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1  |  INTRODUC TION

In many species of animals and plants, survival rate and fertility 

decrease with advancing age due to senescence. Evolutionary the-

ory explains senescence as a result of age- related declines in the 

strength of natural selection (Hamilton, 1966), which allow the 

accumulation of mutations deleterious to late- life performances 

(Medawar, 1952) and even promote active selection of alleles with 

deleterious effects in late life but beneficial pleiotropic effects in 

early life (Williams, 1957). It is well known that advanced maternal 

age negatively affects not only performance of the mothers, but also 

health, lifespan and fertility of their offspring in many animal spe-

cies, including humans (‘Lansing effect’: Lansing, 1947; Monaghan 

et al., 2020). This is mainly due to ‘maternal effect senescence’, 
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Abstract
Maternal effect senescence, a decline in offspring viability with maternal age, has 

been documented across diverse animals, but its mechanisms remain largely un-

known. Here, we test maternal effect senescence and explore its possible molecular 

mechanisms in a fish. We compared the levels of maternal mRNA transcripts of DNA 
repair genes and mtDNA copies in eggs and the levels of DNA damage in somatic 
and germline tissues between young and old female sticklebacks. We also tested, in 

an in vitro fertilization experiment, whether maternal age and sperm DNA damage 
level interactively influence the expression of DNA repair genes in early embryos. Old 
females transferred less mRNA transcripts of DNA repair genes into their eggs than 
did young females, but maternal age did not influence egg mtDNA density. Despite 
a higher level of oxidative DNA damage in the skeletal muscle, old females had a 
similar level of damage in the gonad to young females, suggesting the prioritization 

for germline maintenance during ageing. The embryos of both old and young moth-

ers increased the expression of DNA repair genes in response to an increased level 
of oxidative DNA damage in sperm used for their fertilization. The offspring of old 
mothers showed higher rates of hatching, morphological deformity and post- hatching 

mortality and had smaller body size at maturity. These results suggest that maternal 

effect senescence may be mediated by reduced capacity of eggs to detect and repair 

DNA damages, especially prior to the embryonic genomic activation.
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which evolves independently from reproductive senescence and af-

fects the quality and viability of offspring (Hernández et al., 2020; 

Moorad & Nussey, 2016).

The most important approach to understand why and how the 

age of mothers at reproduction influences offspring quality and 

viability is perhaps studying age- related changes in maternal traits 

and their effects on offspring performance. Maternal effect is de-

fined as the causal influence of the maternal phenotype on the 

offspring phenotype in other ways than the direct transmission of 

genetic information (Mousseau & Fox, 1998; Wolf & Wade, 2009). 

Mechanisms of maternal effects are diverse and include the direct 

transfer of maternal resources and other substances, such as hor-

mones, antioxidants, antibodies, transcripts (mRNA) and even mi-
tochondrial DNA (mtDNA) copies (Boulinier & Staszewski, 2008; 

Fernández- Díez et al., 2016; Groothuis et al., 2019; Kim et al., 2022; 

Morales, 2020). Studying how the maternal allocation changes 

with maternal age at reproduction should help our understanding 

of maternal effect senescence. Here, we focus on age- dependent 

maternal effects mediated by the transmission of gene products, es-

pecially mRNA and mtDNA copies, to mature oocytes. These mater-
nal gene products in oocytes collectively and interactively support 

many crucial functions during early embryonic development, which 

may have long- lasting effects on offspring phenotype and viability 

(Jiang et al., 2023; Ruebel & Latham, 2020).

Maternal transcripts of DNA repair- related genes can allow off-
spring to detect and repair genomic damage at the start of life. Male 

gametes are more prone to genomic damage than female gametes 

(Pizzari et al., 2008; Velando et al., 2008), especially due to oxida-

tive stress caused by an excess of reactive oxygen species, which 

are required for activation, capacitation and the acrosome reac-

tion of spermatozoa (Aitken & Bakos, 2021). In many vertebrates, 

spermatozoa carrying a damaged genome preserves fertilization 

capacity despite the risk of developmental arrest and embryo 

death (Avendaño & Oehninger, 2011; Fernández- Díez et al., 2015). 

However, maternal transcripts of DNA repair genes transferred by 
mothers to oocytes can allow zygotes to rapidly repair genomic 

damage of paternal origin before the embryos begin to express DNA 
repair genes by themselves (i.e. before the embryonic genomic ac-

tivation; Fernández- Díez et al., 2016; Jaroudi et al., 2009). Some 

studies of mammalian model species have demonstrated that over-

all mRNA level decreases in oocytes with increasing maternal age 
(Govindaraj et al., 2015; Su et al., 2007). However, it remains unclear 

whether maternal age influences the ability of zygotes and embryos 

to repair DNA damage during fertilization and embryogenesis (but 
see Horta et al., 2020). Although most DNA repair processes are 
likely to occur prior to the embryonic genomic activation, if mater-

nal DNA repair machinery transferred to an oocyte is insufficient to 
overcome genomic damage of paternal origin, the embryo will need 

to activate additional repair mechanisms or apoptosis at later stages 

(Newman et al., 2022).

