum) and found lower survival chance in offspring (n = 4325) from both old parents. (B) Offspring exposed to natural conditions (n = 3407) in Bay of Brest
had similar mortality risks correlated with laboratory measures (dot colors, means + SE of familial average; solid line, model predictions surrounded by 95% Cls).
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We detected DNA of OsHV-1 in 100% of moribund oysters from the
36 familial pools, with a viral load range from 2.5 x 10* to 3.5 X 10°
viral DNA copies. When replicating this experiment in wild condi-
tions, we confirmed that family differences surpassed environmental
context, as the survival rates to OsHV-1 in this setting were positively
correlated with laboratory results [Linear Model (LM): F; 34 = 36.1,
P < 0.001, coefficient of determination () = 0.50; Fig. 3B]. Of note is
the susceptibility to OsHV-1, which was moderately heritable with
W =0.63 (MCMCglmm: 95% CI, 0.37 to 0.86; Table 1) falls within the
range of previous estimations for this host-pathogen interaction (34).

Dynamics of offspring telomerase-telomere complex with
and without pathogenic pressure

We tested the impact of reproductive aging on offspring telomerase-
telomere complex by checking inter-familial changes in TL and
telomerase activity. During the first 8 months of life without patho-
genic selective pressure, we found that spat TL was moderately heri-
table (MCMCglmm: h* = 0.53; 95% CI, 0.35 to 0.72; Table 1) and
telomerase activity was poorly heritable (MCMCglmm: h* = 0.09;
95% CI, 0.00 to 0.32; Table 1). Offspring TL was highly correlated

A

with both maternal TL (GLMM: y* = 11.8, p = 1.78 + 0.52,
P < 0.001, 7* = 0.25; Fig. 4A) and paternal TL (GLMM: x* = 23.6,
B = 1.30 + 0.27, P < 0.001, #* = 0.43; Fig. 4B), whereas offspring
telomerase was slightly correlated with father telomerase (GLMM:
¥’ =53, p =012 + 0.06, P = 0.022, r* = 0.07; Fig. 4C). TL was
positively correlated with offspring shell length (GLMM: * = 5.6,
P =0.018), a pattern also seen in other bivalves and interpreted as
marker of individual quality. Over time, offspring TL covaried in
interaction between chronological age and both maternal (GLMM:
x> =7.1,df = 2, P = 0.029) and paternal age (GLMM: y* = 6.1, df =
2, P = 0.047), reflecting greater telomere erosion as a function of
reproductive aging (Fig. 4D). Thus, offspring experienced signifi-
cant telomere erosion from families composed from either old
mothers and/or old fathers (3 versus 8 months old; all pairwise post
hoc tests: z > 3.1, P < 0.002; Fig. 4D). The greater influence of
parental age on dynamic telomere changes (ATL), rather than a
static estimates (baseline TL), is not restricted to our study as this
phenomenon has been previously observed in vertebrates (38).
This further confirms a parental TL inheritance, as offspring ATL
(again not baseline TL) was positively correlated with two modules
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Fig. 4. Impact of reproductive aging on the offspring telomerase-telomere complex. We distinguished two phases related to intrinsic aging rate and extrinsic patho-
genic pressure. Without pathogens, spat TL (n = 443) positively correlated with both (A) maternal TL, and (B) paternal TL (dot colors, means + SE of familial average; solid
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pathogen exposure, offspring TL (n = 501) increased in all families, in the lab (dotted lines) and in two natural environments (solid lines).
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of parental aging (“Salmon” and “Darkred,” fig. S3), confirming
that proteins involved in telomere regulation among parents may
also influence telomere regulation of offspring.

Preemptive dynamics of ATL correlated with inter-familial chanc-
es of survival to OsHV-1; however, there was an interaction with ma-
ternal age (COXME: y* = 9.1, df = 2, P = 0.011). The expected
relationship between survival and TL was restricted to families born
from old mothers (Fig. 5). This is probably because it adds to the oth-
er uncontrolled maternal effects. In this particular case, telomere
shortening preceded, rather than resulting from viral infection. When
considering two nonexclusive theories that link pathogen suscep-
tibility to host telomeres, our results appear consistent with the
immune-senescence hypothesis (i.e., shorter telomeres predict great-
er susceptibility to infection), rather than the aging cost of infec-
tion hypothesis (i.e., infection shortens telomeres), as proposed by
Giraudeau et al. (39). The interaction effect with condition of moth-
ers, as seen here, has been previously documented in birds (40) and
reinforces the assumption that relationships between mortality and
early life TL remain complex and context dependent (41).

