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either shortly before or during the onset of spermato-
genesis. There was no clear effect of paternal stress 
on a behavioural stress response in larval offspring 
but clear reductions in anxiety-like behaviour in juve-
nile offspring. Our findings suggest that prolonged 
exposures may not be required for the induction of 
measurable intergenerational responses in this popu-
lar vertebrate model.
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Introduction

Paternal intergenerational effects have garnered 
increasing attention in recent years in contexts such as 
human epidemiology (Donkin et  al. 2016), livestock 

Abstract Paternal intergenerational effects, 
whereby the father’s environment influences the 
phenotype of the offspring via molecular (e.g. epi-
genetic) changes to the sperm, comprise an area of 
active research in multiple biological contexts. Sper-
matogenesis is a critical window of sensitivity to 
environmental changes, such that males at full sexual 
maturity can acquire, incorporate, and transmit envi-
ronmental information in spermatozoa. The degree of 
sensitivity is less clear, and as such previous experi-
mental studies have typically relied on prolonged 
exposure regimes encapsulating the entire period 
of spermatogenesis. Here we exposed adult male 
zebrafish to a model stressor (conspecific-derived 
alarm substance, AS) in two 20-min episodes timed 
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breeding (Sellem et al. 2020), and evolutionary biol-
ogy (Macartney et  al. 2018). Information additional 
to the genome (e.g. epigenetic modifications and non-
coding RNA) is transmitted in the sperm, is respon-
sive to the environment, and has a non-trivial bearing 
on offspring phenotype (Chen et al. 2016). As a result, 
paternal experiences (e.g. stress and diet) leave an 
imprint on the offspring phenotype, including behav-
iour. While most empirical data have been garnered 
from rodent (Rodgers et  al. 2013; Watkins and Sin-
clair 2014; Gapp et  al. 2018) and invertebrate mod-
els (Klosin et  al. 2017), such paternal environmen-
tal effects have only recently begun to be observed 
more broadly among vertebrates, for instance in fish. 
Paternal effects in fish have been observed at both 
phenotypic and molecular levels, including effects of 
toxicants (Carvan et  al. 2017), rearing environment 
(Rodriguez Barreto et al. 2019), hypoxia (Wang et al. 
2016), and stress (Ord et al. 2020). Paternal effects of 
stress in zebrafish are reminiscent of those in rodent 
models reflecting disruption to physiological stress 
response pathways (Ord et al. 2020). Collectively, the 
experimental data suggest not only that sperm trans-
mit molecular information that is dependent on the 
environment that produced them, but that such pater-
nal intergenerational mechanisms are taxonomically 
widespread.

Exposure to an altered environment throughout 
the parental generation is not a prerequisite for pater-
nal intergenerational effects, as phenotypic changes 
in the offspring can be induced following exposures 
encompassing the period of spermatogenesis in adult 
male mice (Rodgers et al. 2013). Paternal stress mod-
els in both rodents (Rodgers et al. 2013; Watkins and 
Sinclair 2014) and fish (Zajitschek et  al. 2014; Ord 
et al. 2020) have previously been designed such that 
the period of environmental manipulation encapsu-
lates the entire spermatogenic cycle or longer. While 
potentially increasing the opportunity for the experi-
ment to capture an intergenerational effect mecha-
nism, such exposure regimes must necessarily be 
prolonged in order to encompass the entire period 
(e.g. typically 35 days in mice; Oakberg 1956). Sper-
matogenesis, however, is a highly complex process in 
which cells undergo intense morphological changes 
and extensive chromatin remodelling during their 
differentiation from spermatogonial stem cells to 
mature sperm (Zamudio et  al. 2008). The idea that 
different periods within or around spermatogenesis 

may be differentially susceptible to acquiring herit-
able changes has not received attention until rela-
tively recently. In mice, the molecular composition of 
spermatozoa has been shown to be liable to alteration 
during the final stage of maturation in the mammalian 
epididymis (Sharma et al. 2018).