In a recent study of a teleost fish, we have shown that the abun-

dance of mtDNA copies in mature oocytes is also an important 
maternal trait that influences offspring growth and viability during 

embryogenesis and changes in response to the environment experi-

enced by the mother (Kim et al., 2022). The level of mtDNA content 
increases by replication during the maturation of oocytes (Otten 

et al., 2016), and this process may be influenced by the body con-

dition or ageing of the mother. Indeed, there is some evidence in 

mammalian models that mtDNA level in mature oocytes decreases 
with increasing maternal age (Iwata et al., 2011; Kushnir et al., 2012). 

Nevertheless, little is known about whether mtDNA content in oo-

cytes mediates maternal effect senescence.

The principal aims of this study were to test maternal effect se-

nescence and to explore its molecular genetic mechanisms by ex-

amining maternal age effects on maternal gene products in oocytes, 

gene expression in embryos and offspring viability. For these, we 

performed a split- clutch in vitro fertilization (IVF) experiment using 

young (1- year old) and old (2- year old) female three- spined stick-

lebacks (Gasterosteus aculeatus) originated from a wild population. 

Molecular processes of maternal effects remain poorly investigated 

in wild animals, where developmental mechanisms can be better 

understood within ecological and evolutionary contexts. To study 

molecular mechanisms of maternal effect senescence, we first com-

pared between young and old mothers (i) the level of oxidative DNA 
damage in their gonad and muscle tissues, (ii) the quantity and qual-

ity of maternal gene products (i.e. mRNA of repair genes; mtDNA 
copy number and damage) in their oocytes, and (iii) the expression 

of DNA repair genes during early embryogenesis in their offspring 
(Fernández- Díez et al., 2016; Kim et al., 2022). We examined the 

expression of the major DNA repair proteins, involved in base exci-
sion repair (BER) or nucleotide excision repair (NER) pathways (lig3, 

DNA ligase 3; ung, Uracil DNA glycosylase; ogg1, 8- oxoguanine DNA 
glycosylase), and two key DNA damage checkpoint proteins (tp53, 

tumour protein P53; rad1, DNA repair exonuclease) (Fernández- 
Díez et al., 2016; Newman et al., 2022). We also tested whether the 

expression of these genes in early embryos changes in response to 

the level of oxidative DNA damage in gametes of both parents and 
whether maternal age influences the embryo's repairing ability. The 

level of DNA damage was measured by quantifying the amount of 
8- hydroxy- 2- deoxyguanosine (8- OHdG), one of the most abundant 
pre- mutagenic lesions in DNA, which can have transgenerational ef-
fects if occur in germline cells (Cooke et al., 2003; Kim et al., 2019, 

2022; Kim & Velando, 2020). We then examined whether age of the 

mother at reproduction and repair ability of the embryo interactively 

influence its hatching, morphological integrity, growth and survival 

until sexual maturation.

2  |  MATERIAL S AND METHODS

2.1  |  Study population, egg collection and IVF 
experiment

Most stickleback populations in Spain, including our study popula-

tion, are at the low- latitude edge of this species' European range 

and show accelerated life- history trajectories (‘live fast and die 
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young’) as compared to high- latitude populations that take longer to 

mature and live up to 6 years (DeFaveri & Merilä, 2013; Fernández 

et al., 2006). In our study population, sticklebacks begin to mature 

from age 9 months onwards and spawn extremely frequently (on av-

erage six times) throughout a single relatively long breeding season 

(February– July), after which they die (Kim et al., 2016). Thus, fish 

from this population rarely live more than 18 months in the wild. 
However, they can live far longer (2– 3 years) in captivity because 
there is no extrinsic mortality by predation, weather, scarcity of food 

and parasite.

For this study, wild three- spined sticklebacks of the 2019 and 

2020 cohorts were captured in the river Sar (Galicia, Spain) in the be-

ginning of their first breeding season (i.e. March 2020 and February 

2021, respectively) then acclimated to laboratory conditions. Both 

cohorts were maintained under natural seasonal photoperiods and 

temperatures and fed daily on bloodworms (during acclimation) 

and commercial pellets (after acclimation). At the onset of the 2021 
breeding season (late February), these 1- year- old and 2- year- old 

(hereafter young and old) sticklebacks were individually housed in 

8– 10 L tanks. Egg sampling and IVF experiment were carried out 
during the peak spawning season (i.e. in April; see Figure 1 for illus-

tration of the study design).

We first collected egg clutches from 14 young and 13 old fe-

males (1 clutch per female) to evaluate the quantity of maternal RNA 
of genes related to DNA repair processes in the mature oocytes 
(Figure 1). When a female became fully gravid and ready to spawn 

(evident from the dilatation of its cloaca), the egg clutch was stripped 

on a piece of blotting paper by applying a gentle pressure to the 

abdomen under light benzocaine anaesthetic. We collected 30 eggs 

per clutch and stored them with 100 μL RNAlater at −80°C until the 
isolation of RNA.