We then questioned the consequences of viral challenges on the
telomerase-telomere complex. Interaction with OsHV-1, which
induced marked changes in TL compared to the unperturbed
baseline conditions, is concomitant to enhanced telomerase ac-
tivity. Upon exposure of subjects to OsHV-1 between 10 and 14 months
old, offspring TL remained positively linked to shell length
(P < 0.001). However, TL elongated in both the laboratory and
wild conditions at the end of the summer period (after versus be-
fore infection; all pairwise post hoc tests: z > 5.0, P < 0.016;
Fig. 4D). In the laboratory, surviving oysters exhibited greater
telomerase activity (GLMM: x> = 13.5, df = 1, P < 0.001), a response
mitigated by maternal and paternal reproductive aging (maternal
age: GLMM: x> = 15.7, df = 2, P < 0.001; paternal age GLMM:
x~ =8.0,df =2, P=0.018; Fig. 6A). Together, our in vivo findings
demonstrate that viral stimulation of telomerase activity is con-
sistent with previous in vitro observations in human cells exposed
to oncogenic viruses (28, 29).

Conserved telomerase response to the virus OsHV-1
Telomerase is a holoenzyme composed of a reverse transcriptase
(TERT) and multiple accessory proteins binding to an RNA template
to align on telomeric DNA (12). We identified nine genes annotated
in the C. gigas genome (42) that coded for TERT or accessory pro-
teins (Fig. 6B). To investigate a potential association between telom-
erase response and viral exposure, we mined publicly available
transcriptomic datasets of OsHV-1 in Pacific oysters (30, 33, 43) and
tested whether baseline and virus-induced telomerase gene expres-
sion differed between genetic oysters lineages (table S1). These oyster
lineages were previously obtained by artificial selection over four
generations with either high or low susceptibility to OsHV-1 (44).
At the baseline state, we compared the main constitutive telom-
erase TERT gene expression in oysters acclimated to 21°C between
four families with high resistance to OsHV-1 [mortality < 40%; (30,
43)] against four families exhibiting high viral susceptibility [mor-
tality > 90%; (30, 43)]. Families selected for high susceptibility to
OsHV-1 exhibited significantly lower baseline TERT expression
than those selected for high resistance (GLMM: y* = 7.4, df = 1,
P = 0.007; Fig. 6C). Among 21,462 genes identified by RNA se-
quencing (RNA-seq) (30, 43), 355 genes (1.7%) were differentially
expressed between resistant and susceptible families, which includ-
ed the TERT gene (ranked in the top 50 genes). This result indicates
that basal telomerase expression adds to other physiological path-
ways (e.g., immune responses, DNA repair, and stress response) that
genetically predispose oysters to survive OsHV-1 challenge (43).
We further investigated the dynamics of telomerase-related
genes in response to virus exposure under controlled conditions
(fig. S7). We compared selected families (30) versus nonselected
oysters [individuals born from a pooled of genitors; (31)] that were
acclimated to either 21° or 29°C (33). In this temperature ex-
periment, oysters acclimated at 29°C for 10 days exhibited a pro-
tective effect against the disease (mortality rate, 14%) compared to
those acclimated at 21°C (mortality rate, 48%). Susceptible families
showed greater stimulation of regulatory proteins but a stronger
inhibition of TERT expression, when compared to resistant families
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Fig. 5. Dynamic changes in offspring TL (ATL) predicted their resistance to OsHV-1 challenge. However, relationships depended upon maternal age. Inter-familial
survival-ATL relationship was positive in offspring from old mothers (z= —2.06, P = 0.039), negative in those from middle-aged mothers (z=2.11, P = 0.035), and nonsig-

