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Abstract

1.

Intergenerational plasticity or parental effects—when parental environments alter
the phenotype of future generations—can influence how organisms cope with en-
vironmental change. An intriguing, underexplored possibility is that sex—of both
the parent and the offspring—plays an important role in driving the evolution of

intergenerational plasticity in both adaptive and non-adaptive ways.

. Here, we evaluate the potential for sex-specific parental effects in a freshwater

population of three-spined sticklebacks Gasterosteus aculeatus by independently
and jointly manipulating maternal and paternal experiences and separately eval-
uating their phenotypic effects in sons versus daughters. We tested the adap-
tive hypothesis that daughters are more responsive to cues from their mother,

whereas sons are more responsive to cues from their father.

. We exposed mothers, fathers or both parents to visual cues of predation risk and

measured offspring antipredator traits and brain gene expression.

. Predator-exposed fathers produced sons that were more risk-prone, whereas pred-

ator-exposed mothers produced more anxious sons and daughters. Furthermore,
maternal and paternal effects on offspring survival were non-additive: offspring
with a predator-exposed father, but not two predator-exposed parents, had lower
survival against live predators. There were also strong sex-specific effects on
brain gene expression: exposing mothers versus fathers to predation risk acti-
vated different transcriptional profiles in their offspring, and sons and daughters
strongly differed in the ways in which their brain gene expression profiles were

influenced by parental experience.

. We found little evidence to support the hypothesis that offspring prioritize their

same-sex parent's experience. Parental effects varied with both the sex of the
parent and the offspring in complicated and non-additive ways. Failing to ac-
count for these sex-specific patterns (e.g. by pooling sons and daughters) would
have underestimated the magnitude of parental effects. Altogether, these
results draw attention to the potential for sex to influence patterns of inter-
generational plasticity and raise new questions about the interface between
intergenerational plasticity and sex-specific selective pressures, sexual conflict

and sexual selection.
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1 | INTRODUCTION

Sex differences in life histories (e.g. reproductive lifespan, mortality
rate) or reproductive tactics can favour different optimal pheno-
types in males and females (Andersson, 1994). Although a shared ge-
netic basis can constrain phenotypic differences between the sexes
(Lande, 1980; Reeve & Fairbairn, 2001), epigenetic changes can
overcome this constraint and allow males and females to respond
differently to the same environmental condition (within-generational
plasticity). Potentially adaptive sex-specific patterns of within-
generational plasticity have been documented in diverse taxa (Ceballos
& Valenzuela, 2011; Meuthen et al., 2018; Stillwell et al., 2010; Xu
et al., 2014); for example, in cichlids, predation risk experienced early
in life influenced phenotypic development in males, but not females,
possibly because males are more vulnerable to predation (Meuthen
et al., 2018).

While less explored, there is also evidence for sex-specific in-
tergenerational plasticity (IGP; also referred to as environmental
parental effects or transgenerational plasticity); specifically, the sex
of the parent and/or the offspring can alter the ways in which en-
vironments encountered by recent ancestors affect future genera-
tions. Empirical studies and theory to date have primarily focused
on maternal effects; however, the biological reality is that the envi-
ronment experienced by both mothers and fathers can affect future
generations. For example, there is growing evidence for paternal
effects on ecologically important traits, which can be transmitted
via paternal care as well as epigenetic changes to sperm (reviewed
in Crean & Bonduriansky, 2014; Immler, 2018). Because males and
females often experience different environments once they reach
reproductive age and have different means of transmitting envi-
ronmental cues to offspring (e.g. eggs vs. sperm), the information
transmitted by fathers may not match the information encoded by
mothers. Indeed, there is mounting empirical evidence that mater-
nal versus paternal exposure to the same environmental condition
can have different effects on offspring (Bonduriansky & Head, 2007;
Bonduriansky et al., 2016; Gilad & Scharf, 2019). For example, pre-
vious studies have found both overlapping and distinct gene ex-
pressions of maternal versus paternal experiences (Beemelmanns &
Roth, 2016), which suggests that mothers and fathers can activate
similar and different developmental programmes in their offspring
depending on their experience. Furthermore, the influence of ma-
ternal environments might depend on paternal environments (or
vice versa; Gilad & Scharf, 2019; Mashoodh et al., 2012, 2018; Zirbel
& Alto, 2018); for example, a recent study by Lehto and Tinghitella
(2020) found that stickleback females preferred duller males when
either their mother or father had encountered predation risk, but pre-

ferred brighter males when both parents had experienced predation

risk. Consequently, careful experimental studies that independently
and jointly manipulate maternal and paternal effects are needed to
understand the proximate and ultimate causes of similarities and dif-
ferences between maternal and paternal effects.

