Received: 12 June 2023 | Revised: 22 March 2024

'-) Check for updates

Accepted: 4 April 2024

DOI: 10.1002/ece3.11287

RESEARCH ARTICLE

Ecology and Evolution

e WILEY

Maternal age effects on offspring lifespan and reproduction
vary within a species

Alyssa Liguori?
Kristin E. Gribble®

1Josephine Bay Paul Center for
Comparative Molecular Biology and
Evolution, Marine Biological Laboratory,
Woods Hole, Massachusetts, USA

’Department of Biology, State University
of New York at New Paltz, New Paltz,
New York, USA

Translational Genomics Laboratory,
McLean Hospital, Belmont,
Massachusetts, USA

“Taub Institute for Research on
Alzheimer's Disease and the Aging Brain,
Columbia University, New York City, New
York, USA

Correspondence

Alyssa Liguori and Kristin E. Gribble,
Marine Biological Laboratory, 7 MBL
Street, Woods Hole, MA 02543, USA.
Email: liguoria@newpaltz.edu; kgribble@
mbl.edu

Funding information

National Science Foundation, Grant/
Award Number: 105-1942606; National
Institute on Aging, Grant/Award Number:
RO1AG076592

1 | INTRODUCTION
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Abstract

Across diverse taxa, offspring from older mothers have decreased lifespan and fitness.
Little is known about the extent to which maternal age effects vary among genotypes
for a given species, however, except for studies of a few arthropod species. To in-
vestigate the presence and degree of intraspecific variability in maternal age effects,
we compared lifespan, reproductive schedule, and lifetime reproductive output of
offspring produced by young, middle-aged, and old mothers in four strains of rotifers
in the Brachionus plicatilis species complex. We found significant variability among
strains in the magnitude and direction of maternal age effects on offspring life his-
tory traits. In one strain, offspring of young mothers lived 20% longer than offspring
of old mothers, whereas there were no significant effects of maternal age on lifespan
for other strains. Depending on strain, advanced maternal age had positive effects,
negative effects, or no effect on lifetime reproductive output. Across strains, older
mothers produced offspring that had higher maximum daily reproduction early in life.
The effects of maternal age on offspring vital rates could not be explained by changes
in trade-offs between lifespan and reproduction. This study documents intraspecific
variability in maternal age effects in an additional clade. Investigating intraspecific
variability is critical for understanding the ubiquity of maternal age effects and their

role in the evolution of life history and aging.
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experimental studies of maternal age effects, Albert Lansing found

that in the rotifer Philodina citrina, offspring lifespan and fecundity

Maternal age effects, in which a mother's age at the time of repro- decreased in lineages reared from old mothers over multiple genera-

duction influences the phenotype of her offspring, are a commonly tions, while offspring from young mother lineages had long lifespan

occurring form of intergenerational plasticity. In one of the earliest and high fecundity (Lansing, 1947, 1954). Thus, negative advanced
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maternal age effects are often referred to as “Lansing Effects.”
Negative effects of advanced maternal age on offspring develop-
ment, survival, fecundity, or health have been observed in many
other taxa as well (Barclay & Myrskylad, 2016; Beamonte-Barrientos
etal., 2010; Bloch Qazi et al., 2017; Bock et al., 2019; Fox et al., 2003;
Plaistow et al., 2015). In some species, however, advanced maternal
age has positive effects (e.g., Krishna et al., 2012; Perez et al., 2017,
Travers et al., 2021) or no apparent impact (e.g., Yilmaz et al., 2008)
on offspring fitness.

Patterns of maternal age effects vary across taxonomically dis-
tantly related groups that have divergent morphologies, vital rates,
and life histories. A meta-analysis of 97 animal species showed that
advanced maternal age has negative effects on offspring in some
invertebrates, including Caenorhabditis elegans, rotifers, copepods,
annelids, snails, fruit flies, and Lepidopterans; non-agricultural mam-
mals; and humans, whereas some wild birds exhibit positive maternal
age effects on the early development of offspring (lvimey-Cook &
Moorad, 2020). Differences among studies in the metrics assessed
and findings for each taxonomic group highlight that maternal age
effects are not uniformly positive or negative on all traits for a given
species, however. For example, for C.elegans, advanced maternal age
had positive effects on offspring reproduction and development in
some studies, but caused shorter offspring lifespan in others (Perez
et al., 2017; Travers et al., 2021).

The magnitude, direction, and mechanisms of maternal age ef-
fects could be expected to vary among distantly related taxa with
different physiology, life history strategy, and evolutionary history.
Studies of four arthropod species in three genera have demonstrated
that maternal age effects also vary within a species, among strains
with similar environmental niches, life cycles, and vital rates. Studies
of Daphnia (Anderson et al., 2022; Plaistow et al., 2015), Drosophila
(Bloch Qazi et al., 2017; Lee et al., 2019; Priest et al., 2002; Yilmaz
et al, 2008), and crickets (Mousseau, 1991) provide examples
of variability in the magnitude and direction of parental age ef-
fects on lifespan, development, fecundity, or embryonic diapause
among strains and populations. Only one of these studies (Plaistow
et al.,, 2015) analyzed offspring lifespan, development, and repro-
duction, while the other studies focused on a single response met-
ric, typically lifespan, when comparing maternal age effects among
strains. Investigation of multiple life history variables in additional,
diverse species will allow us to better understand the range of intra-
specific variability in maternal age effects.

Various mechanisms have been hypothesized to drive mater-
nal age effects. Negative maternal age effects are thought to be
caused by age-related declines in reproductive system function
or gamete quality, or by other physiological constraints, as moth-
ers age (Lansing, 1947; Monaghan et al., 2020). Both positive and
negative maternal age effects could be the result of age-related
life history adaptations, such as shifting of reproductive schedules
across generations (Monaghan et al., 2020; Mousseau, 1991). Many
have hypothesized that maternal-age-associated shifts in trade-

offs between offspring lifespan and reproduction are the source

of maternal age effects. In keeping with life history theory and
the related disposable soma hypothesis, if more resources are al-
located to higher reproduction, then fewer resources are available
to be allocated to somatic maintenance, repair, and growth, which
could result in decreased lifespan, or vice versa (Kirkwood, 1977,
Kirkwood et al., 1979; Stearns, 1976, 1989). For example, if older
mothers provision fewer lipids, gene transcripts, organelles, metab-
olites, or other resources to developing offspring, those offspring
may be shorter-lived or have altered developmental and reproduc-
tive schedules. Such changes in early life reproductive schedule are
thought to impact late-life reproduction and lifespan (Stearns, 1976;
Williams, 1957). Positive maternal age effects could occur in organ-
isms with life histories, morphologies, or physiologies that enable
parents to allocate more resources to offspring later in life (e.g.,
if older parents are larger or more experienced; Ivimey-Cook &
Moorad, 2020; Travers et al., 2021). Alternatively, higher resource
allocation to offspring from older mothers could accelerate off-
spring development and reproduction, resulting in shorter lifespan
(Plaistow et al., 2015). It remains poorly understood how maternal
age effects on reproduction or on trade-offs between lifespan and
reproduction vary among species or strains.