In zebrafish, spermatogenesis is rapid compared to 
other vertebrates, lasting just 6  days from the onset 
of meiosis until differentiation into mature sperma-
tozoa (Leal et  al. 2009). The molecular regulation 
of zebrafish spermatogenesis is responsive to corti-
sol, the principal stress hormone in zebrafish (Tovo-
Neto et  al. 2020). We therefore hypothesised that 
germ cells could acquire stress-induced epigenetic 
changes prior to differentiation in mature sperm, 
leading to phenotypic alterations in the offspring. 
We tested whether such alterations could be induced 
by brief exposures to a natural stressor, conspecific-
derived alarm substance (AS) in the paternal gen-
eration, timed around the period of spermatogenesis. 
The exposures, comprising two 20-min periods on 2 
consecutive days, can be considered brief compared 
to the prolonged exposure periods used in previous 
studies (e.g. Rodgers et  al. 2013; Ord et  al. 2020). 
Specifically, we tested the effects on the offspring of 
exposure to AS during two different time windows 
around spermatogenesis. Males were exposed during 
different periods prior to mating, corresponding with 
a period either before or during the onset of the pre-
dicted spermatogenic cycle, respectively. On days 13 
and 12 prior to mating (pre-spermatogenesis alarm 
substance, PSAS), the sperm that would eventually 
be used for fertilisation would still be in the mitotic 
or proliferative stage as spermatogonia. These sper-
matogonia may be undifferentiated, or they may have 
begun differentiation towards spermatocytes. On 
days 6 and 5 prior to mating (onset-spermatogenesis 
alarm substance, OSAS), the sperm that would even-
tually be used for fertilisation would likely be in the 
spermatocyte stage, in which they have begun meio-
sis and subsequent differentiation into spermatozoa 
(here, we consider ‘spermatogenesis’ to commence 
from the onset of meiosis; Leal et  al. 2009). There-
fore, alterations in the progeny induced following 
paternal exposure in these distinct time windows may 
reflect disruption to spermatogonia and spermato-
cytes, respectively. It is plausible that disruption in 
the earlier window may be less likely to induce pater-
nal effects, given that any disruption to the epigenetic 
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state could be diluted or counteracted through mitotic 
proliferation of the spermatogonia (Leal et al. 2009).

To test for the effects of paternal stress on the off-
spring, we used larval thigmotaxis in response to AS 
as a model behavioural stress response liable to sup-
pression following paternal chronic stress (Ord et al. 
2020). To examine the longer lasting influences of 
paternal AS exposure, we further tested individual 
juvenile offspring for differences in anxiety-like 
behaviour in the form of thigmotaxis (Stewart et  al. 
2012). We predicted that paternal stress treatments 
would induce phenotypic changes consistent with dis-
ruption to stress response pathways, specifically sup-
pression of AS-induced thigmotaxis in the larvae and 
reduction in thigmotaxis in individual juveniles.

Methods

Animals and housing

A total of 60 adult male London wildtype (LWT) 
zebrafish were selected from healthy stock, reared in 
tanks on a flow-through system with water heated to 
26 °C and kept on a 12:12-h light/dark cycle. Animals 
were fed with live brine shrimp or flake food twice 
daily.

Alarm substance (AS) extraction

Alarm substance (AS) was derived from mature 
zebrafish (indiscriminate of sex), using a modified 
version of a method described by Egan et al. (2009). 
For every 2 ml of extract, five fish were euthanised, 
and 7–10 lacerations were made to the epidermis on 
both sides of each fish. All five fish were then placed 
in a single 50  ml tube with 2  ml water and gently 
shaken. The water containing the extract was then 
eluted, incubated at 95  °C for 16  h, centrifuged to 
remove debris, and filtered through a microfilter.

Experimental treatments

Fish were housed together in groups of five per 10-l 
tank for at least 1  week prior to experimental treat-
ment, and each group of five was assigned randomly 
to one of three experimental groups: a handled control 
group (CT), a treatment group exposed to AS on days 
13 and 12 prior to mating (pre-spermatogenesis alarm 

substance, PSAS), and a treatment group exposed to 
AS on days 6 and 5 prior to mating, the predicted 
onset of the spermatogenic cycle (onset-spermatogen-
esis alarm substance, OSAS).