We carried out split- clutch IVF (Barber & Arnott, 2000; Kim 

et al., 2022) using 1- year- old males (N = 22) and both 1- year-  and 
2- year- old females (N = 16; N = 15) to obtain 60 full- sib families 
(Figure 1). Only one clutch per female was used for split- clutch 

IVF. For each set of IVF, two sexually mature young males showing 

red nuptial coloration and two or three fully gravid females, always 

including at least a young and an old female, were selected. Each 

male was sacrificed with an overdose of benzocaine anaesthetic, 

and its whole testes were collected. The testes were placed in an 

Eppendorf tube, containing 200 μL Hanks' Balanced Salt Solution 

(HBSS), then macerated using a sterile forceps. A 50 μL aliquot of 

each sperm solution was stored at −80°C for the analysis of oxi-
dative DNA damage, and the rest was used for IVF within 30 min. 
Each egg clutch was stripped on a sterile Petri dish by applying 

gentle pressure to the abdomen of a ripe female under light ben-

zocaine anaesthetic. A subsample of seven eggs was collected 
and stored at −80°C for the analyses of mtDNA copy number and 
mtDNA damage. Two split- clutches of 20– 30 eggs were collected 
from each clutch and transferred to two different Petri dishes for 

separate fertilizations with sperm from two different males. For 

fertilization, 40 μL of sperm solution and a droplet of HBSS were 

pipetted on to a split- clutch then mixed carefully and thoroughly 

using a fine paintbrush. The fertilized eggs were left to stand for 

20 min and then transferred to a 30 L incubator in which different 
split- clutches were incubated separately at a constant tempera-

ture, 17 ± 0.5°C. At 30 h post- fertilization (30 hpf, gastrula stage; 
Swarup, 1958), a subsample of five embryos was collected from 

each full- sib family and stored with 50 μL RNAlater at −80°C for 
the analysis of gene expression. At the end of April (within 3 weeks 
after IVF), all the females used for IVF were sacrificed with an 

overdose of benzocaine anaesthetic, and their ovaries and skeletal 

F I G U R E  1  Study design. Young and old females from the 2019 and 2020 cohorts were used during the 2021 breeding season to 
obtain egg and tissue samples for the analysis of mRNA transcripts and oxidative DNA damage and perform the in vitro fertilization (IVF) 
experiment. Subsamples of the eggs and sperm used for the IVF were analysed for mtDNA copy number and damage, and oxidative DNA 
damage. Subsamples of the embryos at 30 hpf were used for the analyses of gene expression.
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muscle tissue were collected using sterile dissection instruments 

and stored at −80°C for the analyses of oxidative DNA damage.
Each F1 family was isolated in a 10 L hatching tank with a sponge 

filter prior to hatching (i.e. 8 days post- fertilization). A total of 1034 
larvae were born in the 60 full- sib families. They were fed to sa-

tiation daily on a progressive diet of newly hatched Artemia (until 

age 2 months) and a commercial pelleted diet (from age 1 month; 
Gemma Micro). All families were observed during the first week of 
life to record morphological abnormalities such as vertebra curva-

ture and jaw deformity. At age 2 months, each family was placed in 
a petri dish filled with water and photographed from above along-

side a scale reference. The photographs were used later to measure 

individual body size (standard length, dorsal view) using the ImageJ 

software (Schneider et al., 2012). Then, the 2- month- old fish were 

allocated in 8 L tanks in three close flow- through aquaria systems. 
Mechanical filters, circulation pumps and water- cooler devices were 

used to filter and aerate the water and maintain natural seasonal 

water temperatures (ranging from 10°C in January to 20°C in July) 
in the growth tanks. Natural seasonal photoperiod (ranging from 
9 h of day length in December to 15 h in June) was simulated with 
programmed illumination. Large full- sib families were split into two 

different tanks to maintain the density at ≤14 individuals per tank 
(N = 86 tanks). The fish density was reduced to ≤10 individuals per 
tank at age 5 months by randomly removing fish for a parallel study 
(N = 126). All F1 fish that survived until sexual maturation (in January 
2022, at age 9 months; N = 354) were measured to the nearest 
0.5 mm, and their sex was determined by morphology. Survival of F1 
fish up to age 9 months was analysed in this study (Figure 1).

2.2  |  Quantification of mRNA levels in 
eggs and embryos

Total RNA was extracted from homogenized egg and embryo sam-

ples using RiboZol RNA extraction reagent (Amresco) following the 
manufacturer's instructions. All RNA samples were treated with 
DNase to remove any contaminating DNA and purified using the 
RNA Clean & Concentrator™- 5 (Zymo Research). The concentration 
and quality of RNA in each sample was quantified using a microplate 
spectrophotometer (Synergy HT with Take3; BioTek). First- strand 

cDNAs were synthesized with 500 ng of total RNA using the qScript 
cDNA Synthesis Kit (Quanta Biosciences). The cDNA was stored at 
−80°C until real- time quantitative polymerase chain reaction (RT- 
qPCR) analysis.