Investigation of intraspecific variability in maternal age effects
may provide insights into their evolution and mechanisms. Within
a species, we can compare maternal age effects among populations
or strains with relatively similar genetics, morphology, life history
strategies, and environments, but with distinct vital rates or recent
selective pressures. Additional examples across species will help to
distinguish the effects and constraints of phylogeny and environ-
ment on maternal age effects. For example, variation in patterns of
maternal age effects by genotype could suggest that maternal age
effects are not caused only by age-related accumulation of mutation
or cellular damage in the maternal germline (e.g., Gao et al., 2019;
Zhang et al., 2023), but rather may be modulated by underlying dif-
ferences in genome sequence.

To broaden our understanding of intraspecific variability in
maternal age effects in clades outside of the arthropods studied
to date, and to investigate the role of trade-offs between lifespan
and reproduction as drivers of maternal age effects, we measured
the effect of maternal age on offspring lifespan and reproduction
in four strains of Brachionus plicatilis group rotifers. Rotifers are
microscopic, aquatic invertebrates that have been used to study
aging and maternal effects for over 80years (King, 1969; King &
Miracle, 1980; Ricci, 1983; Snell, 2014; Snell et al., 2006, 2015; Snell
& Boyer, 1988; Wallace, 2002). As members of the Spiralia clade
(Laumer et al., 2015), rotifers provide an evolutionarily distant com-
parison to the arthropod species (Ecdysozoa) in which intraspecific
variability in maternal age effects have been examined thus far.

Species in the Brachionus plicatilis cryptic species com-
plex (Gémez et al., 2002; Mills et al., 2007) have lifespans
from 1 to 4weeks and are easily reared across multiple, age-
synchronized generations in the laboratory (Gribble, 2021;
Gribble & Snell, 2018). Maternal effects in response to inter- and

d 'S “PT0T ‘8SLLSHOT

:sdny woiy papeoy

25UIIT suowwo) aanear) a[qearjdde ayy £q paurasos are sapanIE YO 1asn Jo sa[nI 10§ A1eIqr aurfuQ K3IA\ UO (SUONIPUOD-PUBR-SULIA)/WOY" KA[IM° AIeiqrour[uo//:sdny) suonipuo)) pue swd [, ay) 3 *[Sz0T/20/71] uo Areiqr auruQ K[ip © K1eIqi] 10y [qIA - 9[qqUD unsiyy £q £8Z11°€999/700101/10p/wiod Kafim .



LIGUORI ET AL.

intra-specific interactions, including inducible defenses and the
induction of sexual reproduction, have been studied in these ro-
tifers for decades (Gilbert, 1966; Gilbert & McPeek, 2013; Snell &
Boyer, 1988). Brachionus amictic females make a significant repro-
ductive investment in each offspring, producing one to six large
neonates each day throughout the reproductive period, with a
lifetime reproductive output of 20-30 offspring. Brachionus spe-
cies have externally brooded embryos, direct development with
no larval stages, and no parental care after neonates hatch. Thus,
we can measure lifespan and fecundity from birth in these species,
without the confounding effects of metamorphoses or postnatal
maternal care (Gribble, 2021; Gribble & Snell, 2018).

Here, we examined the effect of maternal age on offspring lifes-
pan, lifetime reproductive output, and reproductive schedule in
three strains of B.manjavacas and one strain of B. plicatilis. Closely-
related Brachionus strains can have large differences in lifespan
and reproductive plasticity in response to environmental stressors
(Gribble et al., 2018; Gribble, Kaido, et al., 2014; Snell, 1986), but
the variability in maternal age effects among Brachionus strains
is unknown. Previous studies on a single strain of B.manjavacas
found that advanced maternal age leads to decreased lifespan
and lifetime fecundity in offspring, but did not find evidence
for maternal age-related lifespan-reproduction trade-offs (Bock
et al., 2019; Gribble, Jarvis, et al., 2014). We wanted to determine
whether apparent trade-offs were also lacking in other closely re-
lated strains. This work adds taxonomic breadth and analysis of
additional variables to the existing examples of intraspecific vari-
ability in maternal age effects and will inform future research on
the evolution and the mechanisms of maternal age effects within
and across clades.

2 | METHODS
2.1 | Rotifer and phytoplankton culture

We studied one strain of Brachionus plicatilis (BpL1) and three
strains of B.manjavacas (BmanL5, BmanRUS, and BmanRUS-RE),
which are all in the B.plicatilis cryptic species complex (Gémez
et al., 2002; Mills et al., 2007). All strains except for BmanRUS-RE
have been maintained in constant culture for >15years. The ori-
gins of these strains and their vital rates in the laboratory have
been described elsewhere (Gribble et al., 2018; Gribble, Kaido,
et al., 2014). BmanRUS-RE was newly hatched from 5-year-old
resting (diapausing) eggs of BmanRUS and was maintained in se-
rial culture for 2months before experimentation. We compared
BmanRUS and BmanRUS-RE to test whether the life history phe-
notypes that have been observed in past studies were preserved
in the diapausing strain (BmanRUS-RE), which had not been
subjected to laboratory selective pressures for the past 5years
(Gribble et al., 2018; Gribble, Kaido, et al., 2014).

Prior to experimentation, each rotifer strain was kept in se-
rial culture in 250 mL Erlenmeyer flasks containing 15 ppt Instant
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Ocean Sea Salt (Instant Ocean, Blacksburg, VA) in distilled water
and ad libitum quantities of the chlorophyte Tetraselmis suecica
(density of ~4 rotifers mL™). Algae cultures were maintained in 2L
flasks of bubbled f/2 medium (Guillard, 1975) minus silica, also at
a salinity of 15ppt. Rotifer and algae stock cultures and experi-
mental cohorts (described below) were maintained at 21°C on a
12:12h light: dark cycle. Cultures of T.suecica were kept in semi-
continuous log phase growth by the removal of 40% of the culture
and replacement with f/2 medium every other day throughout the

experiments.

2.2 | Life table experiments

The BmanRUS experiment took place in March 2021. The other
three strains were studied simultaneously in July 2021. The same
methods were used for all strains. To control for maternal and
grandmaternal ages of the experimental animals, two generations
of maternal age synchronization were conducted before the ini-
tiation of life table experiments (Figure S1). Amictic eggs were
removed from mature females by vortexing, isolated by micropi-
pette, and allowed to hatch and mature for 5days in ad libitum
food conditions, at which time eggs were again collected from ma-
ture females. After repeating this for two generations, eggs were
collected and allowed to hatch for 6 h to initiate the FO generation.
Thus, the mothers and grandmothers of our experimental FO co-
horts were all 3-5days old, and the FO individuals were all of the
same age+6h.