nificant among families from young mothers (z= —0.89, P = 0.370).
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along a main axis of a principal components analysis (PCA) and inversely with TERT expression (fig. S7). Extracting normalized scores (PC1) for each experimental replicate,
we identified a quadratic trend with response peaking at 24 to 48 hours after infection (time: Fy 453 = 46.0, P < 0.001; time?: F1.45 = 50.8, P < 0.001). Peak intensity was spe-
cific both to family types (susceptible and resistant at 21°C) and acclimation temperature (unselected families at 21° or 29°C). Gene expression trends paralleled the as-
sociated mortality rates. In other words, inhibition of TERT gene expression was similar between families selected for susceptibility and unselected families acclimated
21°C (pairwise post hoc: t = —0.02, P > 0.999). Inhibition of TERT was lower in surviving than susceptible oysters (all pairwise post hoc: |t| > 4.2, P < 0.001) and similar be-
tween in resistant and among oysters conditioned to 29°C (pairwise post hoc: t = —0.1, P > 0.999).

This confirms that telomerase activity contributes to elongate TL
at the whole-organism level. However and unexpectedly, longer
TL was associated with a greater risk of mortality among adults
(GLMM: y* = 5.1, df = 1, P = 0.023; Fig. 7B). This result challenges
conventional evidence in vertebrates, where longer telomeres usu-
ally predict greater life expectancies (17). This suggests that there is
a need to explore the relationship between TL and the resistance to
polymicrobial infectious diseases (39).

We identified the pathogenic bacterium Vibrio aestuarianus by
quantitative polymerase chain reaction (qQPCR) (34) as the primary
pathogen strain causing adult mortality in 89% of individuals. Resis-
tance to this bacterial strain was poorly heritable (MCMCglmm:
h? = 0.11; 95% CI, 0.00 to 0.31; Table 1), which is consistent with

(Fig. 6D). Acclimating nonselected oysters to 29°C resulted in a
similar gene expression response to those experimentally selected
for resistance (Fig. 6D). Together, this suggests that telomerase re-
sponse is crucial for survival against OsHV-1 challenge and is
highly influenced by the thermal environment. Future research
will need to determine whether the host, the virus, or both modu-
late greater telomerase gene expression (28).

Adaptive telomerase response comes at delayed survival
costs in adulthood

TL was positively correlated with enhanced telomerase activity both
in laboratory settings and 3 months later, following exposure at two
different field sites (GLMM: X2 =7.5,df =1, P = 0.006; Fig. 7A).
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Fig. 7. Elongation of telomere by telomerase conducted to greater adult mortality over the next 6 months. (A) After exposition to OsHV-1 challenge, lengthening
TL positively correlated with inter-familial stimulation telomerase activity regardless of the context (laboratory and field sites). (B) Individuals TL in early fall (n = 357)
negatively predicted survival rate the following months, again irrespective of field site (dot colors, means + SE of familial average in each environment; solid and color

lines, model predictions by environment surrounded by 95% Cls).

previous investigations (34). These delayed survival costs associated
to telomerase response might reflect selective pressure that mitigates
overexpression of this enzyme in somatic tissue as a way to avoid
abnormal cell immortalization and tumor risks.

DISCUSSION

In this study, we characterized the intergenerational impacts of re-
productive aging and the cellular vehicles linking parental age to
offspring traits. Our findings demonstrate that offspring from el-
derly parents exhibited lower developmental success, which is con-
comitant with intrinsic telomere erosion and extrinsic telomere
elongation due to a telomerase response to Ostreid herpesvirus 1.
Although non-informative with the chronological age of adults, the
complex of telomerase and telomeres emerges as a potential mecha-
nism linking offspring traits to parental age at conception.

Our studies reveal a high number of enriched biological func-
tions in parent oysters growing old. Across both sexes, multiple age-
related protein modules identified among adults correlated with
offspring phenotypes, particularly traits related to telomere dynam-
ics and telomerase response to infection. The strong correlation with
parental TL and substantial telomere heritability (h* = 0.53) sug-
gests that the variation in offspring TL results from parental inheri-
tance acquired through germline TL, as well as genetically based
differences in TL regulation. This later process may reflect genetic
differences in line with the father-offspring telomerase relationship.
By further exploring the parental proteomic modules and correla-
tions of offspring traits, our study identifies relevant pathways that
may regulate these intergenerational effects. Notably, the two paren-
tal age-decreasing modules that correlate with offspring telomere
changes revealed a strong enrichment of the WNT signaling path-
way and P-catenin (fig. S3), two important regulatory factors of
telomerase in stem cells and cancer (45). We hypothesized that de-
clining WNT/B-catenin levels in older parents was likely passed on
to the next generation and potentially mitigated the reparation of
offspring telomeres. However, this assumption requires further test-
ing at the individual scale.