The expression profiles of five genes related to DNA repair 
function, lig3, ung, ogg1, tp53 and rad1 (described in Table 1), 

were analysed based on relative quantification of mRNA tran-

scripts by RT- qPCR (StepOnePlus, Applied Biosystems). Primer 
sequences were designed based on information from the three- 

spined stickleback genome assembly (www.ensem bl.org/Gaste 

roste us_acule atus/) and primers were synthesized by Sigma- 

Aldrich Quimica. Selected primers produced a single amplicon of 
expected size as indicated by melt curve and electrophoresis, and TA
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their identities were confirmed by sequencing analyses (ABI3130 
Genetic Analyser; Applied Biosystems). The efficiency of primers 
was calculated from the slopes of the amplification curves for 

each qPCR using LInRegPCR software (Ruijter et al., 2009) and 

averaged for each gene. The primer nucleotide sequences, am-

plicon sizes, melting temperatures and efficiencies are provided 

in Table 1. Ribosomal protein l13a gene (rpl13a), which has been 

identified as a stable housekeeping gene in the study species 

(Hibbeler et al., 2008; Velando et al., 2017), was used as a refer-

ence gene. RT- qPCR assay was performed in a 20 μL reaction mix-

ture, containing 0.8 μL of each primer (10 μM), 10 μL of 2 × SYBR 
Green Master Mix (Applied Biosystems) and 2 μL of cDNA. The 
cycling conditions were one cycle of 95°C for 10 min, followed by 
40 cycles of 95°C for 15 s and 59°C for 1 min. All reactions were 
performed in triplicate, and quantification cycle (hereafter Cq) 

values were highly repeatable in all amplicons (Table 1). Cq val-

ues, controlling for amplicon efficiency, were used to calculate the 

relative transcript abundance, standardized by a reference sample 

(Pfaffl, 2001) and log2- transformed.

2.3  |  Analyses of mtDNA copy number and mtDNA 
damage in eggs

DNA was first extracted from egg clutch subsamples (seven eggs per 
clutch) using a commercial kit (DNeasy Blood & tissue Kit, QIAGEN) 
to analyse mtDNA copy number and mtDNA damage.

The relative mtDNA copy number in unfertilized egg samples 
(seven eggs per sample) was determined as the ratio of the amount of 

mtDNA present in the samples to that of a reference sample by RT- 
qPCR by following a previously described method (Kim et al., 2022). 

Briefly, the cytochrome oxidase subunit 1 (CO1) gene was used as 

mitochondrial gene; the primer sequences used to amplify a small 

fragment of CO1 (99 bp) were as follows: forward primer, 5′-  GGAGG 
CTT TGG CAA CTGACT- 3′ and reverse primer, 5′- AGAGG GTG GGA 
GCA ATCAGA- 3′. The qPCRs were performed in a total volume of 

25 μL, including 5 μL of (undiluted) template DNA, primers at a final 
concentration of 500 nM and 12.5 μL Luminaris Colour HiGreen 

High ROX qPCR Master Mix (Thermo Scientific). The qPCR condi-

tions were 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 
60 s at 60°C. All samples, including a reference sample, were assayed 
in triplicate, and Cq values were highly repeatable (r = .996, p < .001). 
The relative mtDNA copy number (arbitrary units) of each sample 
with a standardized number of cells (i.e. seven unfertilized eggs) was 

calculated as EfΔCq, where Ef is the amplicon efficiency, ΔCq the dif-

ference in Cq- values between the reference sample and the focal 

sample.

The level of mtDNA damage in eggs was estimated using a quan-

titative ‘long’ PCR- based assay based on the principle that DNA 
damage slows down or block DNA polymerase advance (Furda 
et al., 2014; Hunter et al., 2010) by following a previously described 

method (Velando et al., 2019). Briefly, the level of mtDNA lesions 
was quantified by amplifying large mitochondrial genomic fragment 

and normalized by a short mitochondrial fragment (CO1 gene, de-

scribed above), which is unlikely to be affected by a random damage. 

The primer sequences of the large fragment were: forward primer, 

5′- CGCAT CCG GAG GTG AGAAGT- 3′ and reverse primer, 5′- ACCGA 
AGA ATG GCG TAGGCA- 3′ (amplicon size: 14,804 bp). qPCR was per-
formed in SureCycler 8800 thermal cycler (Agilent) using Herculase 
II fusion DNA polymerase (Agilent), and DNA was quantified using 
the PicoGreen dsDNA assay kit (Invitrogen) on a Synergy HT BioTek 
microplate reader. Relative DNA damage frequency was normal-
ized to the value of a reference sample. Relative damage per DNA 
strand was estimated as the ratio of fluorescence values of large and 

small mtDNA target in each sample (RS) and in the reference (RR). 
Normalized mtDNA damage was expressed as −ln(RS/RR).