To initiate and track each cohort, individual neonates were allo-
cated to 1 mL of T.suecica at a concentration of 6x10° cells mL™ in
15 ppt Instant Ocean in 24-well plates (n=55 to 75 per strain). Every
24 h, each individual was observed on a Zeiss Stemi 508 microscope,
and survival, reproductive status (carrying or not carrying eggs), and
the number of new offspring were quantified. The original female
was then transferred to a well with new seawater and T.suecica.
Daily scoring and transfers were conducted until all individuals had
died. This method produced individual-level lifespan and reproduc-
tion data under highly controlled environmental conditions.

To initiate the F1 generation at young (Y), middle (M), and old (O)
maternal ages for each strain (Figure S1), one neonate per mother
(hatched within the previous 24h) was pipetted into a well of a
new plate with 1mL of T.suecica in Instant Ocean. In some cases,
multiple neonates were taken from a single mother, particularly if
other mothers had no neonates on the day of collection. These F1
offspring were then tracked for their entire lifetimes in the same
manner as their mothers. Because of the strains' varied lifespans
and reproductive schedules, biological age and chronological age
are not equivalent among strains. Based on preliminary studies, old
maternal age for each strain was chosen as the day at which mean
daily reproduction for FO individuals dropped below one neonate
per mother, to allow comparison of equivalent biological maternal
ages among strains (Bock et al., 2019; Gribble et al., 2018; Gribble,
Kaido, et al., 2014). For BmanL5 (n=70-72 per maternal age cohort)
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and BmanRUS-RE (n=60-68), experimental F1 generations were
initiated at maternal ages of 3 (Y), 6 (M), and 10days (O). For BpL1,
maternal ages were 3 (n=68), 6 (n=66), and 9days (n=37). Because
multiple maternal ages have been previously studied in BmanRUS
(Bock et al., 2019; Gribble, Jarvis, et al., 2014), we examined F1 co-
horts from young (3days; n=39) and old (11days; n=286) maternal
ages in this study.

2.3 | Statistical analyses

All data were plotted and analyzed using R v. 4.0.2 (R Core
Team, 2020). The following response metrics were calculated from
lifespan and/or daily reproduction data: lifetime reproductive out-
put (LRO), age at onset of reproduction, maximum daily reproduc-
tion (MDR), age of MDR, and reproductive period (as a percentage
of lifespan). Intrinsic value, or the proportion of expected LRO re-
maining at a specific age (Dudycha, 2001), was calculated per day
throughout the lifespan of each individual. From intrinsic value calcu-
lations, the age at which 50% of LRO was produced was determined
per individual. The “survival” and “survminer” packages (Kassambara
etal., 2017; Therneau, 2023) were used to create Kaplan-Meier sur-
vivorship curves.

For each response, a separate generalized linear model (GLM)
was fit to test whether maternal age effects differ among strains.
To model LRO (overdispersed count data) as a function of maternal
age and strain (fixed categorical variables), a negative binomial GLM
with a log link function was used, with an interaction term of ma-
ternal age x strain. To model lifespan, age at onset of reproduction,
MDR, age of MDR, and age of 50% LRO (count data), a Poisson GLM
with a log link function was used for each. To model reproductive
period (proportion data), a binomial GLM with a logit link function
was used. Since the reproductive period data were overdispersed,
standard errors were corrected using a quasi-GLM model. Analysis
of deviance tests were conducted to determine whether the ma-
ternal age x strain interaction term contributed significantly to each
model. The X2 statistic is the difference in deviances between the
full model and a reduced model, in which the interaction term was
dropped. Analysis of deviance for the quasi-GLM model uses the F
statistic. For models with a significant interaction term, contrasts
among maternal age cohorts within each strain were made using the
“emmeans” package (Lenth, 2023), which obtains estimated marginal
means for factor combinations. For models with only main effects
of maternal age and/or strain (no significant interaction), contrasts
were made among levels of each factor, while pooling levels of the
other factor.

To test for life history trade-offs, linear models were fit to de-
scribe the relationships between lifespan and each of LRO, repro-
ductive period, MDR, and the age of 50% LRO. For each strain,
analysis of covariance was conducted to determine whether the
slopes of these relationships differed among maternal age cohorts
(indicated by a significant interaction between maternal age cohort
and lifespan).

3 | RESULTS
3.1 | Lifespan

Maternal age effects on offspring lifespan differed among strains
(Figure 1; significant maternal age x strain interaction: X3(5)=29.7,
p<.0001). For BmanL5, rotifers in both the Y and M cohorts had
longer lifespans than those of the O cohort, by 3.1 and 1.6days
on average, respectively. For BmanRUS-RE, M cohort rotifers had
longer lifespans than those of the O cohort by 1.6days on average.
There were no significant differences among maternal age cohorts
for BmanRUS and BpL1 (Table 1 and Table S1). Maximum lifespan
(age of 5% survivorship) was shorter for O cohort rotifers in all
strains (Figure 1; Table S1).

BpL1
0.75+

0.501

0.254

0.00+1

0 5 10 15 20

1.00+

BmanRUS
0.751

0.50+
0.251

0.001

15 20 25

1.00+
BmanRUS-RE

0.754

Survival probability

0.501

0.25

0.001

1.00+

0.751

0.50+

0.251

0.00+1

0 5 10 15 20 25
Age (days)
FIGURE 1 Survivorship curves of the FO generation and of

the F1 generation from young (Y), middle-aged (M), and old (O)
mothers, for four Brachionus strains.
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TABLE 1 Results of post hoc contrasts of estimated marginal

means, calculated from generalized linear models that were fit for

each response metric.

Contrast

Estimate

SE

z-ratio

Lifespan (significant maternal age x strain interaction)

BplL1
Y-M
Y-0O
M-0

BmanL5
Y-M
Y-0O
M-0

BmanRUS
Y-0O

BmanRUS-RE
Y-M
Y-0O
M-0

0.05
-0.07
-0.12

0.09
0.20
0.11

-0.09

-0.05

0.08
0.13

0.06
0.07
0.07

0.04
0.04
0.04

0.05

0.05

0.05
0.05

0.87
-1.05
-1.78

2.26
4.75
2.47

-1.79

-1.00

1.58
2.63

LRO (significant maternal age x strain interaction)

BpL1
Y-M
Y-O
M-0

BmanL5
Y-M
Y-O
M-0

BmanRUS
Y-0O

BmanRUS-RE
Y-M
Y-0O
M-0

-0.24
-0.19
0.05

0.11
0.11

-0.002

-0.06

-0.08
-0.11
-0.03

MDR (significant main effects)