Animals were transferred to tanks 
(19 × 12 × 12  cm) and exposed to AS in the same 
groups of five in which they were housed. For each 
exposure, 0.5  ml of AS was administered to 2 L 
fresh aquarium water containing the fish, following 
a 20-min acclimation period. After 20 min of expo-
sure, fish were moved to a second tank containing 2 
L fresh aquarium water for 5  min to remove traces 
of AS before returning them to the recirculatory 
system. Any groups not undergoing AS treatment at 
a given time point (or at all in the case of CT fish) 
were moved to holding tanks identical to the exposure 
and washing tanks at the same time and administered 
water instead of AS, to control for the disturbance 
caused by handling and disruption of the water sur-
face, respectively (Fig. 1).

Mate pairing and offspring rearing

Male zebrafish were paired with mature females 
derived from healthy stock in individual compart-
ments of a flow-through system. Marble dishes were 
placed in the compartments to provide a substrate 
conductive to courtship and to protect embryos from 
cannibalism. Mate pairings were established in the 
late afternoon, for egg collection the following morn-
ing, approx. 2  h into the photoperiod. Following 
retrieval of the dishes, dead eggs were removed. Fer-
tilised eggs were counted the following day, at 1-day 
post-fertilisation (DPF). One-DPF embryos from each 
parent were then divided into three sets: two sets of 
21 were placed in 9-cm petri dishes with 50 ml water 
for assessment of larval AS response and a further 40 
embryos in 12-cm plastic dishes, filled 3/4 with water, 
for rearing to adulthood. Larvae reared beyond 5-DPF 
were fed daily with commercial fry food ad  libitum 
from 5-DPF. From 15-DPF, larvae were transferred 
to tanks (23.5 cm by 12.5 cm by 17.5 cm) on a flow-
through system with water heated to 26 °C and reared 
for a further 25 days. From approx. 40-DPF, siblings 
were transferred into larger tanks at densities of 3–4 
and fed commercial flake food and brine shrimp 
ad libitum.

Because it was not feasible to collect and rear 
all offspring at the same time, the experiment was 
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carried out in four batches. Each batch comprised 
five adult males per experimental group and their 
subsequent offspring. Of the 60 mate pairings that 
were established throughout the experiment, 47 
successfully mated, of which 41 produced broods 
of sufficient sizes to be used for testing (14 CT, 13 
PSAS, and 14 OSAS broods in total). Depending on 
the batch, broods were used either for the larval AS 
response test, juvenile behavioural testing, or both. 
A total of 30 broods obtained from batches 1, 2, and 
4 were used for the larval AS response test at 5-DPF 
(10 CT, 10 PSAS, and 10 OSAS). A total of 18 
broods obtained from batches 1, 2, and 3 were used 
for the open field test at 72-DPF (6 CT, 7 PSAS, and 
5 OSAS).

Larval AS response assay

At 5-DPF, zebrafish larvae have a functioning HPI 
axis which is capable of mediating behavioural and 
physiological responses to various stressors (Alsop 
and Vijayan 2008; Alderman and Bernier 2009; Yeh 
et  al. 2013; Eachus et  al. 2017). As a model behav-
ioural stress response, we used thigmotaxis, the ten-
dency of larvae to move towards the edge of the petri 
dish in response to a stressor, as demonstrated previ-
ously in response to AS (Ord et al. 2020) as well as 
anxiolytic compounds (Lundegaard et al. 2015).

At 5-DPF, offspring reared in 9-cm petri dishes 
was tested for thigmotaxis in response to AS. We 

used a split-clutch design: from each brood pro-
duced by a father, two dishes of 21 larvae were used. 
Of these two dishes, one was administered AS (20 
ul AS added to 50  ml water), while the other was 
administered water only as a control. Prior to expo-
sure, the petri dishes were placed on an illuminated 
platform to maximise contrast between fish and 
background (to facilitate easier observation). During 
exposure, the petri dishes were video recorded from 
above using Panasonic HC-X920 digital camcorders.