2.4  |  Analysis of oxidative DNA damage in sperm, 
ovaries and muscle

The level of oxidative DNA damage was analysed in sperm of males 
and ovaries and muscle of females used for the IVF experiment by 

following a previously described method (Kim & Velando, 2020; Kim 

et al., 2019). Briefly, DNA was extracted from the samples using a 
commercial kit (DNeasy Blood & tissue Kit; QIAGEN), and the level 
of oxidative damage present in DNA was assessed by quantifying 
8- hydroxy- 2- deoxyguanosine (8- OHdG), an oxidized derivative of 
deoxyguanosine, using a commercial kit (EpiQuik™ 8- OHdG DNA 
damage Quantification Direct Kit; Epigentek Group Inc.). 8- OHdG is 
a direct measure of oxidative DNA damage in the tissues and repre-

sents the most abundant pre- mutagenic lesions in DNA (Valavanidis 
et al., 2009). The 8- OHdG present in DNA was detected using cap-

ture and detection antibodies and quantified by reading the absorb-

ance at 450 nm using a spectrophotometer (Synergy™ 2 Multi- Mode 
Microplate Reader; Bio- Tek Instruments Inc.). All samples were ana-

lysed in triplicate, and the absorbance values were highly repeatable 

(sperm: r = .961, p < .001; ovary: r = .788, p < .001; muscle: r = .757, 
p < .001). Samples were calibrated with the 8- OHdG standard, and 
the level of oxidative DNA damage was expressed as the percentage 
of genomic DNA containing 8- OHdG. The ovary and muscle DNA 
samples of females were analysed within the same plates to enable 

the comparison of DNA damage level between the germ and soma 
tissues. Since they were analysed in three different plates, 8- OHdG 
values of the ovary and muscle samples were standardized by plate 

using Z- scores (mean 0, standard deviation 1) for the statistical anal-

yses of DNA damage in females.

2.5  |  Statistical analyses

All statistical analyses were performed in R v. 4.1.2. Linear mixed 

model (LMM) and generalized LMM (GLMM) analyses were per-

formed using the lmer and glmer functions of the lme4 R package 

(Bates et al., 2015), and significance of a fixed term was assessed 

using a type III Wald chi- squared test using the car R package 
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(Kuznetsova et al., 2017). Statistically non- significant interactions 

were excluded from the presented models (Engqvist, 2005). We re-

port standardized coefficients (β) and 95% confidence internals (CI) 

from the models. In multiple comparisons, we calculated false dis-

covery rate adjusted p- values (q- values) using the p.adjust function.

We compared the level of different DNA repair gene transcripts 
(i.e. expression levels of lig3, ung, ogg1, tp53 and rad1 genes), rel-

ative mtDNA copy number and mtDNA damage in eggs between 
young and old female sticklebacks in linear models (LMs). The level 

of oxidative DNA damage in ovary and muscle tissues of females 
was first analysed in a LMM, including female age, tissue type and 

their interaction as fixed effects and female identity as a random ef-

fect. We then compared the effect of female age in each tissue using 

the Tukey adjustment with the emmeans function of the emmeans R 

package.

We tested whether the levels of oxidative DNA damage in 
male and female germ tissues and maternal age interactively in-

fluenced the expression of DNA repair genes in embryos (at 30 h 
post- fertilization, hpf) in LMMs, including maternal age, sperm 

damage, ovary damage, maternal age × sperm damage and maternal 
age × ovary damage as fixed effects and maternal identity as a ran-

dom effect to account for clutch- specific maternal effect. The effect 

of maternal age on hatching rate, deformity rate, survival rate (to 

sexual maturation) and adult sex ratio (of those survived until sexual 

maturation) of F1 families was analysed in GLMMs with a binomial 

error distribution and logit link function, including maternal age as a 

fixed effect and maternal identity as a random effect. Survival tra-

jectories of individual offspring produced by young and old mothers 

were also compared in a Cox proportional hazard model, including 

maternal age as a fixed effect and family and maternal identities as 

random effects, using the coxph function of the survival R package. 

Furthermore, we tested whether expression levels of DNA repair 

genes during embryogenesis in the F1 families influenced hatch-

ing, deformity and survival rates of their full- siblings in additional 

GLMMs, including maternal age, expression levels of lig3, ung, ogg1, 

tp53 and rad1 genes in 30 hpf embryos and their two- way interac-

tions with maternal age as fixed effects, and maternal identity as a 

random effect. Body size (standard length) of individual F1 fish at 

ages 2 months and 9 months was analysed in LMMs, including ma-

ternal age as a fixed effect (and sex as an additional fixed effect, in 

the analysis of age 9 m) and maternal and family identities as random 
effects.

3  |  RESULTS

3.1  |  Effects of female age on maternal substances 
in eggs and oxidative DNA damage

In the analyses of transcript abundance of DNA- repair- related genes 
in unfertilized eggs (young females: N = 14 clutches, old: N = 13), we 
found that young females produced eggs containing significantly 

higher levels of mRNA than did old females for lig3 (LM: β = 0.98, 
95% CI = 0.28, 1.68, p = .008, q = .010), ung (β = 0.98, 95% CI = 0.28, 
1.68, p = .008, q = .010), ogg1 (β = 1.06, 95% CI = 0.38, 1.74, p = .003, 
q = .010) and tp53 (β = 1.04, 95% CI = 0.36, 1.73, p = .004, q = .010), 
but not for rad1 (β = 0.21, 95% CI = −0.60, 1.01, p = .603, q = .603) 
(Figure 2a). In the egg clutches used for the IVF experiment (young: 

N = 16, old: N = 15), relative mtDNA copy number and the level of 
mtDNA damage were slightly higher in eggs produced by old females 
than in those from young females, but the differences were not sta-

tistically significant (mtDNA copy number: β = −0.38, 95% CI = −1.11, 
0.35, p = .297, q = .297; mtDNA damage: β = −0.53, 95% CI = −1.25, 
0.19, p = .146, q = .292). In the females used for the IVF experiment 