Parental effects also often depend on the sex of the offspring. For
example, parental environments can have opposing effects on the
same trait in sons compared to daughters (Braithwaite et al., 2017;
Mueller & Bale, 2007; Short et al., 2016) or can influence different
traits in sons versus daughters (Metzger & Schulte, 2016; Schulz
et al., 2011). For example, previous studies have found divergent
gene expression in sons and daughters in response to maternal expe-
riences (Constantinof et al., 2019; Metzger & Schulte, 2016), which
suggests that maternal experience activates different developmen-
tal programmes in sons and daughters. Because the vast majority of
studies that have compared parental effects on sons and daughters
have focused on maternal effects, rather than both maternal and pa-
ternal effects (but see Emborski & Mikheyev, 2019; He et al., 2016;
Priest et al., 2002; Wylde et al., 2019), it is often unclear if sex-
specific offspring effects are driven by (a) differences in the magnitude
of sons’ versus daughters’ responses to parental environments (e.g.
daughters are generally more responsive to parental stress, whether
mediated by the mother or the father) or (b) how offspring attend to
experiences of their same-sex versus opposite-sex parent. Offspring
may attend to experiences of their same-sex parent (Bouwhuis
etal., 2015; Schroeder et al., 2015), perhaps because sex differences
in life-history strategies or dispersal result in daughters being more
likely to encounter the environments experienced by their mothers,
and sons being more likely to encounter their fathers’ environmental
pressures. To evaluate the possibility that offspring selectively pri-
oritize experiences of one parent over the other, it is necessary to
compare maternal and paternal effects on both sons and daughters.

Sex-specific IGP might have important adaptive implications if
it can resolve evolutionary conflicts that occur when selection fa-
vours different phenotypes in males and females (Bonduriansky &
Day, 2008). Mothers and fathers may selectively alter the pheno-
types of their sons and daughters in response to the environment
with a greater degree of precision than genetic inheritance and in
ways that may match the distinct life-history strategies of males
and females. Alternatively, sexual conflict could result in complex
non-adaptive sex-dependent patterns, especially when sexual selec-
tion is strong (Burke et al., 2019). Here, we evaluate the potential for
sex-specific IGP in three-spined sticklebacks Gasterosteus aculeatus.
Male and female sticklebacks are sexually dimorphic in several re-
spects, including in habitat use (Reimchen, 1980), diet (Reimchen &
Nosil, 2001), parasite load (Reimchen & Nosil, 2001) and morphol-
ogy (Reimchen et al., 2016), with these differences emerging during
early adulthood (Reimchen, 1980; Reimchen & Nosil, 2001). Sexual
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selection favours a variety of male-specific reproductive traits that
can increase males’ vulnerability to predation risk (Candolin, 1998;
Johnson & Candolin, 2017): male sticklebacks develop bright nuptial
coloration, engage in conspicuous territory defence and courtship
behaviour and are the sole providers of paternal care that is neces-
sary for offspring survival (Bell & Foster, 1994). These sex differences
in behaviour and life history often expose males and females to dif-
ferent predation regimes (Reimchen & Nosil, 2004), likely altering the
environment experienced by mothers versus fathers and the optimal
phenotype for daughters versus sons in response to predation risk.
We test the adaptive hypothesis that sex differences in life-
history strategies cause offspring to attend to cues from their same-
sex parent: we predicted that daughters would attend to maternal
cues and sons to paternal cues (i.e. a detectable interaction between
maternal/paternal treatment and offspring sex). To test this hypoth-
esis, we exposed adult male and female sticklebacks to simulated
predation risk prior to fertilization and used a fully factorial design
to generate offspring of control (unexposed) parents, offspring of
predator-exposed mothers, offspring of predator-exposed fathers
and offspring of predator-exposed mothers and fathers (Figure 1).
Because predation risk varies in both space and time, it is likely that

there is a mix of reproductively mature males and females who either
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FIGURE 1 Experimental diagram of parental treatments with
experimental timeline. Both male and female FOs were either left
undisturbed or exposed to predation risk prior to fertilization and
then crossed in a full-factorial, split-clutch design to generate F1
sons and daughters. On the timeline, bolded words represent

key events while non-bolded words represent experimental
measurements. Distinct sets of F1 offspring were used to measure
(1) survival and opercular beats, (2) open field behaviour and body
size, (3) gene expression and (4) anti-anxiety behaviour (scototaxis)

have or have not recently experienced predation risk within many
natural populations. We reared sons and daughters under ‘control’
conditions (i.e. in the absence of predation risk) and evaluated traits
relevant to predator defence. We then evaluated offspring brain
gene expression patterns to assess whether maternal experience
with predation risk activates different developmental programmes
in offspring than paternal experiences, and whether the experience
of one parent (e.g. fathers) activates a particular developmental pro-
gramme in one offspring sex but not the other (e.g. in sons but not
daughters).

2 | MATERIALS AND METHODS
2.1 | Housing conditions

Adult, sexually mature, freshwater three-spined sticklebacks were
collected from Putah Creek (CA, USA) in June-September 2016.
This population has prickly sculpin Cottus asper, which preys pri-
marily on stickleback eggs, fry and juveniles. To simulate natural
conditions on the breeding grounds, where males defend nesting
territories while females shoal, we used different procedures for ex-
posing mothers and fathers to predation risk. Females were housed
in six groups of n = 10 fish per tank to mimic shoaling conditions in
the wild. To simulate predation risk, we used a clay model sculpin
(21 cm long) to chase females for 90 s each day; unexposed treat-
ment tanks were left undisturbed (similar to Dellinger et al., 2018).
Gravid females were removed from tanks and stripped of their eggs
for in-vitro fertilization; this occurred the day after the last exposure
for predator-exposed females. Control females were in the tank for
the equivalent period of time and removed at the same time of day
as the predator-exposed females to generate split clutches. Mothers
were chased between 16 and 44 days, as mothers took a variable
amount of time to become gravid (see Supporting Information for
additional analyses about the length of maternal exposure).