The larval thigmotactic response was measured 
during three time intervals: the 5th, 10th, and 15th 
minute following exposure, respectively. To ensure 
the measure of thigmotaxis was representative of 
a given time interval, seven video stills were taken 
during each interval, spaced 10 s apart (e.g. for the 
5th minute: from the 4-min mark and every 10 s up 
to and including the 5-min mark). In each still, the 
coordinates of all visible larvae were marked using 
ImageJ (Schneider et al. 2012). The Euclidean dis-
tance of each larva from the central point of its dish 
was calculated in mm, and a larva was classed as 
thigmotactic if it was more than 35  mm from the 
centre. The fraction of thigmotactic individuals 
was calculated for each still, and the mean fraction 
of thigmotactic individuals was calculated for the 
time interval (5th, 10th, or 15th minute). The mean 
fraction of thigmotactic individuals for a given time 
interval was the response variable in the subsequent 
statistical analysis.

Fig. 1  Visual summary of experiment. Pre-spermatogenesis 
alarm substance (PSAS) fathers received 2 × 20-min alarm 
substance (AS) exposures during the first exposure window 
(13 and 12 days before mating), while onset-spermatogenesis 
alarm substance (OSAS) fathers were exposed during the sec-
ond window (6 and 5 days before mating). Control (CT) ani-

mals and any animals which were not exposed during a given 
window were handled at the same time and administered water 
instead of AS. Offspring produced by pairing males with unex-
posed females were tested at 5-DPF for their response to AS 
and at 72-DPF in the open field test

Environ Biol Fish (2022) 105:741–751744



1 3
Vol.: (0123456789)

For heatmap-based visualisation of larval densi-
ties, coordinates of individuals were normalised rela-
tive to the coordinates of the central point of the dish 
(relative × coordinate = Xcentre –  Xlarva, relative Y coor-
dinate = Ycentre – Ylarva), such that relative coordinates 
of all larval observations could be pooled for com-
bined visualisation.

Open field testing of juveniles (72-DPF)

To ensure individuals tested were representative 
of the brood, behavioural testing was restricted to 
broods from which at least three offspring survived 
to 40-DPF. At least 1  week prior to open field test-
ing, fish were separated from siblings and kept in 
isolated tanks to enable repeated trials of the same 
offspring, although individuals were still visible to 
each other through glass partitions. At 72-DPF, open 
field trials were carried out in opaque containers 
(17 cm × 10 cm × 10 cm) containing 500 ml water and 
covered by transparent Perspex lids to prevent escape 
by jumping. For each trial, the container was placed 
on a platform, illuminated from below to enhance 
contrast and maximise detection of the fish in video-
tracking software (Nema et al. 2016). Fish were video 
recorded from above for 5 min following a 30-s accli-
mation period. Water was replaced between trials. 
Testing always took place in the afternoon, between 
12.00 and 15.00 h, to reduce variation resulting from 
circadian activity levels or due to hunger. Each fish 
was subjected to 3 trials over 3 consecutive days. Two 
to five offspring from each qualifying brood were 
tested. Video recordings were analysed using auto-
mated tracking software (Viewpoint® ZebraLab). 
A tracking zone was defined, covering the central 
portion of the container (an area that excluded the 
outer 3 cm of the container, approximately), and the 
amount of time the fish was detected in this zone was 
recorded. Thigmotaxis was subsequently calculated 
as the percentage of the total trial duration (5 min) in 
which the fish was not detected in the central portion.

Statistical analyses and visualisation

All statistical analyses were carried out in ‘R’ 
4.1.2 (R Core Team 2021). We used linear mixed 
effects models fit by restricted maximum likeli-
hood (REML), using the lme4 package (Bates 
et  al. 2015) because of the hierarchical structure 

of the experimental design and the batch approach 
(plus parental animals within batches and treatment 
groups were housed together).

For the model of larval (5-DPF) offspring AS 
response, the response variable was the mean frac-
tion of thigmotactic individuals during a given time 
interval. Offspring treatment (water or AS), pater-
nal treatment (CT, PSAS, or OSAS), and time inter-
val (5th, 10th, or 15th minute) were fixed effects, 
and interaction terms were included for all fixed 
effect combinations. Time interval was considered 
a discrete variable due to having only three levels. 
Batch, Father ID (nested within batch), and Dish ID 
(nested within Father ID) were included as random 
intercept terms.