Maternal age
Y-M
Y-0O
M-0

Strain
BpL1 - L5
BpL1 - RUS
BpL1 - RUS-RE
L5 - RUS
L5 - RUS-RE
RUS - RUS-RE

Rep. period (significant maternal age x strain interaction)

BplL1
Y-M

-0.15
-0.18
-0.04

-0.57
-0.18
-0.48
0.39
0.09
-0.30

-0.40

0.06
0.07
0.07

0.04
0.04
0.04

0.05

0.04
0.04
0.04

0.05
0.05
0.05

0.06
0.07
0.06
0.06
0.05
0.06

0.13

-3.89
-2.60
0.72

2.66
2.62
-0.05

-1.26

-1.89
-2.58
-0.67

-2.84
-3.79
-0.74

-9.83
-2.42
-7.95
6.28
1.94
-4.67

-3.01

p-value

.660
.546
175

.062
<.0001
.036

.073

577
.256
.023

.0003
.03
.75

.022
.024
.998

.208

142
.027
784

.013
.0004
743

<.0001
.073
<.0001
<.0001
.213
<.0001

.007

Ecology and Evolution 50f13
=t e W LEY- 2%

TABLE 1 (Continued)

Contrast Estimate  SE z-ratio p-value
Y-0O -0.04 0.15 -0.28 .958
M-0 0.36 0.16 2.33 .05

BmanL5
Y-M 0.29 0.09 3.10 .0056
Y-0O 0.40 0.10 4.18 .0001
M -0 0.11 0.10 1.12 499
BmanRUS
Y-0O 0.53 0.14 3.81 .0001
BmanRUS-RE
Y-M 0.13 0.13 0.99 .585
Y-0O 0.25 0.13 1.92 134
M -0 0.12 0.12 0.97 597

Note: For lifespan, lifetime reproductive output (LRO), and reproductive
period (% of the lifespan), maternal age x strain interaction terms
contributed significantly, thus contrasts were conducted among
maternal age cohorts within each strain. For maximum daily
reproduction (MDR), there was a significant main effect of maternal
age (no significant interaction), thus contrasts were conducted among
levels of each factor, while pooling levels of the other factor. Results
of contrasts for response metrics for which there were no significant
effects of maternal age or interactions are shown in Table S2. Maternal
age cohorts: Y =young mothers, M=middle-aged mothers, O=old
mothers. Significant p-values were bolded (p <.05).

3.2 | Lifetime reproductive output

Maternal age effects on lifetime reproductive output (LRO) differed
among strains (Figure 2; significant maternal age x strain interaction:
X3(5)=31.2, p<.0001). For BmanL5, Y cohort rotifers had higher
LRO than did those of the M and O cohorts (Table 1 and Table S1;
Figure 2g). For BpL1 and BmanRUS-RE, the opposite effect oc-
curred: Y cohort rotifers had lower LRO than did older maternal age
cohorts (Table 1 and Table S1; Figure 2a,e). For BmanRUS, there was
no significant effect of maternal age on LRO (Table 1 and Table S1;
Figure 2c). Variance in LRO among individuals differed significantly
among maternal age cohorts for BmanRUS-RE (Y=58.3, M=37.8,
0=19.2; Levene's test: F(2,188)=5.37, p=.005). For the other
strains, variances in LRO were not significantly different among ma-
ternal age cohorts (Table S1).

3.3 | Timing of reproduction

Across strains, O and M cohort rotifers had higher maximum daily
reproduction (MDR) than did Y cohort rotifers (Table 1 and Table S1).
There was no effect of maternal age on the age at which MDR oc-
curred, although there were significant differences among strains
(Table S1 and Table S2). The age by which rotifers had produced 50%
of their LRO also significantly differed among strains, but not among
maternal ages (Table S1 and Table S2). Across strains, the majority
of individuals started producing neonates on at two days old, except
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(a) (b) FIGURE 2 Lifetime reproductive
100 output (LRO; a, ¢, e, g) and reproductive
30 . v .3 s . period (percent of the lifespan spent
% by ) carrying eggs; b, d, f, h) for the BpL1 (a, b),
20 ) s0{ X *a .. .fab BmanRUS (c, d), BmanRUS-RE (e, f), and
5> : 2 X ) BmanL5 (g, h) strains. Means for the FO
10 . 3%® "ﬁ‘b ‘_’ b . .
S Ma - 25 . generation and young (Y), middle-aged
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for BpL1, which had more variability in the onset of reproduction (no
significant effect of maternal age, significant strain effect; Table S2).
Daily reproductive output and intrinsic value are summarized over
time in Figure 3.

Reproductive period, measured as the percent of the lifespan
during which mothers carried eggs, was affected by maternal age
in different ways among strains (Figure 2; significant maternal age
X strain interaction term: F(5)=3.98, p=.001). For BmanlL5 and
BmanRUS, rotifers in the Y cohort had longer reproductive peri-
ods than those in older cohorts (Figure 2d,h). For BpL1, the longest
reproductive periods were observed in the M cohort (Figure 2b).
Reproductive periods did not significantly differ among maternal age
cohorts for BmanRUS-RE (Figure 2f; Table 1 and Table S1).

3.4 | Life history trade-offs

Relationships between lifespan and each of four metrics of repro-
duction differed among strains, but there were few significant dif-
ferences in these correlations among maternal age cohorts within

strains. LRO increased with lifespan across all strains. These
lifespan:LRO correlations were not significantly different among ma-
ternal age cohorts within any strain (Table 2; Figure 4). Reproductive
period (as a percentage of lifespan) decreased with increasing lifes-
pan across strains, except for BpL1, for which there was no signifi-
cant relationship (Table 2). For BmanRUS-RE, the negative slope of
the relationship was steepest in the O cohort versus younger co-
horts (Table 2; Figure 4j). There were no significant correlations be-
tween MDR and lifespan across strains and maternal age cohorts
(Table 2; Figure 4). The age of 50% LRO increased with lifespan
across strains. For BmanRUS-RE, the slope of this relationship was
significantly greater in the Y cohort than other cohorts (Table 2;
Figure 4l). Correlations did not significantly differ among maternal
age cohorts in the other strains (Table 2; Figure 4d,h,p).

4 | DISCUSSION

Maternal age effects are known to vary among species, in a man-
ner thought to depend on large differences in life history strategies
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FIGURE 3 Daily reproduction (a, c, e, g) and intrinsic value (b, d, f, h) for the BpL1 (a, b), BmanRUS (c, d), BmanRUS-RE (g, f), and BmanL5
(g, h) strains. Daily mean values are shown by bold points (+SE), and young (Y), middle-aged (M), and old (O) mother cohorts are indicated by

line color.

among evolutionarily distant taxa. Here we show intraspecific dif-
ferences in the magnitude and direction of maternal age effects on
offspring lifespan and reproduction in Brachionus rotifers. To our
knowledge, this is the first examination of intraspecific variability
in maternal age effects in a Spiralian species. Our finding that ma-
ternal age effects were genotype-specific supports what has been

found in arthropod studies, and suggests that maternal age effects
are genetically determined traits which may differ among closely
related species with identical life history strategies. These results
suggest that maternal age effects are not simply caused by the
age-related accumulation of cellular or DNA damage that is passed
on to offspring, as has been hypothesized (Gao et al., 2019; Zhang
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TABLE 2 Results of analysis of covariance of trendlines of lifespan versus each of four metrics of reproduction: lifetime reproductive

output (LRO), reproductive period, maximum daily reproduction (MDR), and the age of 50% LRO (d).