Males were housed singly to build nests. Once their nest was
completed, predator-exposed males were chased by a model scul-
pin for 30 s every other day for 11 days; control males were left
undisturbed. A separate experiment confirmed that the results re-
ported below were not produced when fathers were chased with
a net (Chen et al., 2020), suggesting that changes in offspring traits
are specific to predation risk and not a byproduct of, for instance,
differences in activity levels due to chasing. The day after the last ex-
posure, males were euthanized to obtain sperm for in-vitro fertiliza-
tion. While female sticklebacks produce clutches of eggs repeatedly
throughout the breeding season, stickleback males produce sperm
in the beginning of the breeding season (Borg, 1982); thus, paternal
experiences mediated via sperm in this experiment are likely due to
modifications to mature sperm. We used a short stressor to avoid
reducing sperm quality or fertilization rates by exposing males to a
stressor while developing sperm and to avoid potential habituation
to predation risk (Dellinger et al., 2018). By beginning the treatment

when males were transferred to a nesting arena, we sought to mimic
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the change in predator regime that males may encounter as they
move into a different habitat to nest.

While females were exposed to risk in groups, males were exposed
to risk singly. Because this regimen resulted in higher per capita risk
for males than for females, males were exposed for a shorter period of
time than females. Although mothers and fathers were exposed to risk
differently, a previous study in this population suggests that exposure
to predation risk for individuals who are isolated versus in groups has
largely similar consequences: another experiment comparing post-
fertilization paternal cues of predation risk with early life cues of pre-
dation risk found largely overlapping effects of paternal and personal
experience with predation risk, despite the fact that fathers were ex-
posed singly (with only one exposure) and offspring were exposed in
family groups repeatedly for a week (Stein et al., 2018).

F1 offspring were generated using a split-clutch design, resulting in
(a) offspring of unexposed fathers and mothers (n = 11 half-clutches),
(b) offspring of exposed fathers and unexposed mothers (n = 11 half-
clutches), (c) offspring of unexposed fathers and exposed mothers (n = 10
half-clutches) and (d) offspring of exposed fathers and mothers (n = 10
half-clutches). By artificially fertilizing the eggs and incubating the em-
bryos using an air bubbler, we controlled for possible pre-fertilization ef-
fects mediated by interactions between mothers and fathers (Mashoodh
et al., 2012; McGhee et al., 2015), post-fertilization effects mediated
by paternal care (Stein & Bell, 2014), and the possibility that predator-
exposed parents might be less likely to successfully mate or parent off-
spring. Separate groups of offspring were used for each assay described

below (Figure 1; see Supporting Information for more detailed methods).

2.2 | Measuring survival under predation risk and
ventilation rate

At 3-5 months of age (mean: 20.6 mm standard length + 2.1 mm SD),
groups of n = 4 offspring (one from each parental treatment) were
exposed to a live sculpin predator. One day prior to the predation
assay, fish were weighed, measured, marked and individually trans-
ferred to a 250 ml opaque glass beaker containing 100 ml of water,
with opaque sides to isolate the fish. We measured opercular beats
30 s after transferring to the beaker as a proxy for acute stress (Bell
et al., 2010) and 30 min after transferring to understand response
to prolonged stress (n = 100 fish per parental treatment group). At
the end of 30 min, all four fish were moved to the same holding tank
until the predation trial the following day. For the predation trial,
sticklebacks were simultaneously transferred into the sculpin's tank
(n = 4 different sculpin, each used once per day); the trial ended
2 min after the first fish was captured by the sculpin. 14/100 trials
did not result in any successful captures and were excluded from
further analysis of survival data. We euthanized the survivors of the
predation assays and used a section of muscle tissue to sex a large
portion of the survivors per the methods of Peichel et al. (2004). We
used a GLMM with a binomial distribution (rR package Lme4; Bates
et al., 2015) to analyse differences in survival during the predation

assay. We included fixed effects of maternal treatment, paternal

treatment and standard length, with random effects of maternal
identity, paternal identity, sculpin identity, test group and experi-
mental day, to account for potential improvement in sculpin perfor-
mance over time. Because we found evidence of heteroscedasticity
in our opercular beat data, we used MCMC generalized linear mixed
models (R package MCMCacLmMm; Hadfield, 2010) with a weak prior on
the variance (V = 1, nu = 0.002) to analyse stress-induced respira-
tion (breaths/minute). We ran models for 200,000 iterations, with
a burn-in of 3,000 iterations, thin = 3, and Gaussian distributions
(and used these same parameters all MCMC models below). We in-
cluded fixed effects of maternal treatment, paternal treatment, time
period (30 s or 30 min) and standard length, as well as random ef-
fects of individual identity nested within both maternal and paternal
identity. We removed one extremely low outlier in the opercular
beat dataset. For all models, here and below, we tested for potential
interactions between maternal treatment, paternal treatment and
offspring sex during our model selection process, and removed all

interactions that were not statistically significant from final models.