Dupoué et al., Sci. Adv. 10, eadq2311 (2024) 11 September 2024

In many species, and especially early in life, telomere dynamics
predict higher reproductive success and survival rates (10, 17, 41,
46). Telomere dynamics also influences the susceptibility to viral in-
fection [i.e., as observed in over 200 diseases in humans; (47)]. Our
results confirm the predictive power of telomere dynamics regard-
ing survival to pathogens but demonstrate the complexity of this
relationship. At 10 months old, the inter-familial differences in the
erosion of telomeres positively predicted mortality to OsHV-1, only
among offspring from old dams. Additional studies are now re-
quired to clearly establish, at the individual scale, whether shorter
TL predicts greater susceptibility to OsHV-1. Between the age of 14
and 20 months, longer individual telomeres predicted a higher sub-
sequent adult mortality risk to vibriosis, an unexpected finding that
was confirmed in two independent environments that contrasted
bacterial prevalence (31). We speculate that longer TL may contrib-
ute to mortality from vibriosis through indirect effects of telomerase
on cytogenetic alterations. Shellfish can tolerate a relatively high
proportions of aneuploidy (up to 30%) (48), and this proportion of
abnormal chromosomes increases during OsHV-1 infection, but the
functional effects remain unknown (49). We propose that telomer-
ase is one such mechanism, similar to that in human cancer (50). If
this assumption holds true, then longer TL would have been indi-
rectly associated with chromosome instability and to a greater oys-
ter susceptibility to bacterial infection (51).

OsHV-1 stimulated telomerase activity in vivo, a response that,
to our knowledge, had only been documented in human in vitro
cell culture (28, 29). Mining into the C. gigas transcriptomic datas-
ets, we found that telomerase level predetermines oyster suscepti-
bility and that telomerase response to OsHV-1 is initiated within a
few hours after exposure to the virus (30, 33, 43). Baseline TERT
activity was shown to discriminate between susceptible and resis-
tant genotypes and with resistant oysters characterized by reduced
TERT inhibition upon viral exposure. The role of telomerase as an
adaptive response to discern whether individuals may survive or
die from infectious disease is further supported by single-nucleotide
polymorphism-based studies, which showed that telomerase genes
appear as an encoding differential resistance to virus (35, 52).
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Consistently, parental aging inhibited this adaptive telomerase re-
sponse, a process that we see as an underlying factor associated
with a greater risk of mortality to OsHV-1. Besides, we confirmed
that telomerase response can be regulated by the environment, be-
cause the acclimation of unselected oysters to high temperatures
(29°C) displayed the same viral protection (33) and telomerase re-
sponse, rather than being a result of the genotypes selected for viral
resistance. However, the adaptive telomerase response to OsHV-1
in juveniles was counterbalanced by increased mortality in adults.
Overall, we unraveled that telomerase represents a central and
adaptive mechanism in oyster response to OsHV-1, and, like many
adaptive traits in ectotherms, its regulation is influenced by envi-
ronmental temperature (53).

This study provides insights into how reproductive aging affects
oyster developmental success, telomere shortening, and resistance
to polymicrobial disease. Already in larval life, elderly parents pro-
duced offspring with lower survival. We further highlight the im-
portance of the telomere-telomerase system as a molecular indicator
of parental age, which can predict the outcomes of OsHV-1 infection.
The abnormal expression of telomerase in adult somatic cells can
have oncogenic effects (12, 26, 27), similar to observations in human
tumors of viral etiology (50). Mimicking human tumors, transcrip-
tomic profiles of mussels confirmed that telomerase expression
strongly increases in neoplastic cells (54). We argue that oyster
telomerase response to OsHV-1 in Pacific oysters will thereby offer
an unparalleled setting to understand the in vivo interactions be-
tween virus, telomerase activation, and cytogenetic regulations.