LRO L5
Lifespan
Maternal age
Lifespan: maternal age
Residuals

LRO RUS
Lifespan
Maternal age
Lifespan: maternal age
Residuals

LRO RUS-RE
Lifespan
Maternal age
Lifespan: maternal age
Residuals

LRO BpL1
Lifespan
Maternal age
Lifespan: maternal age
Residuals

Rep. period L5
Lifespan
Maternal age
Lifespan: maternal age
Residuals

Rep. period RUS
Lifespan
Maternal age
Lifespan: maternal age
Residuals

Rep. period RUS-RE
Lifespan
Maternal age
Lifespan: maternal age
Residuals

Rep. period BpL1
Lifespan
Maternal age
Lifespan: maternal age
Residuals

MDR L5
Lifespan
Maternal age
Lifespan: maternal age

Residuals

Df

208

Sum sq

495.6
165.9
51.0
2394.8

1636.1
1.8
26.6
2016.0

32554
519.4
61.5
4332.8

1816.5
244.5
24.8
3108.3

9128.2
9246.1
249.8
17,430.2

3700.7
1573.7
388.2
13,752.5

11,184.8
1873.7
1077.4

26,677.7

792.3
46471
553.6
79,020.8

3.2
24.4

0.4
72.5

Mean sq

495.6
83.0
255
11.5

1636.1
1.8
26.6
16.7

32554
259.7
30.8
234

1816.5
122.3
12.4
18.8

9128.2
4623.1
124.9
83.8

3700.7
1573.7
388.2
113.7

11,184.8
936.9
538.7
144.2

792.3
2323.5
276.8
478.9

3.2
12.2
0.2
0.3

F-value

43.05
7.20
2.21
NA

98.20
0.11
1.59
NA

139.00
11.09
1.31
NA

96.43
6.49
0.66
NA

108.93
55.17
1.49

32.56
13.85
3.42
NA

77.56
6.50
3.74

1.65
4.85
0.58
NA

9.24
35.00
0.51
NA

p-value

<.0001
.0009
112
NA

<.0001
7429
.2091
NA

<.0001
<.0001
271
NA

<.0001
.0019
.5196
NA

<.0001
<.0001
.2276
NA

<.0001
.0003
.067
NA

<.0001
.0019
.0257
NA

.200
.009
.562
NA

.0027
<.0001
.601
NA
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TABLE 2 (Continued)

Ecology and Evolution 90f13
=t e W LEY- 2o

Df Sum sq Mean sq F-value p-value
MDR RUS
Lifespan 1 0.3 0.3 1.93 168
Maternal age 1 1.0 1.0 7.86 .0059
Lifespan: maternal age 1 0.2 0.2 1.55 216
Residuals 121 15.9 0.13 NA NA
MDR RUS-RE
Lifespan 1 1.2 1.2 3.21 .075
Maternal age 2 34.2 171 47.05 <.0001
Lifespan: maternal age 2 0.1 0.03 0.07 930
Residuals 185 67.2 0.4 NA NA
MDR BpL1
Lifespan 1 9.5 9.5 9.50 .0024
Maternal age 2 22.5 11.3 11.28 <.0001
Lifespan: maternal age 2 1.7 0.8 0.83 439
Residuals 165 164.6 1.0 NA NA
50% LRO L5
Lifespan 1 18.2 18.2 53.95 <.0001
Maternal age 2 19.7 9.83 29.18 <.0001
Lifespan: maternal age 2 0.85 0.42 1.26 .2858
Residuals 208 70.1 0.34 NA NA
50% LRO RUS
Lifespan 1 75.0 75.0 88.80 <.0001
Maternal age 1 3.75 3.75 4.44 .037
Lifespan: maternal age 1 1.47 1.47 1.75 .189
Residuals 121 102.2 0.84 NA NA
50% LRO RUS-RE
Lifespan 1 91.6 91.6 173.05 <.0001
Maternal age 2 5.33 2.66 5.03 .0074
Lifespan: maternal age 2 3.50 1.75 3.31 .0388
Residuals 183 96.8 0.53 NA NA
50% LRO BpL1
Lifespan 1 80.7 80.7 99.53 <.0001
Maternal age 2 0.02 0.01 0.01 9868
Lifespan: maternal age 2 0.85 0.42 0.52 .5936
Residuals 154 124.8 0.81 NA NA

Note: The trendlines of maternal age cohorts were contrasted within each strain. A lifespan: maternal age interaction term with p <.05 indicates that
slopes of the trendlines were significantly different. Significant p-values were bolded (p <.05).

et al., 2023). Alternatively, if such damage accumulation does occur,
some genotypes may have the capacity to better prevent or repair
resulting dysfunction in the germline.

Our findings recapitulate what has been found previously in
other species and add to our understanding of intraspecific diversity
in maternal age effects on reproduction and lifespan. Intraspecific
variability in maternal age effects has been described in a few ar-
thropod species, with most studies conducted on Drosophila mela-
nogaster and focused on lifespan effects. A comparison of six lab

strains (four inbred and two outbred) of D. melanogaster showed that
older mothers generally produced offspring with shorter lifespans,
but in a single strain, Canton-S, advanced maternal age led to longer
lifespan in offspring (Priest et al., 2002). Lee et al. (2019) replicated
the positive effect of advanced maternal age on offspring lifespan in
Canton-S and found negative maternal age effects in two additional
strains. Bloch Qazi et al. (2017) studied Canton-S and Oregon-R and
found that embryo viability (hatching success) and embryo to adult
viability were lower in offspring of old mothers, even in the strain
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BmanRUS-RE (i-1), and BmanL5 (m-p) strains. Young (Y), middle-aged (M), and old (O) mother cohorts are indicated within each strain by
point and line color. Note differences between strains in scales of y-axes.

with positive effects of advanced maternal age on offspring lifespan,
though the magnitude of effects differed between the strains. Three
D. melanogaster populations collected from distinct environments in
Turkey also showed both positive and negative effects of advanced
maternal age on offspring longevity (Yilmaz et al., 2008). In contrast,
we did not observe significantly increased lifespan in old-mother
offspring in any rotifer strain in the current study. Given the many
differences in the experimental designs, species and strains used,
ages sampled, and metrics measured between prior studies of intra-
specific diversity in maternal age effects, we are unable to attribute
differences between our findings and previous experiments to any
specific experimental variable.