2.3 | Measuring risk-taking behaviour

When offspring were 4.5 months, we measured behaviour in an
open field before and after a simulated predator attack (as in Bensky
et al,, 2017). Individuals were placed in an opaque refuge in the cen-
tre of a circular arena (150 cm diameter) divided into eight peripheral
sections with a circular section in the middle. After a 3-min accli-
mation period, we removed the plug from the refuge, allowed fish
to emerge and then measured the number of different (exploration)
and total (activity) sections visited for 3 min after emergence. We
then simulated a sculpin predator attack; this attack elicited freez-
ing behaviour from the fish and we measured the latency to resume
movement after the simulated attack. Once the individual resumed
movement, we again measured the number of different and total
sections visited for 3 min. We weighed and measured the fish, eu-
thanized it via decapitation and preserved the body in ethanol for
identification of sex (Peichel et al., 2004). We assayed n = 118 fish:
n =12 females and n = 18 males with control parents; n = 15 females
and n = 16 males with predator-exposed fathers; n = 13 females and
n = 14 males with predator-exposed mothers; and n = 11 females and
n =19 males with two predator-exposed parents.

We used principal components analysis (R package FACTOEXTRA,
Kassambara & Mundt, 2017) to combine exploration and activity
(Spearman rank correlation: p = 0.92, p < 0.001), using data from both
before and after the simulated predator attack (two data points per indi-
vidual). We extracted an eigenvalue of 1.77 that captured 88.4% of the
variance in these two behaviours; positive values indicate more active
and exploratory individuals. To understand how parental exposure to
predation risk altered offspring activity/exploration, length and body
mass, we used MCMC GLMMs with a Gaussian distribution; we used
MCMC GLMMs with a Poisson distribution to analyse offspring freezing
behaviour. All models include fixed effects of maternal treatment, pater-

nal treatment and individual sex. For activity/exploration, we included
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additional fixed effects of standard length and observation period (be-
fore or after the simulated predator attack) and random effects of ID
nested within maternal and paternal identity (separately) and observer
identity. For freezing behaviour, we included additional fixed effects of
standard length and random effects of maternal identity, paternal iden-
tity and observer identity. We added an additional fixed effect of age
(days since hatching) to the model testing length and an additional fixed
effect of length for the model testing mass, with random effects of ma-
ternal and paternal identity for both models. We removed one outlier for

the length dataset and one different outlier for the mass dataset.

2.4 | Measuring anxiety/cautiousness

Scototaxis (light/dark preference) protocols have been developed to
test anti-anxiety/cautious behaviour in fish (Maximino et al., 2010).
When offspring were between 9 and 13 months old, offspring were
gently caught with a cup from their home tank and placed in a clear
cylinder (10.5 cm diameter) in the centre of a half-black, half-white
tank (51L x 28W x 19H cm, coated on the inside and outside with
matte contact paper). After a 5-min acclimation period, we lifted the
cylinder, and fish explored the tank for 15 min, during which we meas-
ured the latency to enter the white section, total time in the white sec-
tion and the number of times the fish moved between the black/white
sections. After the 15-min testing period, we removed the fish from
the tank, recorded mass and standard length, euthanized the fish in an
overdose of MS-222, and confirmed sex via dissection and examina-
tion of the gonads. The orientation of the tank was rotated between
trials, and water was completely changed between each trial.

On average, fish spent less time in the white portion of the tank
than the black portion (mean + SE: 208.7 + 18.8 s out of a 900 s
trial). For individuals that never entered the white side of the tank
(n = 30 of 162 individuals), we recorded latency to enter as 900 s.
Because all three variables were highly correlated (Spearman rank
correlation; latency vs. time in white: p = -0.59, p < 0.001; latency
vs. movement between sides: p = -0.61, p < 0.001; time in white
vs. movement between sides: p = 0.78, p < 0.001), we used princi-
pal components analysis (R package FACTOEXTRA) to combine these
behaviours into one principal component (eigenvalue 2.10, cap-
tured 70.1% of the variance in behaviours): positive values were a
measure of increased anti-anxiety/more cautious behaviour with
a higher latency to enter the white section, less total time in the
white section, and fewer instances of switching between the black
and white sections. We then used this principal component as the
dependent variable in a MCMC GLMM with a Gaussian distribu-
tion, with fixed effects of maternal treatment, paternal treatment,
sex, standard length and day, to control for any potential season
effects. We also included random effects of maternal and pater-
nal identity, as well as observer identity. We assayed n = 162 fish:
n = 23 females and n = 15 males with control parents, n = 22 fe-
males and n = 17 males with predator-exposed fathers, n = 23 fe-
males and n = 21 males with predator-exposed mothers, and n = 24

females and n = 17 males with two predator-exposed parents.

2.5 | Measuring brain gene expression

We dissected whole brains from 4.5-month juvenile offspring. We
sampled two offspring per family from 5 families per treatment
group, which totalled to n = 10 (5 males, 5 females) offspring per
treatment group (n = 40 total); for most families, we sampled one
male and one female offspring per family. We extracted RNA using
Macherey-Nagel NucleoSpin 96 kits and sent n = 39 samples to the
Genomic Sequencing and Analysis Facility at UT Austin for TagSeq
library preparation and sequencing (one sample was of poor quality).
To estimate differential expression, pairwise comparisons between
the experimental conditions (offspring with only a predator-exposed
mother, offspring with only a predator-exposed father, offspring of
predator-exposed mothers and fathers) relative to the control con-
dition (offspring of unexposed parents) within each sex were made
using edgeR (Robinson et al., 2010). To call differential expression,
we used a ‘glm’ approach and adjusted actual p values via empirical
FDR, where a null distribution of p values was determined by per-
muting sample labels for 500 times for each tested contrast and a
false discovery rate was estimated (Storey & Tibshirani, 2003).