MATERIALS AND METHODS

Parent origin and crossbreeding design

Beginning in 2012, we collected 1-month-old spats of the same oys-
ter cultch along the coastline of the Aix Island, France (46.0121;
—1.1609), each year and transferred them to a Britain tideway, the
“Aber Benoit” (48.5751; —4.6051). We separated oyster cohorts into
mesh bags (100 cm by 50 cm by 10 cm) attached to iron tables in the
middle bathymetry of the foreshore level. At this bathymetric height,
animals experience natural tidal cycles, food conditions, and suit-
able temperature for growth and are able to reach sexual maturity
and an age up to 10 years. We sampled 50 individuals of the different
cohorts on 11 August 2022 and maintained them at the laboratory
facility of Argenton in 300-liter tank with ad libitum food condi-
tions (Tisochrysis lutea and Chaetoceros sp.) and seawater controlled
at 17°C (55). On 16 August, we isolated the gametes of 12 mothers
[young (2 years old), n = 4; middle-aged (6 years old), n = 4; and old
(10 years old), n = 4; Fig. 1] and 12 fathers [young (2 years old),
n = 6; middle-aged (6 years old), n = 4; and old (8 to 9 years old),
n = 2; Fig. 1] by incising the animal gonads with a scalpel in purified
seawater and sieving the milt of females (diameter, 20 pm) and
males (diameter, 60 pm) in 5- and 2-liter beakers, respectively. Each
parent contributed to produce three families to obtain half-sibling
relatedness (fig. S1). We did not mate reproductive pairs randomly
because we intended to crossbreed each female with three males
of the three age classes, and vice versa (fig. S1). We then realized
36 fecundations (700,000 oocytes per family) targeting a 1:10 ratio
of ovocyte:sperms in 36 beakers (5 liters) and ensured that, at
2 hours, fecundation rate (bourgeoning larvae) was above 95%. No
animal experimentation permit was required for the experiments
conducted here.
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Offspring early life development

We monitored offspring developmental performance for 1 year by
sampling different individuals over time (fig. S2). First, larval devel-
opment between 2-hour-old embryos and 40 day-old “spats” fol-
lowed the zootechnical protocol as regularly used in this species (31,
55). That is, when larvae are mobile (until ~14 days old), they are
reared in 5-liter cylindrical Plexiglas tubes (one tube per family)
with a seawater flow rate of 75 ml/min, a bubbling system, food
ad libitum, and water temperature set at 25°C. We counted larvae at
day 2 (D-larvae stage), a critical life stage in this species and again at
day 14, which marks the end of the mobile phase, before metamor-
phosis. At days 2, 6, 9, and 13, we fixed ~100 larvae in a 5% formal-
dehyde solution. We measured shell length as the maximal distance
between the umbo and the ventral edge of the shell using a high-
resolution microscope (Keyence VHX 2000E, 1-pm resolution im-
ages). At day 14, we transferred surviving larvae to 36 riddles filled
with sand so they could find suitable support to metamorphose. At
days 28, 33, and 41, we non-lethally scanned (Epson Perfection
2480, HDR images) ~50 larvae per family to extract shell length us-
ing ImageJ software. Then, we sampled spat oysters (life stage be-
tween 40 and 365 days old) regularly to depict the impact of parental
aging on the dynamics of the telomerase-telomere complex (fig. S2).