Rotifers and Daphnia, another arthropod in which intraspecific
diversity in maternal age effects has been studied, are evolutionarily
distant but have similar lifestyles and inhabit the same aquatic eco-
logical niche. Thus, they might be expected to be under similar selec-
tive pressures that could affect maternal age effect phenotypes. In
Daphnia pulex, advanced maternal age decreased offspring lifespanin
two of three clones studied, but advanced maternal age led to higher

growth rates in offspring in all three clones (Plaistow et al., 2015). In
Daphnia magna, advanced maternal age had positive, negative, or no
effect on lifespan across five clones (Anderson et al., 2022). Studies
in other taxa are needed to distinguish the possible effects of phy-
logeny versus habitat in shaping maternal age effects.

Variability in the direction and magnitude of maternal age effects
between species has been attributed to differences in life history
strategy that result from varied selective pressures and evolutionary
constraints. Intraspecific differences in maternal effects could also
be due to differential selective pressures in diverse environments.
For example, in the striped ground cricket, Allonemobius fasciatus,
populations that span a wide latitudinal cline have evolved distinct
life histories. Northern populations exposed to short growing sea-
sons reproduce once per year (univoltine), while southern popula-
tions with longer growing seasons can reproduce multiple times per
year (multivoltine). In univoltine populations, maternal age had no ef-
fect on the tendency for diapause in offspring. At the end of the short
growing season, mating adults produce eggs that diapause, overwin-
ter, and hatch in the spring with sufficient time for maturation. In
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multivoltine populations, the tendency to produce diapausing eggs
increased with maternal age. This is advantageous, since the prob-
ability of producing offspring that will mature before winter de-
creases as the growing season progresses (Mousseau, 1991).

The strains studied here were originally isolated from different
geographic sites (Gribble, Kaido, et al., 2014), but all have been con-
tinuously cultured in the lab under similar serial culture methods for
decades. These strains have been subjected to the same conditions
of no predation, a consistent daily light: dark cycle, constant tem-
perature, cycles of high and low food, cycles of high and low popula-
tion density, and frequent population bottlenecks. Therefore, given
generation times of 2-4 days, all strains have been exposed to similar
selective pressures for thousands of generations. Differences in ini-
tial genetic composition at the time of culture origin, spontaneous
mutation, and genetic drift caused by frequent population bottle-
necks all may have contributed to the laboratory evolution of these
strains, which could underlie the variation in vital rates and maternal
age effects observed here.

In previous BmanRUS studies, offspring of old mothers had
shorter lifespan than offspring of young mothers by 10%-25% and
lower LRO by ~50% (Bock et al., 2019; Gribble, Jarvis, et al., 2014).
Here, maternal age had no significant effect on lifespan or LRO in
BmanRUS. We expected that BmanRUS-RE initiated from five-year-
old BmanRUS resting eggs would be genetically and phenotypically
more similar to BmanRUS used in previous studies than to the cur-
rent continuously cultured BmanRUS strain, due to possible recent
laboratory evolution. In BmanRUS-RE, M cohort rotifers lived an av-
erage of 1.6days longer than O cohort rotifers. Offspring of older
mothers had higher LRO than those of young mothers. Thus, the pre-
viously observed strong negative maternal age effects in BmanRUS
were only partially recovered in BmanRUS-RE, possibly due to pop-
ulation bottlenecks and subsequent genetic differentiation.

Life history theory predicts a trade-off between lifespan and
reproduction, at least under limiting resources (Cohen et al., 2020).
In the biology of aging literature, this is often interpreted to mean
that increased reproduction causes shorter lifespan or that limiting
or delaying reproduction can increase longevity, and that maternal
age effects are driven by such trade-offs (Kirkwood, 1977; Kirkwood
et al., 1979; Stearns, 1976, 1989). For example, Plaistow et al. (2015)
attributed the negative lifespan effects of advanced maternal age
to earlier reproduction by old mother offspring. In Daphnia pulex,
they found that advanced maternal age led to shorter lifespan in two
of three strains studied. Across all three strains, offspring of older
mothers had larger clutch sizes earlier in life and faster growth than
offspring of young mothers. Only in the two strains in which lifespan
was reduced in offspring of old mothers did reproductive maturation
occuratlarger body sizes. Thus, the authors concluded that increased
growth rate and early life reproduction traded-off with lifespan and
that maternal age effects were a result of better offspring provision-
ing by older mothers. Similarly, Anderson et al. (2022) studied multi-
ple strains of Daphnia magna and found an “inverse Lansing Effect”
in some strains, in which offspring of older mothers lived longer than
offspring of younger mothers. They hypothesized that this inverse

Ecology and Evolution 110f13
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effect could be a result of decreased lipid offspring provisioning by
older mothers, which could result in embryonic caloric restriction.
The notion of a trade-off between lifespan and reproduction also
underlies this hypothesis: decreased lipid stores during development
ultimately limits reproduction and subsequently increases lifespan.
We did not find evidence of tradeoffs between lifespan and repro-
duction or reproductive schedule. This was reflected in our finding
that in all strains, intrinsic value was identical among maternal age
cohorts in early life (up to age of 4 days), but was lower in old-mother
offspring in late life in two of four strains (BmanRUS-RE, BmanL5),
regardless of the direction of lifespan and fecundity changes.
Maternal age effects on offspring lifespan and reproduction
are genotype-specific in Brachionus rotifers. More studies exam-
ining intraspecific variability in maternal age effects are needed to
determine whether such high variation is widespread among clades
or is specific to arthropods and rotifers (the most well-studied taxa
to date). Future work on maternal age effects in rotifers and other
species should include more genotypes, ideally spanning diverse life
history strategies, ecological niches, and phylogenetic diversity. For
example, comparing multiple strains with a range of tendencies for
mixis and varied vital rates could allow for direct tests of the influ-
ence of life history traits on maternal age effects. Future quantita-
tive trait locus (QTL) analyses or comparative genomics studies of
strains with varied maternal age effects may provide insight into the

genetic controls of intergenerational inheritance.

AUTHOR CONTRIBUTIONS

Alyssa Liguori: Conceptualization (equal); data curation (equal); for-
mal analysis (equal); investigation (equal); methodology (equal); pro-
ject administration (equal); supervision (equal); visualization (equal);
writing - original draft (equal); writing - review and editing (equal).
Sovannarith Korm: Investigation (equal); writing - review and editing
(equal). Alex Profetto: Investigation (equal); writing - review and edit-
ing (equal). Emily Richters: Investigation (equal); writing - review and
editing (equal). Kristin E. Gribble: Conceptualization (equal); funding
acquisition (equal); investigation (equal); methodology (equal); project
administration (equal); resources (equal); supervision (equal); writing -

original draft (equal); writing - review and editing (equal).