F I G U R E  2  (a) Relative mRNA level (EfΔCt) for different genes in the unfertilized mature eggs of young and old female sticklebacks (young: 

N = 14 clutches; old: N = 13 clutches). Estimated marginal means and associated 95% confidence intervals (CI) from the LMs, exploring the 
effect of female age class, are shown. (b) Standardized oxidative DNA damage in the muscle and gonad tissues of young and old females 
(8- OHdG level, z- transformed in each plate, where both gonad and muscle DNA samples from the similar numbers of young and old females 
were included; young: N = 16; old: N = 15). Estimated marginal means and associated 95% CI from the linear models, exploring the effects of 
tissue and female age class, are shown. *p < .05, **p < .01.
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(young: N = 16, old: N = 15), the level of oxidative DNA damage (8- 
OHdG) was significantly higher in ovaries than in muscle tissue, and 

there was an interacting effect of female age and tissue type (LMM: 

age: β = 0.30, 95% CI = −0.20, 0.80, p = .229; tissue: β = −0.94, 95% 
CI = −1.43, −0.45, p < .001; age × tissue: β = −0.86, 95% CI = −1.55, 
−0.18, p = .011; Figure 2b). Post- hoc comparisons showed that old fe-

males had a significantly higher level of oxidative DNA damage than 
young females in muscle tissue (p = .027) but not in gonad (p = .234).

3.2  |  Maternal and paternal effects on mRNA level 
in embryos

Maternal age did not influence mRNA levels in embryos at 30 hpf 
for all five genes, lig3, ung, ogg1, tp53 and rad1, although there was a 

significant component of variance explained by maternal identity for 

all but rad 1 (Table 2). The expression of lig3 and ogg1 in the embryos 

was significantly related to the level of oxidative DNA damage (8- 
OHdG) in the sperm used for IVF (Table 2) regardless of the maternal 

age (in both cases, age × sperm damage: p > .51). The embryos fer-
tilized with more damaged sperm upregulated the genes encoding 

ligase 3 and 8- oxoguanine DNA glycosilase (Figure 3). The level of 

oxidative DNA damage in ovaries of mother did not influence the 
expression of any of the five genes (Table 2).

3.3  |  Effects of maternal age on offspring 
growth and survival

All 60 full- sib families hatched between 8 and 9 days post- fertilization 
(dpf). The average hatching rate (% of hatched eggs) was significantly 

higher in the full- sib families produced by old mothers than those of 

young mothers (GLMM: β = −0.48, 95% CI = −0.97, −0.00, p = .049; 
Figure 4a). However, old mothers produced relatively high propor-

tions of offspring with morphological abnormalities, while very few 

larvae from young mothers showed any abnormality (β = −3.79, 95% 
CI = −5.70, −1.89, p < .001; Figure 4a). Offspring survival patterns 

from hatching to sexual maturation (age 9 months) significantly dif-
fered between young and old mothers (Cox proportional hazard 

model: β = 0.49; 95% CI = 0.28, 0.85; p = .012; N = 1034 individu-

als). Survival curves show that this difference was mainly due to a 

high mortality rate in the offspring of old mothers during the first 

17 days post- hatching (Figure 4b). Indeed, offspring survival rate to 

age 17 days significantly differed between young and old mothers 
and was negatively related to the morphological abnormality rate 

of the family (GLMM: age: β = 1.79, 95% CI = 0.56, 3.01, p = .004; ab-

normality rate: β = −0.96, 95% CI = −1.27, −0.64, p < .001; Figure 4a). 

After this initial difference, however, they showed comparable sur-
vival rates until sexual maturation (survival rate between age 17 days 
and 9 months: β = 0.21; 95% CI = −0.32, 0.74; p = .434; Figure 4a). 

Additional GLMM analyses including gene expression levels during 
embryo development (at 30 hpf) in the full- sib families as covariates 
showed that hatching rate was negatively related to the level of rad TA
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1 expression, the proportion of larvae with morphological abnor-

malities was positively related to ung expression, and survival rate 

between age 17 days and sexual maturation was positively related to 
ogg1 and tp53 expression (Table S1). There was no interacting effect 

of gene expression level and maternal age on hatching, morphologi-

cal abnormality and survival rates in the full- sib families (Table S1).

Maternal age did not influence sex ratio of offspring that sur-

vived until sexual maturation (GLMM: β = 0.08; 95% CI = −0.34, 0.50; 
p = .717). The mean proportion of females at sexual maturation was 
52% in the families produced by young mothers and 51% in those 

produced by old mothers. Offspring produced by young mothers 

were significantly larger in standard length than those produced by 

old mothers, at age 2 months (LMM: β = 0.73; 95% CI = 0.30, 1.17; 
p < .001; Figure 5). This early difference in body size maintained until 

sexual maturation (i.e. age 9 months) and there was no sexual size 

dimorphism at this age (maternal age: β = 0.37; 95% CI = 0.10, 0.64; 
p = .008; sex: β = −0.09; 95% CI = −0.29, 0.12; p = .396; Figure 5).