Parent proteomic profiles

Immediately after gamete extraction, the whole parents were flash
frozen in liquid nitrogen. We grounded frozen individuals using an
MM400 homogenizer (Retsch, Eragny, France) to smooth intra-
individual tissue variation. We extracted the total proteins content
from frozen oyster powder using a protocol previously optimized
for C. gigas (56). The powder (~200 mg) was incubated on ice in
a lysis buffer for 30 min and centrifuged at 12,000g. Total protein
content in each lysate was analyzed using the detergent compatible
(DC) protein assay (Bio-Rad), in 96-well microplates (Nunc) using
a microplate reader (Bio-TekSynergyTM HT, Thermo Fisher Scien-
tific, Les Ulis, France). Total protein concentrations were obtained
using Gen5 version 2.03 software (Bio-Tek). Proteomic profiles of
each oyster were determined with mass spectrometry using 5 pg of
protein on a thermal jonization mass spectrometry-time-of-flight
pro mass spectrometer (Bruker Daltonics) with a modified nano-
electrospray ion source (CaptiveSpray, Bruker Daltonics). We fol-
lowed the same protocol as detailed previously (57), fitted onto an
updated UniProt C. gigas database. We quantified the relative levels
of protein abundance between samples using the differential enrich-
ment analysis of proteomics data (DEP) package from R software
(58). We checked and imputed missing patterns of protein levels us-
ing the “imputePCA” function and regularized method implement-
ed in missMDA R package.

We assessed the relative contribution of sex and age on the pro-
tein levels using a redundancy discriminant analysis (RDA). First,
we computed a Euclidian distance matrix on proteomic data and
performed a principal coordinates analysis (PCoA). A distance-
based RDA (db-RDA) was then produced with the retained PCoA
factors as the response matrix and the variables sex and age as
the explanatory matrix. A total of four PCoA axes were retained
based on a Gower dissimilarity index, explaining 59.90% of the
total variance. Then, two partial db-RDAs and an analysis of
variance [analysis of variance (ANOVA), 999 permutations] were
used to validate the effect of each factor while controlling for the
other factor.
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We compared adult proteomic profiles using a signed co-
expression network, built on the imputed protein level matrix using
the R package WGCNA following the protocol detailed previously
(59). We scored oyster sex (male, 1; female, 2) and age class (young,
1; middle-aged, 2; and old, 3). Soft threshold power was fixed to 12
using the scale-free topology criterion to reach a model fit (|r|) of
0.90. The modules were defined using the “cutreeDynamic” func-
tion (minimum of 20 genes by module and default cutting-height of
0.99) based on the topological overlap matrix and a module eigen-
gene distance threshold of 0.25 that was used to merge highly simi-
lar modules. For each module, we defined the module membership
(kME) and correlation between module eigengene value and condi-
tion traits. Only modules with a significant correlation with one of
the condition factors (sex or age; P < 0.001) were conserved for a
downstream functional analysis. Functional enrichment was con-
ducted with a rank-based gene ontology approach with adaptive
clustering using a Mann-Whitney U test for each independent mod-
ule (kME value when belonging to the module, 0 otherwise), which
was then implemented into the GO_MWU R tools (60) (go.obo da-
tabase, downloaded October 2023, https://geneontology.org/docs/
download-ontology/). We used REviGO to reduce redundancy and
to visualize the most significant GO (P < 0.01) (61).

Parent and offspring TL

We measured TL in parents (~15-mg gills, n = 24) and their offspring
(~15 mg of a mix of tissues, n = 980) at different times (n = 184 at
90 day-old, n = 259 at 240 day-old, n = 144 at 320 day-old, and n = 357
at 410 day-old; fig. S2) using a similar protocol that has been previ-
ously described for this species (62). We extracted high-molecular
weight DNA using a DNA isolation kit for cells and tissue (Sigma-
Aldrich, Roche). We used a NanoDrop 2000 (Thermo Fisher Scien-
tific) to check that absorbance ratios of extracted DNA met the
optimal criteria (means + SD: A260/A280, 1.88 + 0.05; and A260/
A230, 2.22 + 0.30). We ran qPCR from 5 ng of DNA by measuring
real-time fluorescence as a means to amplify telomere regions using
Sybr Green Supermix (Bio-Rad, California, USA) and universal telo-
mere primers (Tell and Tel2). These were corrected by the amplifica-
tion of a reference gene [glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)]. We used 30 and 40 amplification cycles at an annealing
and extension temperature of 55° and 60°C, with primer concentra-
tions of 0.1 and 0.2 pM, respectively. We assessed cycle threshold (Cq)
of telomeres and GAPDH on a Bio-Rad CFX96 Touch (Bio-Rad,
USA) as detailed previously (62). Samples were measured in dupli-
cates with high repeatability [telomeric DNA: correlation coefficient
(r) =0.98, P < 0.001; GAPDH: r = 0.99, P < 0.001]. We used a DNA
positive control (pool of 30 samples) on each plate to smooth inter-
plate variation and a non-template control to verify the absence of
contamination. Relative TL was determined using gene efficiency
(ETelo = 99.3% and Egappy = 105.4%) obtained from the serial dilu-
tion of the positive control and Cq differential for each gene as