ACKNOWLEDGEMENTS
This work was funded by NSF CAREER Award 10S-1942606 and by
NIA RO1AG076592 to K. Gribble.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The original data are available at DOI: 10.5061/dryad.b2rbnzspp,

https://github.com/aliguoril9/Brachionus_intraspecific_variation

ORCID
Alyssa Liguori " https://orcid.org/0000-0002-5645-6096

Sovannarith Korm "= https://orcid.org/0000-0003-2211-2946

d 'S “PT0T ‘8SLLSHOT

:sdny woiy papeoy

25UIIT suowwo) aanear) a[qearjdde ayy £q paurasos are sapanIE YO 1asn Jo sa[nI 10§ A1eIqr aurfuQ K3IA\ UO (SUONIPUOD-PUBR-SULIA)/WOY" KA[IM° AIeiqrour[uo//:sdny) suonipuo)) pue swd [, ay) 3 *[Sz0T/20/71] uo Areiqr auruQ K[ip © K1eIqi] 10y [qIA - 9[qqUD unsiyy £q £8Z11°€999/700101/10p/wiod Kafim .


https://doi.org//10.5061/dryad.b2rbnzspp
https://github.com/aliguori19/Brachionus_intraspecific_variation
https://orcid.org/0000-0002-5645-6096
https://orcid.org/0000-0002-5645-6096
https://orcid.org/0000-0003-2211-2946
https://orcid.org/0000-0003-2211-2946

LIGUORI ET AL.

12 of 13 1
Ecol Evol
Wl LEY-Ecology and Evolution

Open Access,

REFERENCES

Anderson, C. E., Malek, M. C., Jonas-Closs, R. A., Cho, Y., Peshkin, L.,
Kirschner, M. W., & Yampolsky, L. Y. (2022). Inverse Lansing effect:
Maternal age and provisioning affecting daughters' longevity and
male offspring production. The American Naturalist, 200, 704-721.

Barclay, K., & Myrskyl3, M. (2016). Maternal age and offspring health and
health behaviours in late adolescence in Sweden. SSM - Population
Health, 2, 68-76.

Beamonte-Barrientos, R., Velando, A., Drummond, H., & Torres, R.
(2010). Senescence of maternal effects: Aging influences egg
quality and rearing capacities of a long-lived bird. The American
Naturalist, 175, 469-480.

Bloch Qazi, M. C., Miller, P. B., Poeschel, P. M., Phan, M. H., Thayer, J.
L., & Medrano, C. L. (2017). Transgenerational effects of maternal
and grandmaternal age on offspring viability and performance in
Drosophila melanogaster. Journal of Insect Physiology, 100, 43-52.

Bock, M. J.,, Jarvis, G. C., Corey, E. L., Stone, E. E., & Gribble, K. E. (2019).
Maternal age alters offspring lifespan, fitness, and lifespan exten-
sion under caloric restriction. Scientific Reports, 9, 3138.

Cohen, A. A., Coste, C. F. D,, Li, X.-Y., Bourg, S., & Pavard, S. (2020). Are
trade-offs really the key drivers of ageing and life span? Functional
Ecology, 34, 153-166.

Dudycha, J. L. (2001). The senescence of daphnia from risky and safe
habitats. Ecology Letters, 4, 102-105.

Fox, C. W., Bush, M. L., & Wallin, W. G. (2003). Maternal age affects
offspring lifespan of the seed beetle, Callosobruchus maculatus.
Functional Ecology, 17, 811-820.

Gao, Z., Moorjani, P,, Sasani, T. A., Pedersen, B. S., Quinlan, A. R., Jorde,
L. B., Amster, G., & Przeworski, M. (2019). Overlooked roles of DNA
damage and maternal age in generating human germline mutations.
Proceedings of the National Academy of Sciences of the United States
of America, 116, 9491-9500.

Gilbert, J. J. (1966). Rotifer ecology and embryological induction. Science,
151,1234-1237.

Gilbert, J. J., & McPeek, M. A. (2013). Maternal age and spine develop-
ment in a rotifer: Ecological implications and evolution. Ecology, 94,
2166-2172.

Gomez, A., Serra, M., Carvalho, G. R., & Lunt, D. H. (2002). Speciation
in ancient cryptic species complexes: Evidence from the molec-
ular phylogeny of Brachionus plicatilis (Rotifera). Evolution, 56,
1431-1444.

Gribble, K. E. (2021). Brachionus rotifers as a model for investigating di-
etary and metabolic regulators of aging. Nutrition and Healthy Aging,
6, 1-15.

Gribble, K. E., Jarvis, G., Bock, M., & Mark Welch, D. B. (2014). Maternal
caloric restriction partially rescues the deleterious effects of ad-
vanced maternal age on offspring. Aging Cell, 13, 623-630.

Gribble, K. E., Kaido, O., Jarvis, G., & Mark Welch, D. B. (2014). Patterns
of intraspecific variability in the response to caloric restriction.
Experimental Gerontology, 51, 28-37.

Gribble, K. E., Moran, B. M., Jones, S., Corey, E. L., & Welch, D. B. M.
(2018). Congeneric variability in lifespan extension and onset of
senescence suggest active regulation of aging in response to low
temperature. Experimental Gerontology, 114, 99-106.

Gribble, K. E., & Snell, T. W. (2018). Chapter 36 - Rotifers as a model for
the biology of aging. In J. L. Ram & P. M. Conn (Eds.), Conn's hand-
book of models for human aging (2nd ed., pp. 483-495). Academic
Press.

Guillard, R. R. L. (1975). Culture of phytoplankton for feeding marine in-
vertebrates. In W. L. Smith & M. H. Chanley (Eds.), Culture of marine
invertebrate animals: Proceedings — 1st conference on culture of ma-
rine invertebrate animals Greenport (pp. 29-60). Springer US.

lvimey-Cook, E., & Moorad, J. (2020). The diversity of maternal-age ef-
fects upon pre-adult survival across animal species. Proceedings of
the Royal Society B: Biological Sciences, 287, 20200972.

Kassambara, A., Kosinski, M., & Biecek, P. (2017). Drawing Survival Curves
using “ggplot2”.

King, C. E. (1969). Experimental studies on ageing in rotifers. Experimental
Gerontology, 4, 63-79.

King, C. E., & Miracle, M. R. (1980). A perspective on aging in rotifers.
Hydrobiologia, 73, 13-19.

Kirkwood, T. B. L. (1977). Evolution of ageing. Nature, 270, 301-304.

Kirkwood, T. B. L., Holliday, R., Maynard Smith, J., & Holliday, R. (1979).
The evolution of ageing and longevity. Proceedings of the Royal
Society of London, Series B: Biological Sciences, 205, 531-546.