In a separate analysis, we used the r package wcena (Langfelder
& Horvath, 2008) to cluster genes into co-expressed gene modules
(Zhang & Horvath, 2005) and to reduce the dimensionality of the tran-
scriptomic dataset, which allowed us to explore the potential for inter-
active effects of maternal treatment, paternal treatment and offspring
sex on modules of genes with correlated expression patterns. To find
modules associated with treatment effects, we fitted a linear model
(Kuznetsova et al., 2017) which blocked for clutch ID as random factor,
along with main and interactive effects of sex, paternal treatment and
maternal treatment on module eigengenes. Eigengenes which were
significantly associated (p < 0.05) with either the main or interactive
effects of sex, paternal treatment and maternal treatment were re-

tained. See Supporting Information for additional methods.

2.6 | Animal welfare note

All methods were approved by Institutional Animal Care and Use
Committee of University of lllinois Urbana-Champaign (protocol ID

15077), including the use of live predators.

3 | RESULTS

3.1 | Sons, but not daughters, of predator-exposed
fathers were more active under risk

In the open field assay, offspring were less active/exploratory after
the simulated predator attack compared to before (principal compo-
nent analysis: higher values indicate more active and explorative indi-
viduals; Table 1), confirming that offspring behaviourally responded
to the predator attack. There was a statistically significant inter-

action between paternal treatment and offspring sex on offspring
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TABLE 1 Results of MCMCglmms testing predictors of
exploration/activity (higher values indicate more active and exploratory
individuals) and freezing behaviour in the open field assay, as well as
anxiety-like behaviour in the scototaxis assay. We tested for potential
interactions between maternal treatment, paternal treatment and
offspring sex; we removed all interactions that were not statistically
significant. Bold values indicate statistically significant p-values

Activity and exploration

activity/exploration (Table 1; Figure 2A). Specifically, sons of predator-
exposed fathers were more active/exploratory compared to sons of
control fathers (MCMC GLMM, 95% Cl in brackets here and below
[-1.30, -0.20], p = 0.01), but there was not a detectable effect of
paternal treatment on female offspring ([-0.40, 0.81], p = 0.49). In
other words, paternal effects on activity/exploratory behaviour were
stronger in sons, which is consistent with our hypothesis.

We did not detect any maternal or paternal effects on freezing be-

Mean 95% CI (L, V) p haviour (Table 1) or standard length or body mass (see Table S1). However,
Observation period -0.97 -1.24,-0.70 <0.001 while we found no difference between offspring of control and predator-
Maternal treatment 0.14 -0.27,0.54 0.48 exposed mothers in length, among offspring that had a predator-exposed
Paternal treatment -0.20 -0.81,0.42 0.52 mother, longer maternal exposure to the predator resulted in larger off-
Offspring sex -0.25 -0.70,0.22 0.29 spring at 4.5 months (Supporting Information: Results). The length of ex-
Standard length -0.12 -0.18, -0.05 <0.001 posure did not significantly alter any other offspring traits (see Supporting
Paternal treatment x sex 0.91 0.25,1.54 0.005 Information), although there may have been an effect on other traits that
Freezing behaviour were not measured in this study. Standard length, mass and freezing be-
haviour (Table 1; Table S1) also did not vary between male and female off-
Mean 95% CI(L, V) p spring, although larger fish were less active/exploratory (Table 1).
Maternal treatment 0.31 -0.15,0.80 0.19
Paternal treatment -0.17 -0.65,0.31 0.47
Offspring sex -0.36 -0.78,0.07 0.09 3.2 | Both sons and daughters of predator-exposed
Standard length 0.06 -0.02,0.15 0.14 mothers, but not fathers, were more cautious
Anxiety-like behaviour
Offspring of predator-exposed mothers were more cautious (princi-
Mean 95% CI (L, U) p . K
pal component analysis: took longer to enter the white area, spent
Maternal treatment 0.58 0.07,1.11 0.03 . . . .
less time in the white area and switched less between black and
Paternal treatment -0.19 -0.70, 0.30 0.44 . )
white areas) compared to offspring of control mothers (Table 1;
ffspri -0.72 -1.27,-0.17 .01 . .
Offspring sex 0 0 0.0 Figure 2B). However, we did not detect an effect of paternal treat-
eRudodlicn=5 SO0 RO 000 s ment on offspring scototaxis behaviour (Table 1). Both female and
Experimental day 0.004 -0.004,0.01 0.33