1 .99CqTeln(POOL)_CqTe]o(Samp]e)

TL= 2.0SCqGAPDH(POOL)_CqGAPDH(Sample)

On each plate, we measured three samples three times to assay
intraplate repeatability of TL measure (r = 0.90, P < 0.001), and we
used four individuals on all plates to determine interplate repeat-
ability of TL (r = 0.85, P < 0.001). Individual TL was transformed to
a z-score (mean = 0 and SD = 1) to ease model convergence and
inter-study comparisons (63).
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Parent and offspring telomerase activity

We measured whole-organism telomerase activity in parents and their
offspring (pools of 10 offspring sampled for each family) at three times
(fig. S2). Offspring were sampled at day 40 at the end of larval life stage
to determine parent-offspring relationship of telomerase activity. We
also sampled offspring at days 290 and 320, respectively, before and
after OsHV-1 challenge (see below). We determined telomerase activ-
ity using telomeric repeat amplification protocol assays (TRAPeze Kit
RT Telomerase Detection Kit, S7710, Merck Millipore). We extracted
proteins from the frozen oyster powder (~20 to 30 mg) usinga CHAPS
lysis buffer (200 pl) and then incubated for 30 min on ice. Samples
were centrifuged for 20 min at 12,000g. Protein lysates were collected
and diluted at a 1:10 ratio. We assessed the total protein content using
the DC protein assay (Bio-Rad; see above). Telomerase activity was
assayed from FAM carboxyfluorescein with Bio-Rad CFX96 Touch
(Bio-Rad, USA) following the manufacturer’s protocol. During the
initial phase (30 min at 30°C), telomerase elongates telomere from a
telomeric DNA template. Then, telomere products were quantified by
qPCR on the basis of real time fluorescence emission over 40 cycles.
We used a standard curve from a serial dilution of known telomerase
quantity (40 to 0.04 amoles) on each plate to obtain a slope of the Cq
against telomerase. Each sample was measured in duplicate with a
high level of repeatability (r = 0.95, P < 0.001). We also used three
samples among all plates to calculate interplate repeatability (r = 0.94,
P < 0.001).

OsHV-1 viral challenge

We combined two approaches to study the response of oysters to
OsHV-1 infection: laboratory (~120 spats per family) or in the field
(~100 spats per family) (31, 32, 34, 35). In the laboratory, we con-
trolled food availability (ad libitum) and seawater temperature
(21°C) to maximize OsHV-1 virulence (31, 32). We exposed receiv-
ing oysters (n = 4325) from 36 families to oyster donors (~2000 spat
oysters) impregnated during a field mortality event in the Bay of
Brest (48.3355; —4.3175). This occurred in mid-June, a time known
as the annual peak of OsHV-1 replication and high mortality risk
(64). We exposed them for 48 hours by cohabitation with natural
viral load before bringing them back to the laboratory. Contact be-
tween the receivers and donors occurred on 16 June at 17:00. We
counted alive and dead oysters daily for 2 weeks. We verified that
OsHV-1 was the pathogen responsible of oyster mortalities by quan-
tifying viral presence through qPCR, in seawater (fig. S8) and in the
moribund oysters as described previously (34). Concomitantly, we
deployed 3600 spats (100 per family) to the same field site in the Bay
of Brest to obtain mortality risk in natura. Families were isolated
using nets within two mesh bags (18 families per bag) beginning on
7 June. We recorded spat mortality daily during the first 2 weeks and
again monthly over the remaining summer.