Krishna, M. S., Santhosh, H. T., & Hegde, S. N. (2012). Offspring of older
males are superior in Drosophila bipectinata. Zoological Studies, 51,
72-84.

Lansing, A. I. (1947). A transmissible, cumulative, and reversible factor in
aging. Journal of Gerontology, 2, 228-239.

Lansing, A. I. (1954). A nongenic factor in the longevity of rotifers. Annals
of the New York Academy of Sciences, 57, 455-464.

Laumer, C. E., Bekkouche, N., Kerbl, A, Goetz, F., Neves, R. C., Sgrensen,
M. V., Kristensen, R. M., Hejnol, A., Dunn, C. W,, Giribet, G., &
Worsaae, K. (2015). Spiralian phylogeny informs the evolution of
microscopic lineages. Current Biology, 25, 2000-2006.

Lee, J.-H., Seo, W., Lee, S.-H., Lee, H.-Y,, & Min, K.-J. (2019). Strain-
specific effects of parental age on offspring in Drosophila melano-
gaster. Entomological Research, 49, 187-202.

Lenth, R. (2023). Emmeans: Estimated marginal means, aka least-squares
means. R package version 1.8.6.

Mills, S., Lunt, D. H., & Gémez, A. (2007). Global isolation by distance
despite strong regional phylogeography in a small metazoan. BMC
Evolutionary Biology, 7, 225.

Monaghan, P., Maklakov, A. A., & Metcalfe, N. B. (2020). Intergenerational
transfer of ageing: Parental age and offspring lifespan. Trends in
Ecology & Evolution, 35, 927-937.

Mousseau, T. A. (1991). Geographic variation in maternal-age effects on
diapause in a cricket. Evolution, 45, 1053-1059.

Perez, M. F., Francesconi, M., Hidalgo-Carcedo, C., & Lehner, B. (2017).
Maternal age generates phenotypic variation in Caenorhabditis ele-
gans. Nature, 552, 106-109.

Plaistow, S. J., Shirley, C., Collin, H., Cornell, S. J., & Harney, E. D. (2015).
Offspring provisioning explains clone-specific maternal age effects
on life history and life span in the water flea, Daphnia pulex. The
American Naturalist, 186, 376-389.

Priest, N. K., Mackowiak, B., & Promislow, D. E. L. (2002). The role of pa-
rental age effects on the evolution of aging. Evolution, 56, 927-935.

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ricci, C. (1983). Life histories of some species of Rotifera Bdelloidea.
Hydrobiologia, 104, 175-180.

Snell, T. W. (1986). Effect of temperature, salinity and food level on
sexual and asexual reproduction in Brachionus plicatilis (Rotifera).
Marine Biology, 92, 157-162.

Snell, T. W. (2014). Rotifers as models for the biology of aging.
International Review of Hydrobiology, 99, 84-95.

Snell, T. W., & Boyer, E. M. (1988). Thresholds for mictic female pro-
duction in the rotifer Brachionus plicatilis (Muller). Journal of
Experimental Marine Biology and Ecology, 124, 73-85.

Snell, T. W,, Johnston, R. K., Gribble, K. E., & Mark Welch, D. B. (2015).
Rotifers as experimental tools for investigating aging. Invertebrate
Reproduction and Development, 59, 5-10.

Snell, T. W,, Kubanek, J., Carter, W., Payne, A. B., Kim, J., Hicks, M. K., &
Stelzer, C.-P. (2006). A protein signal triggers sexual reproduction in
Brachionus plicatilis (Rotifera). Marine Biology, 149, 763-773.

Stearns, S. C. (1976). Life-history tactics: A review of the ideas. The
Quarterly Review of Biology, 51, 3-47.

Stearns, S. C. (1989). Trade-offs in life-history evolution. Functional
Ecology, 3, 259-268.

Therneau, T. (2023). A package for survival analysis in R.

d 'S “PT0T ‘8SLLSHOT

:sdny woiy papeoy

25UIIT suowwo) aanear) a[qearjdde ayy £q paurasos are sapanIE YO 1asn Jo sa[nI 10§ A1eIqr aurfuQ K3IA\ UO (SUONIPUOD-PUBR-SULIA)/WOY" KA[IM° AIeiqrour[uo//:sdny) suonipuo)) pue swd [, ay) 3 *[Sz0T/20/71] uo Areiqr auruQ K[ip © K1eIqi] 10y [qIA - 9[qqUD unsiyy £q £8Z11°€999/700101/10p/wiod Kafim .



LIGUORI ET AL.

Travers, L. M., Carlsson, H., Lind, M. [, & Maklakov, A. A. (2021).
Beneficial cumulative effects of old parental age on offspring fit-
ness. Proceedings of the Royal Society B: Biological Sciences, 288,
20211843.

Wallace, R. L. (2002). Rotifers: Exquisite metazoans. Integrative and
Comparative Biology, 42, 660-667.

Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of
senescence. Evolution, 11, 398-411.

Yilmaz, M., Ozsoy, E. D., & Bozcuk, A. N. (2008). Maternal age effects on
longevity in Drosophila melanogaster populations of different origin.
Biogerontology, 9, 163-168.

Zhang, R, Fang, J., Qi, T., Zhu, S., Yao, L., Fang, G., Li, Y., Zang, X., Xu, W.,
Hao, W, Liu, S., Yang, D., Chen, D., Yang, J., Ma, X., & Wu, L. (2023).
Maternal aging increases offspring adult body size via transmission
of donut-shaped mitochondria. Cell Research, 33, 821-834.

Ecology and Evolution 130f 13
=t N YY) LEY- 2%

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Liguori, A., Korm, S., Profetto, A.,
Richters, E., & Gribble, K. E. (2024). Maternal age effects on
offspring lifespan and reproduction vary within a species.
Ecology and Evolution, 14, e11287. https://doi.org/10.1002/
ece3.11287

d 'S “PT0T ‘8SLLSHOT

:sdny woiy papeoy

25UIIT suowwo) aanear) a[qearjdde ayy £q paurasos are sapanIE YO 1asn Jo sa[nI 10§ A1eIqr aurfuQ K3IA\ UO (SUONIPUOD-PUBR-SULIA)/WOY" KA[IM° AIeiqrour[uo//:sdny) suonipuo)) pue swd [, ay) 3 *[Sz0T/20/71] uo Areiqr auruQ K[ip © K1eIqi] 10y [qIA - 9[qqUD unsiyy £q £8Z11°€999/700101/10p/wiod Kafim .


https://doi.org/10.1002/ece3.11287
https://doi.org/10.1002/ece3.11287

	Maternal age effects on offspring lifespan and reproduction vary within a species
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Rotifer and phytoplankton culture
	2.2|Life table experiments
	2.3|Statistical analyses

	3|RESULTS
	3.1|Lifespan
	3.2|Lifetime reproductive output
	3.3|Timing of reproduction
	3.4|Life history trade-­offs

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