For the model of juvenile (72-DPF) offspring 
thigmotaxis, the response variable was the % time 
spent in the peripheral zone during one of the three 
trials. Paternal treatment and trial day (categorical 
variable) were fixed effects as well as the interac-
tion (Paternal × Trial). Batch and Father ID were 
included as random effects as before, and ‘Offspring 
ID’ (nested within Father ID) was included as a 
further random effect due to the same individuals 
being observed across multiple days. Significance 
of fixed effect terms was evaluated using F-tests 
with type III sums of squares (effect of a term in 
the model while accounting for all other terms) and 
t-tests (effect of specific coefficients on the response 
variable) with Kenward-Roger approximation of 
degrees of freedom, derived using the anova() and 
summary() functions from the stats package in 
conjunction with the lmerTest (Kuznetsova et  al. 
2017) and pbkrtest (Hakekoh and Hojsgaard 2014) 
packages.

For specific inter-group comparisons (for spe-
cific time intervals following exposure to AS or for 
specific trials of the open field test), post-hoc pair-
wise comparisons of estimated marginal means were 
computed using the emmeans() function from the 
emmeans package (Lenth 2019).

All plots including the heatmaps of larval densities 
were produced using the ggplot2 (Wickham 2011) 
and ggh4x (va den Brand 2021) packages.

Data were not recorded blindly; however, we chose 
measurement methods which did not rely on subjec-
tive judgement (coordinate marking for larval thig-
motaxis and automated measurement for juvenile 
thigmotaxis, respectively).

Environ Biol Fish (2022) 105:741–751 745
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Results

Larval thigmotactic response to AS

The thigmotactic responses of larvae to AS were 
clearly visible from the distributions of combined 
observed locations (Fig.  2A). Mean fractions of 

thigmotactic larvae were consistently higher for 
AS-treated dishes than water-treated dishes, largely 
regardless of time interval (5th, 10th, or 15th min-
ute) and paternal treatment (Fig.  2B). However, 
not all dish pairs exhibited positive slopes, with 
some AS-treated dishes showing lower thigmot-
axis than the water-treated dish from the same pair, 
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while other dish pairs showed no clear difference in 
thigmotaxis.

F-tests of the linear mixed model revealed a highly 
significant effect of larval AS treatment on larval 
thigmotaxis when accounting for all other variables 
(F1,27 = 18.1, P < 0.001). Paternal treatment had no 
significant effect (F2,25.3 = 1.41, P = 0.26) and neither 
did the interaction of larval and paternal treatment 
(F2,27 = 0.48, P = 0.62). There was a significant effect 
of time interval (F2,108 = 3.56, P = 0.03), but no sig-
nificant interactions between time interval and either 
of the other variables.

When examining the effects of individual coef-
ficients in the model (Table S1), there was a signifi-
cant interaction between the paternal OSAS treatment 
and the 15-min time interval (t108 = 2.27, P < 0.01), 
reflecting a visible increase in thigmotaxis in water-
exposed OSAS larvae in the 15th minute compared to 
the same offspring in the 5th minute. There was also 
a significant three-way interaction between paternal 
OSAS, larval AS treatment, and the 15th minute time 
interval (t108 = 2.64, P < 0.01), reflecting a lack of dis-
cernible difference in thigmotaxis between water- and 
AS-treated OSAS larvae in the 15th minute, com-
pared to a highly prominent difference between water- 
and AS-treated CT larvae.

Pairwise comparisons of estimated marginal 
means for separate time intervals revealed a sig-
nificant effect of larval AS on thigmotaxis during 
the 5th minute in PSAS (t38.3 = 2.94, P < 0.01) and 

OSAS larvae (t38.3 = 2.53, P = 0.02), but not in CT 
larvae (t38.3 = 1.66, P = 0.1). In the 10th minute, the 
effect of larval AS on thigmotaxis was significant 
in CT (t38.3 = 2.43, P = 0.02) and PSAS (t38.3 = 2.92, 
P < 0.01), but not OSAS larvae (t38.3 = 1.46, P = 0.15). 
In the 15th minute, the effect of larval AS on thigmo-
taxis was significant in CT (t38.3 = 2.61, P = 0.01) and 
PSAS (t38.3 = 2.78, P < 0.01), but not OSAS larvae 
(t38.3 = 0.87, P = 0.39).