Statistical analyses

We analyzed the impacts of parental age on offspring traits using
R software (58). We built generalized linear mixed models [package
“lme4” (65)] to determine the fixed effects of maternal and paternal
age and the interaction on offspring traits by setting offspring
family as a random intercept. We used Akaike information crite-
rion (AIC)-based model comparisons [package “MuMIn” (66)] to
identify the most parsimonious explanatory variables. Depending
on whether or not offspring response was continuous (shell growth,
TL, and telomerase activity) or binary (mortality rate: alive, 0; or
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dead, 1), we considered Gaussian or Binomial (loglink function)
family to describe error distribution, respectively. We analyzed the
kinetic of survival probability (larval intrinsic survival, 3 time ses-
sions; susceptibility to OsHV-1, 13 time sessions) with cox mixed
models [package “coxme” (67)] containing fixed effects of parental
age class, interaction effects, and random intercepts of family and
tank. We produced Kaplan-Meier survival curves using the survfit
function of the package “survival,” with a log transformation to
compute 95% Cls from SEs (68).

We built animal models by fitting a Bayesian algorithm of the
Markov Chain Monte Carlo model [package “MCMCglmm” (69)]
used to quantify narrow-sense heritability. These models decom-
pose the variance explained by a combination of fixed and random
factors. We considered the final models selected by frequentists
analyses (described above), which categorized the fixed and random
structure of each model. In addition, all models included the ran-
dom factor of “animal,” which referred to the offspring relatedness
matrix (r = 0.5 between full siblings, » = 0.25 between half-siblings,
and r = 0 between unrelated). Following recommendations from de
Villemereuil (70), we considered non-informative priors for both
the Gaussian (residuals: V = 1, nu = 0.02; random terms: nu = 1,
alpha.mu = 0, and alpha.V = 1000) and threshold models (residuals:
V=1 and fix = 1; random terms: V = 1, nu = 1000, alpha.mu = 0,
and alpha.V = 1). We set simulations to 5 X 10° iterations, with a
5 X 10" burn-in period and a thin interval of 50 to record iterations.
We ensured appropriate model convergence by graphically inspect-
ing the MCMC traces and verifying that random and fixed terms
passed the Heidelberg stationarity tests (all P > 0.05). The model on
larval growth necessitated an increase of iterations by 1 x 10° and a
burn-in period to 2 X 10° to pass the Heidelberg test. We estimated
h? for offspring traits and 95% ClIs while accounting for the ratio
between additive genetic variance (V) obtained from the random
“animal” factor against total phenotypic variance (Vp). Vp was cal-
culated from the sum of variances explained by both random and
fixed effects (70).

RNA-seq meta-analysis

We explored the conserved response of telomerase related genes ex-
pression in C. gigas. We selected transcriptomic datasets previously
published by studies that investigated oyster resistance/susceptibili-
ty to OsHV-1. Three transcriptomic studies representing n = 102
samples (each sample composed by a pool of n = 9 to 10 oysters)
were retrieved from National Center for Biotechnology Information
server (table S1).

First, we assessed whether family resistance phenotype was associ-
ated with differential TERT gene expression in the basal state. We
subset the datasets to keep only individuals with prior exposure or
without experimental viral exposition [# = 42 pools of 10 individuals
per pool, from two studies (30, 43)]. Raw data were trimmed with
Trimmomatic v0.36 (71) and mapped to the C. gigas reference ge-
nome (42) using STAR v2.7.10b (72). The default options were se-
lected, but specificity was applied depending on the data type for each
study (reported in table S1). Gene counts were computed with HTseq-
count v0.9.1 (73). All count data were normalized with median of
ratio implemented in DESeq2 R package (74). Batch effect (i.e., differ-
ent experiments) was controlled using RUVseq and a k value of 6,
following previously published recommendations (75). Differentially
expressed genes across phenotypes (resistant versus susceptible) were
detected using the likelihood ratio test with k vectors as covariates.
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We applied a conservative approach by considering genes as differen-
tially expressed when the absolute log, fold change (|log,FC|) was >2
and with a false discovery rate < 0.01. We tracked telomerase related
genes in different temperature regimes or across phenotypes follow-
ing experimental infection [# = 70 pools of 10 individuals per pool,
from two studies (30, 33)]. We ran a principal components analysis
(PCA) on the log,-normalized counts to explore how the multiple
genes were co-expressed at different times after infection (fig. S7). We
extracted the main axis score for each replicate as an integrative mea-
sure of telomerase gene expression (see Fig. 5).

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Table S1
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