smaller offspring showed more cautious behaviour, and we found

() ®) ©
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FIGURE 2 The effects of maternal and paternal treatment on offspring in an open field assay, scototaxis assay and survival in the face
of a live predator. (A) Male offspring (right) of predator-exposed fathers were significantly more exploratory and active (PCA: higher values
indicate more active and exploratory individuals; mean + SE) compared to male offspring of control fathers; paternal treatment did not
affect the exploratory behaviour/activity of female offspring (left). The effect of paternal treatment did not depend on maternal treatment
(control: grey; predator-exposed: yellow). N = 118 offspring. Stars indicate statistically significant differences across treatment groups. (B)
Offspring of predator-exposed mothers were more cautious (PCA: high values indicate longer latency to enter the white area and spent
less time in the white area; mean + SE) compared to offspring of control mothers. Furthermore, female offspring (left) were more cautious
than male offspring (right). The effect of maternal treatment did not depend on paternal treatment (control: grey; predator-exposed: blue).
N = 162 offspring. (C) In live predation trials, juvenile offspring of predator-exposed fathers, but not two predator-exposed parents, were
more likely to be captured and consumed by the sculpin predator relative to offspring of control fathers. Shown are the total offspring
captured across n = 86 trials; letters indicate significant differences among treatment groups, determined by Tukey's HSD with parental
treatment as a 4-level variable
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no evidence of seasonal effects (Table 1). Consequently, rather than
offspring attending to the experiences of their same-sex parent in
the scototaxis assay, we observed that both sons and daughters re-

sponded to maternal experiences.

3.3 | Offspring of predator-exposed fathers were
more vulnerable to predation, but not if their mother
was also exposed

There was a statistically significant interaction between maternal and
paternal treatment on offspring survival in live predation assays (gen-
eralized linear mixed effect model: Z,,, = -1.98, 0.048). Specifically,
offspring of predator-exposed fathers were more frequently captured
by the predator compared to offspring of control parents (Tukey's HSD
with parental treatment as a 4-factor variable: Z = 2.71, p = 0.03), but
this was not true for offspring of predator-exposed mothers (Z = 0.75,
p = 0.88) or both a predator-exposed mother and father (Z = -0.81,
p = 0.85; Figure 2C). These results suggest that there was a strong fit-
ness cost of having a predator-exposed father, but mothers seemed to
mitigate those costs, perhaps by making their offspring more cautious
(see above). Survivors of the successful predation trials were heavily
female biased (93/148; Chi-squared: 4% = 9.76, p = 0.002), suggesting
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that males are generally more vulnerable to predation risk. The sex-
bias was not statistically different across treatment groups (;(2 =3.03,
p = 0.39); this suggests that paternal exposure influenced sons and
daughters equally, although we cannot conclude this definitively be-
cause we do not know the sex of the captured fish. We found no effect
of size on how frequently the stickleback were captured by the preda-
tor (Z,5, = 1.56,0.12).

We did not detect any maternal or paternal effects on
stress-induced respiration (see Table S1). For the portion of off-
spring where sex was known, we did not detect any interaction
between offspring sex and paternal ([-17.67, 14.83], p = 0.89)
or maternal treatment ([-23.89, 8.77], p = 0.37), although males
tended to have higher opercular beats than females (main effect
of sex [-1.48, 25.92], p = 0.08).

3.4 | Distinct maternal and paternal effects
on offspring brain gene expression

To evaluate whether predation risk experienced by mothers versus
fathers has different consequences for offspring development at the
molecular level, we compared the baseline brain gene expression

profile of offspring of unexposed parents (control) to offspring with a

Daughters

Sons

7
/
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|
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Paternal treatment
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Maternal treatment : [Jll Control Predator

FIGURE 3 Differential gene and eigen-gene expression analysis. (A and B) The three circles in the Venn diagram show the number of
genes that were differentially expressed in the brain of offspring of unexposed parents relative to offspring of predator-exposed mothers
(‘maternal’), predator-exposed fathers (‘paternal’) or two predator-exposed parents (‘both’), with daughters in (A) and sons in (B). Note
that relatively few genes overlap between the different pairwise comparisons. The heat maps show the direction of gene regulation
(blue: downregulated; red: upregulated) of the differentially expressed genes that are shared among the three pairwise comparisons, with
daughters and sons shown separately. (C) The expression profiles of the three eigen-gene modules which were affected by the three-way
interaction among paternal treatment, maternal treatment and offspring sex (mean + SE). N = 39 offspring
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predator-exposed mother, a predator-exposed father and two predator-
exposed parents in male and female offspring (n = 39 individuals).
In terms of the number of genes, maternal and paternal effects on
brain gene expression were approximately equivalent in magnitude,
and the genes were largely non-overlapping (Figure 3A,B): in sons,
for example, 1,028 genes were differentially expressed in response
to maternal experience with risk, 904 genes were differentially ex-
pressed in response to paternal experience with risk while only 149
genes were shared between them (daughters show a similar pattern,
Figure 3A). This suggests that, in contrast to our prediction, the tran-
scriptomes of sons and daughters are not more responsive to the
experiences of their same-sex parent. Interestingly, there were also
a large number of genes that were unique to the ‘both’ condition,
that is, between offspring of two predator-exposed parents versus
the control; these differentially expressed genes could reflect the
ways in which maternal and paternal effects interact at the molecu-
lar level.

Of the differentially expressed genes that were shared between
the pairwise comparisons, nearly all were concordantly regulated,
for both sons and daughters (Figure 3A,B). This suggests that, de-
spite the large-scale differences in brain gene expression between
offspring of predator-exposed mothers and fathers, there is a core
set of genes that is activated in offspring brains in response to either

maternal or paternal exposure to predation risk.