Juvenile offspring thigmotaxis

When offspring were tested for thigmotaxis behaviour 
at 72-DPF, PSAS and OSAS offspring exhibited gen-
erally lower thigmotaxis than CT offspring across the 
three trials, although this was more apparent in trials 
1 and 3 than in trial 2 (Fig. 3). F-tests of mixed model 
terms showed the effect of paternal treatment to be 
significant (F2,13.8 = 6.93, P < 0.01). There was also a 
significant effect of trial day (F2,114 = 27.7, P < 0.001) 
but no significant interaction between paternal treat-
ment and trial day (F4,112 = 1.19, P = 0.32), reflecting 
reductions in thigmotaxis in the 2nd and 3rd trials 
that were common to all treatment groups.

Post-hoc pairwise comparisons of estimated mar-
ginal means showed that compared to CT, PSAS 
thigmotaxis was not significantly different in trials 1 
(t35 = 1.9, P = 0.12) or 2 (t35 = 1.52, P = 0.24), but was 
significantly reduced in trial 3 (t35 = 3.6, P < 0.01). 
OSAS thigmotaxis was not significantly different 
from CT in trial 1 (t37 = 2.05, P = 0.09), but was sig-
nificantly reduced in trials 2 (t37 = 2.48, P = 0.03) and 
3 (t37 = 2.71, P = 0.02).

Discussion

We tested whether larval response to AS exposure 
and juvenile thigmotaxis were affected by paternal 
stress timed either before (PSAS) or during the onset 
of spermatogenesis (OSAS). We found no clear effect 
of either paternal treatment on the larval response 
to AS; however, we did observe a significant reduc-
tion in juvenile thigmotaxis which did not appear to 
depend on the window of paternal stress exposure.

By adopting a paired experimental design in which 
broods of offspring were divided and exposed either 
to AS or water as a control, we were able to derive a 
reaction norm for each brood in the form of the larval 

Fig. 2  Alarm substance (AS)-induced thigmotaxis (edge 
preference behaviour) in 5-DPF larval zebrafish. A Heatmaps 
of observed positions of zebrafish larvae in 9-cm petri dishes 
across different larval treatment groups (water and AS), pater-
nal treatment groups (CT, control; PSAS, pre-spermatogenesis 
alarm substance; OSAS, onset-spermatogenesis alarm sub-
stance), and time intervals (5th, 10th, and 15th minute inter-
vals). Brighter colours (yellow to red) indicate higher densi-
ties of larval observations. B Thigmotaxis of larvae from CT, 
PSAS, and OSAS fathers was measured at three separate time 
intervals during exposure to either water (white points) or AS 
(grey points). Thigmotaxis was calculated as the mean frac-
tion of thigmotactic individuals (> 3.5 cm from the dish centre) 
out of up to 21 total animals in a given dish. Dishes deriving 
from the same father are connected by lines, while point shape 
represents experimental batch (B1, B2, and B4; exposures 
performed on the same day within each batch). Responses are 
presented separately for each time interval for ease of inter-
pretation. N = 10, 10, and 10 dish pairs (water and AS) for CT, 
OSAS, and PSAS, respectively. P-values are derived from pair-
wise comparisons of estimated marginal means

◂
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thigmotactic response to alarm substance. We found 
that most of the broods exhibited a positive slope dur-
ing each of the time intervals examined. However, the 
steepness of this slope varied markedly across broods; 
not all AS-treated dishes had higher thigmotaxis, and 
some even had markedly lower thigmotaxis than their 
water-treated counterparts. This suggests that thigmo-
tactic behaviour both at baseline and under stress con-
ditions vary stochastically and that other sources of 
variation (e.g. genetic) may mask any effect of pater-
nal environment. Indeed, we failed to detect an overall 
significant interaction between paternal treatment and 
larval AS exposure, suggesting that paternal treat-
ment did not affect the larval thigmotactic response. 
However, there appeared to be a subtle, time-depend-
ent effect of the OSAS treatment: in CT larvae, the 
response was strongest in the 15th minute, while the 
response of OSAS larvae was strongest in the 5th min-
ute and subsequently waned. However, this seemed to 
be at least partly driven by variation in thigmotaxis in 
the water-exposed OSAS larvae of this group, which 
was increased during the final time interval. The dif-
ferences in response to AS between CT and OSAS 

larvae may therefore have resulted simply from sto-
chastic variation in thigmotaxis.