4  |  DISCUSSION

Negative effects of maternal age on offspring viability are 
widely reported in animals, including humans, but it is still un-

clear how this maternal effect senescence has evolved despite 

F I G U R E  3  Relationships between the level of oxidative DNA damage in the sperm used for in vitro fertilization and the level of gene 
expression for (a) lig3 and (b) ogg1 in the embryos from young and old mothers at 30 hpf. Data points and fitted lines are partial residuals and 
model predictions.

Oxida�ve DNA damage in sperm (8-OHdG)

0.00 0.01 0.02 0.03 0.04

R
e

la
�

ve
 m

R
N

A
 l

e
ve

l 
o

f 
li

g
3

 (
E

f 
D

C
t )

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

Young mother

Old mother

Oxida�ve DNA damage in sperm (8-OHdG)

0.00 0.01 0.02 0.03 0.04

R
e

la
�

ve
 m

R
N

A
 l

e
ve

l 
o

f 
o

g
g

1
 (

E
f 

D
C

t )

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

(b)(a)

F I G U R E  4  (a) Proportion of eggs that hatched successfully, proportion of larvae with morphological abnormalities, proportion of larvae 
that survived from hatching to age 17 days, and proportion of young that survived from age 17 days to sexual maturation (age 9 months) in 
the full- sib families produced by young and old mothers (young: N = 31 families; old: N = 29 families). Mean estimates and associated 95% 
CI, back- transformed from outcomes of binomial GLMM models (in logit scale), are shown. *p < .05, ***p < .001. (b) Survival curves of the 
offspring produced by young and old mothers (young: N = 510; old: N = 524). Crosses indicate censorship events, including the removal of 
seven fish with a skin disease and sampling of 126 fish at age 5 months.
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its negative impact on fitness (Hernández et al., 2020; Moorad & 

Nussey, 2016). Here, we explored the DNA repair capacity of oo-

cytes and embryos in a fish, where the mechanisms of maternal 

effect depend mainly on pre- fertilization maternal provisioning 

to eggs. In an experiment using a short- living population of the 

three- spined stickleback, we found that old mothers transfer less 

mRNA transcripts of DNA repair genes into eggs. However, there 
was no evidence that maternal age influences mtDNA content and 
damage levels in oocytes. Irrespective of maternal age, stickleback 

embryos had the capacity to increase the expression of DNA re-

pair genes in response to an increased level of oxidative DNA dam-

age in the paternally inherited genome (sperm). Nevertheless, the 
offspring of old mothers showed higher rates of malformation and 

early mortality and had smaller body size at maturity than those 

of young mothers.

The long- standing idea that gametes do not age (Kirkwood 

& Rose, 1991; Weismann, 1893) has been repeatedly challenged 

during the last decades. Recent studies have shown that both male 

and female gametes can suffer deterioration with advanced paren-

tal age due to DNA mutations, impaired mitochondrial function and 
shorter telomeres (Gao et al., 2019; Monaghan & Metcalfe, 2019). 

We show here that maternal age- related deterioration of eggs can 

also be related with the reduction of maternal mRNAs, especially 
gene transcripts related to DNA repair pathways (lig3, ung and ogg1) 

and DNA damage checkpoint (tp53). This is in accordance with previ-

ous studies of a mammalian model, showing that the normal pattern 

of degradation of maternal mRNAs during oocyte maturation can be 
accelerated in old females (Pan et al., 2008; Paynton et al., 1988). 

Maternal mRNA transcripts in eggs may play key regulatory roles 
in a variety of cellular process and embryonic developmental pro-

gramming, especially prior to the activation of zygotic transcrip-

tion (Mtango et al., 2008). Our results suggest that the eggs of old 

stickleback mothers have a reduced capacity to recognize and repair 

DNA damages and initiate apoptosis when the damages are irrepa-

rable, especially prior to the embryonic genomic activation (Horta 

et al., 2020). Perhaps for this reason, the eggs produced by old stick-

leback mothers showed a higher hatching rate, but the larvae had 

increased probabilities of post- hatching deformity and mortality 

compared to those of young mothers. It is interesting to note that 

deformity and mortality were very rare in the newly hatched larvae 

of young mothers.

We detected no difference between old and young females in 

the level of oxidative DNA damage in their gonad tissue, which con-

tains immature oocytes, despite a higher level of DNA damage in 
skeletal muscle of old females. The level of mtDNA damage in the 
mature oocytes also showed no difference between young and old 

females. Our results are in accordance with the idea that the soma is 

more prone to age- related deterioration than the germline because 

organisms evolve to prioritize resource allocation for the mainte-

nance of germline genomic integrity at the cost of an ageing soma 

(‘disposable soma theory’, Kirkwood, 1977) as also experimentally 

demonstrated in a recent study of the zebrafish (Chen et al., 2020). 

Thus, our results suggest that the decreased offspring viability of 

old stickleback mothers is not due to genomic integrity of maternal 

germline but is due to reduced quality of maternal effects.