3.5 | Maternal and paternal exposure to
predation risk interacted with offspring sex to
influence offspring brain gene expression

WGCNA identified 23 clusters (‘modules’) of genes with coordinated
expression patterns in the dataset. The expression of eight of the
23 modules was affected by at least one of the factors in the model:
three modules were affected by maternal treatment, two were af-
fected by the two-way interaction between maternal and paternal
treatment and three were affected by the three-way interaction
between paternal treatment, maternal treatment and offspring sex
(shown in Figure 3C). For example, the module ‘saddle brown’ com-
prises 48 co-expressed genes (largely enriched for developmental
processes) whose expression was influenced by the three-way in-
teraction between maternal treatment, paternal treatment and off-
spring sex. Specifically, daughters of a predator-exposed mother or
father showed lower expression of genes in this module compared
to daughters of control parents or two predator-exposed parents
(Figure 3C). For sons, on the other hand, the expression of genes in
this module was more strongly affected by maternal treatment. A
similar pattern was observed in the yellow and cyan modules. Overall
these results demonstrate that at the molecular level, daughters and
sons differ in the extent to which they respond to predation risk
that had been experienced by their mother, father or by both par-
ents. However, in contrast to our overall hypothesis, there was no
evidence that sons and daughters primarily attend to experiences of

their same-sex parent at the molecular level.

4 | DISCUSSION

Here, we report the results of a comprehensive comparison of
maternal and paternal effects on sons and daughters. We show
that both the sex of the parent and the sex of the offspring in-
fluence the ways in which offspring phenotypes are altered by
parental experiences. However, we found little evidence for the
adaptive hypothesis that offspring would attend primarily to cues
from their same-sex parent. Instead, our results illustrate the com-
plexities of sex-specific parental effects. Maternal and paternal
effects in response to the same environmental factor were largely
distinct: predator-exposed mothers produced more cautious off-
spring (scototaxis), while predator-exposed fathers produced sons,
but not daughters, that were more active under risk (open field
assays). Furthermore, the effects of paternal predation exposure
were moderated by maternal predation exposure: offspring of
predator-exposed fathers, but not two predator-exposed parents,
had reduced survival against a live predator. Yehuda et al. (2014)
found this same interactive pattern previously in humans due to
parental PTSD and originally attributed it to potential changes in
parenting behaviours. Our results demonstrate that these non-
additive interactions can be mediated in the absence of behav-
ioural interactions between parents and offspring. Instead, our
brain gene expression profile results suggest that there are distinct
neurogenomic changes in offspring with two predator-exposed
parents compared to offspring of either a predator-exposed mother
or father. This is consistent with the hypothesis that non-additive
patterns may arise because offspring phenotypes are influenced
by the interaction between environmentally induced epigenetic
changes in eggs versus sperm.

Parental exposure to predation risk resulted in sex-specific re-
sponses well before offspring were reproductively mature, during
a period in their life when males and females are shoaling and oc-
cupying similar habitats (Bell & Foster, 1994). In contrast to our
prediction that offspring would adaptively attend to the cues of
their same-sex parent, these sex-specific patterns of parental ef-
fects did not seem to emerge along a consistent male-female
divide (e.g. sons attend to their father and daughters attend to
their mother); instead, sons and daughters were both altered by
paternal and maternal environments, but in different ways. This
is consistent with Emborski and Mikheyev (2019), who found that
male offspring were influenced by maternal, but not paternal, diet.
These sex-specific effects may be adaptive for offspring, with dif-
ferences originating in early development to allow offspring to
develop phenotypes that are better matched to the different en-
vironments they will encounter later in life. For example, it is pos-
sible that increased activity under risk for sons, but not daughters,
may be adaptive because high variance in male reproductive suc-
cess favours males that adopt high-risk, high-reward behaviours
to increase growth and access to resources under high predation
pressure (Bell et al., 2010). Alternatively, these effects may not
be adaptive, either resulting from differences in sons and daugh-

ters in their susceptibility to parental stress (Bale, 2011; Glover &
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Hill, 2012) and/or reflecting sexual conflict and sexually antagonis-
tic selection (Burke et al., 2019). Indeed, Burke et al. (2019) suggest
adaptive TGP may be unlikely to arise in systems with sex-specific
selection because sex-specific ecologies can result in mothers and
fathers experiencing different environments and therefore trans-
mitting conflicting information to their offspring.

Our study shows that maternal and paternal predation expo-
sure can have fitness consequences for offspring (i.e. via survival)
in the laboratory; work is needed in a more natural context in the
field to assess the fitness consequences of parental effects. For ex-
ample, there are multiple steps required to avoid predation (Guiden
et al., 2019; Lima & Dill, 1990); while our data suggest that offspring
with predator-exposed fathers are poor at evading predators once
they come into contact with predators, parental experience with
predation risk might alter the likelihood that offspring initially come
into contact with predators. Furthermore, offspring of predator-
exposed fathers might face a trade-off between survival and re-
production, favouring high-risk, high-reward strategies that reduce
survival in high predation environments, but increase reproductive
success by ensuring that surviving individuals are in good breeding
condition. Indeed, sticklebacks do seem to face a trade-off in surviv-
ing predation and gaining the body size necessary for successfully
reproducing, with this trade-off being stronger in males compared
to females (Bell et al., 2011).