Maternal effect senescence observed in this study might have 

been mediated by age- dependent maternal transfer of gene prod-

ucts to eggs as discussed above. In contrast to our results of ma-

ternal mRNA levels, however, mtDNA density in eggs did not differ 
between young and old female sticklebacks. Our results show that 

the association between senescence and oocyte mtDNA density is 
not universal across vertebrates, and yet evidence is restricted to 

only mammalian models (Iwata et al., 2011; Kushnir et al., 2012). 

The density of mtDNA in mature oocytes is much higher in tele-

ost fishes, ranging between 19 and 3000 million copies among the 

studied species (Otten et al., 2016; Wolff et al., 2011), compared 

to mammalian oocytes, which contain fewer than 1 million mtDNA 
copies (Otten & Smeets, 2015). This is probably because fish em-

bryos generate energy by metabolizing their own energy storage 

from the yolk- sac, and their cellular metabolism depends entirely 

on maternal mtDNA during the early embryogenesis (i.e. cleavage 
stage) in the absence of mtDNA replication and mitochondrial bio-

genesis. Although our previous study showed that oocyte mtDNA 
density can flexibly change in female sticklebacks in response to 

their environments (Kim et al., 2022), perhaps they have evolved 

to preserve their capacity to replicate enough mtDNA in maturing 
oocytes despite ageing.

We demonstrated a positive relationship between the level of 

sperm DNA damage, specifically the damage in the guanine base, 
and the expression of DNA repair genes (lig3 and ogg1) in stickleback 

embryos at the gastrula stage. It is interesting to note that particu-

larly ogg1 encodes the primary enzyme responsible for the excision 

of 8- oxoguanine. Our result is in accordance with a previous study of 
the rainbow trout, where the progeny fertilized with damaged sperm 

overexpressed a DNA repair gene, rad 1, at a similar developmental 

stage (Fernández- Díez et al., 2016). These results indicate that the 

F I G U R E  5  Body size of the offspring produced by young and old 
mothers, at age 2 months and at sexual maturation (age 9 months). 
Estimated means and associated 95% CI from the linear mixed 

models are shown. **p < .01, ***p < .001.
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expression of DNA repair genes in the embryo dynamically changes 
with DNA damage load in the paternally inherited genome (Harrouk 
et al., 2000). In this study, the embryo's ability to detect and repair 

DNA damage of paternal origin was not affected by maternal age. 
However, the reduced DNA repair capacity of maternally driven 
mechanisms (i.e. maternal mRNAs in eggs) in old mothers shows that 
the embryos of old mothers are likely to carry more DNA damages 
after the embryonic genomic activation in comparison to those of 

young mothers. Since the expression of DNA repair genes in em-

bryos does not change in response to maternal age, the embryos of 

old mothers would consistently carry a higher level of DNA damage 
throughout their development, compared to those of young moth-

ers. Thus, the progenies of old mothers can have decreased viability 

due to the reduced genome integrity (Newman et al., 2022; Zheng 

et al., 2005).

In general, this study of the three- spined stickleback provides 

strong evidence for maternal effect senescence via maternally 

driven mechanisms of DNA repair in the progeny. However, there 
is also a limitation in our insights, mainly due to the cross- sectional 

nature of our study. Out of 46 females from the 2019 cohort, 

captured after sexual maturation, only 26 individuals (57%) have 

survived and spawned in their second breeding season in the labo-

ratory. This survival rate seems high given that the fish were origi-

nally from an annual population, but it is possible that the 2- year- old 

survivors have different life- history strategies from the 1- year- old 

females used in this study. Although this stickleback population has 
evolved a fast life- history strategy (‘life fast and die young’), individ-

ual variation in female resource allocation between egg production 

and self- maintenance still exists within this population (Kim, Costa, 

et al., 2017; Kim, Metcalfe, et al., 2017). Decreased maternal invest-

ment may be associated with increased lifespan (Baker et al., 2008), 

thereby producing negative relationship between female age and 

population- level maternal effects. To rigorously test maternal effect 

senescence, individual- level changes in maternal effects should be 

explored in a longitudinal study (Nussey et al., 2008). Nevertheless, 
maternal effect senescence is evident in our results because malfor-

mation and early mortality of newly hatched larvae appeared almost 

exclusively in the progeny produced by old mothers. If there is se-

lective disappearance of females with reduced maternal effects, a 

longitudinal study would likely yield a larger effect of maternal age 

than did the present study. Another possible problem in our experi-
ment is that the IVF procedures might have incurred unnatural levels 

of DNA damage in the F1 embryos, thereby affecting the expression 
of DNA repair genes. It will be interesting to test this possibility by 
comparing between the embryos obtained by the artificial and natu-

ral fertilization procedures.

We show in this study of a natural fish population that the 

Lansing effect or maternal effect senescence may be in part medi-

ated by maternally derived mechanisms to repair DNA damage of 
paternal origin. Since our study population has evolved heavy ma-

ternal investment and short lifespan, its age- dependent patterns of 

maternal effects may be more prominent in comparison to longer- 

living populations (Moorad & Nussey, 2016). Future studies should 

investigate how maternal effect senescence is related to life- history 

evolution across different populations and species and explore dif-

ferent mechanisms of maternal effect senescence.
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