Whether the fitness interests of mothers, fathers and offspring
align or conflict has important implications for the evolution of
sex-specific TGP (Burke et al., 2019). When parents’ and offspring
fitness interests in the face of predation risk are aligned, sex-specific
plasticity may arise because mothers and fathers experience their
environment in different ways and/or because the same parental
environment favours different phenotypes in sons and daughters.
However, sex-specific TGP may arise because mothers and fathers
favour different optimal offspring phenotypes (Saldivar et al., 2017),
and/or sons and daughters have different capacities to respond to
or ignore information from fathers and mothers. If this is the case,
TGP may evolve at the interface between sexual conflict and parent-
offspring conflict, with paternal strategies, maternal strategies and
offspring counter-adaptations all ultimately dictating offspring phe-
notypes. This may result in the evolution of mechanisms that allow
mothers to manipulate the ways in which fathers influence offspring
(e.g. via cytoplasmic contributions; Crean & Bonduriansky, 2014) or
fathers to manipulate the ways in which mothers influence offspring
(e.g. via ejaculate composition; Garcia-Gonzalez & Dowling, 2015).

Interactions between maternal effects, paternal effects and off-
spring sex could be mediated via a variety of proximate mechanisms.
Distinct maternal and paternal effects could reflect different proxi-
mate mechanisms that mediate the transmission of cues from moth-
ers versus fathers to offspring (e.g. egg hormones or mRNAs vs.
sperm small RNAs) as well as the ways in which mothers and fathers
were exposed to risk. Both distinct and interactive effects could also
be mediated by epigenetic mechanisms such as parent-of-origin ef-
fects (Kong et al., 2009; Lawson et al., 2013) or interactions between

maternal and paternal contributions (e.g. egg cytoplasm altering the

effect of sperm small RNAs) during early development (Crean &
Bonduriansky, 2014; Garcia-Gonzalez & Dowling, 2015). Differences
between sons and daughters in how they respond to parental infor-
mation could be mediated via trans-acting mechanisms (e.g. regula-
tion of genes on non-sex chromosomes by genes located on the sex
chromosome (Metzger & Schulte, 2016)), sex-specific differences
in epigenetic mechanisms or genomic imprinting (Bonduriansky &
Day, 2008; Dunn & Bale, 2011). Furthermore, in bulls, Y-bearing
and X-bearing spermatozoa have differentially expressed proteins,
suggesting a mechanism by which fathers can transmit different
information to sons versus daughters (Scott et al., 2018). Although
mothers in many species can also transmit different information to
sons and daughters (e.g. via placental function and gene expression;
Bale, 2011; Glover & Hill, 2012), it is unclear if mothers can transmit
different information to sons and daughters in externally fertilizing
species such as sticklebacks, in which mothers do not interact with
their offspring post-fertilization. Future work exploring these proxi-
mate mechanisms could help explain the extent to which variation in
parental effects is due to changes in the information encoded by par-
ents or changes in offspring responsiveness to parental information.

Because parents can differentially allocate based on their part-
ner's phenotype or environmental conditions experienced by their
partner (Mashoodh et al., 2012, 2018; McGhee et al., 2015), in most
systems it is difficult to isolate the effects of direct parental expo-
sure to an environmental cue from environmental cues that parents
indirectly detect from their mate (e.g. predator-naive fathers pro-
vide less care to offspring of predator-exposed mothers; Mashoodh
et al., 2012, 2018; McGhee et al., 2015). This makes it difficult to
understand whether paternal effects can be mediated via sperm
alone, or to determine the influence of paternal effects in isolation
of maternal effects. In this experiment, we were able to completely
isolate paternal effects mediated via sperm because there was no
opportunity for parents to interact pre-fertilization or to influence
offspring post-fertilization. Although our results suggest that dis-
tinct and interactive effects of maternal and paternal effects can
be mediated via selective changes to information encoded in eggs
and sperm alone, a fascinating direction for future work would be
to consider how parental care and mate choice might ameliorate or

magnify the sex-specific effects observed here.

5 | CONCLUSIONS

Intergenerational plasticity can allow environmental information to be
delivered to offspring earlier and with potentially lower costs to off-
spring than developmental plasticity (Bell & Hellmann, 2019). IGP can
potentially be fine-tuned to the precise environment that both parents
and offspring will encounter (Bonduriansky & Day, 2008), perhaps in-
cluding the different environments experienced by males and females
because of sex differences in life history and reproductive tactics. We
found that paternal cues mediated via sperm seem to be just as promi-
nent in terms of their magnitude and prevalence as maternal cues

mediated via eggs, although differences in our exposure regime (due
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to stickleback biology) may have influenced the relative strength of
maternal versus paternal effects. Furthermore, we show that offspring
phenotypes varied depending on whether predation risk had been ex-
perienced by their mother or their father, and a parent's experience
with predation risk produced different phenotypes in their sons com-
pared to their daughters. However, these sex-specific patterns would
have been masked if we had combined cues coming from mothers and
fathers (i.e. compared offspring of two predator-exposed parents to
a control) or failed to isolate effects emerging in sons versus daugh-
ters. Consequently, theoretical and empirical work seeking to under-
stand the evolution of transgenerational plasticity would benefit from
considering the conditions which influence sex-specific patterns of
transgenerational plasticity in both adaptive and non-adaptive ways.
Furthermore, given broad interest in understanding the consequences
of transgenerational plasticity for future generations and its poten-
tial to influence adaptive evolution, future work should consider how
sex-specific effects in the first generation may alter the ways in which
intergenerational effects persist for multiple generations in lineage-
specific and/or sex-specific ways (Hellmann, Carlson, & Bell, 2020).
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