We found a clear effect of paternal stress on the 
behaviour of offspring later in development, as seen 
by the reduced thigmotactic behaviour in juveniles of 
both PSAS and OSAS groups. Although thigmotaxis 
also varied across trial, which may be explained by 
habituation, the general trend was towards reduced 
thigmotaxis in the paternal stress groups. Although 
the significant effect of paternal stress appeared to be 
driven largely by the OSAS offspring, PSAS offspring 
thigmotaxis was nevertheless markedly lower in trials 
1 and 3, suggesting similar effects of the two paternal 
stress treatments despite the different stages of dif-
ferentiation targeted by them. This suggests that there 
are multiple alternative pathways of spermatogenic 
disruption which may produce similar endpoints in 
the offspring. Indeed, the effect of the PSAS treat-
ment suggests that epigenetic alterations are prolif-
erated during mitosis of spermatogonia (Leal et  al. 
2009). If epigenetic changes occur in undifferentiated 
spermatogonia including the stem cell candidates 
(those that do not differentiate but instead give rise to 
new undifferentiated spermatogonia) (Nóbrega et  al. 

Fig. 3  Behaviour of juvenile offspring. Juvenile (72-DPF) 
offspring from CT (control), PSAS (pre-spermatogenesis 
alarm substance), and OSAS (onset-spermatogenesis alarm 
substance) fathers were assessed for thigmotaxis in 5-min 
open field tests repeated for each individual over 3 consecu-
tive days (trials). Thigmotaxis was calculated as the % of the 
test duration in which the individual was detected exclusively 
in the peripheral 3  cm of the test chamber. Each point repre-

sents a measurement from one individual, while point shape 
represents experimental batch (B1, B2, and B3; individuals 
observed on the same days within each batch). N(n) = 6(21), 
7(23), and 5(16) for CT, PSAS, and OSAS respectively, where 
N is the number of broods (i.e. fathers) represented and (n) is 
the total number of offspring tested. P-values are derived from 
pairwise comparisons of estimated marginal means
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2010), then they may persist into several subsequent 
spermatogenic cycles.

Reduced thigmotaxis behaviour in juvenile off-
spring is suggestive of disruption to the hypotha-
lamic-pituitary-interrenal (HPI) axis (Alderman and 
Bernier 2009). The HPI axis encompasses the set 
of neuroendocrine pathways governing the stress 
response of fish, involving the production of cortisol 
and regulation of behavioural patterns. Its disrup-
tion typically manifests in altered behaviour such as 
suppressed responses to a stressor or altered anxiety-
like behaviour (Eachus et  al. 2017). Our findings of 
altered offspring behaviour are reminiscent of obser-
vations from rodent models of paternal stress, which 
have extensively reported offspring behavioural phe-
notypes reflective of suppressed or otherwise dis-
rupted hypothalamic–pituitary–adrenal axis (mam-
malian homologue of the HPI axis) activity (Rodgers 
et al. 2013; Gapp et al. 2014).

We concede that we cannot be certain that the 
(pre-)spermatogenic stages affected by each treat-
ment were as predicted; although the pace of sper-
matogenesis has been characterised in detail (Leal 
et  al. 2009), this pace could be variable between 
strains, individuals, or environmental conditions. 
Likewise, the mechanistic basis of the heritable 
effects of stress was not elucidated in the present 
study. In mammals, the final period of sperm matu-
ration in the epididymis has been recently identified 
as a likely critical window when the environment 
can alter the molecular composition of semi-mature 
sperm, with RNA carried in extracellular vesicles 
posited to be a key mechanism (Sharma et al. 2018). 
Similarly, recent work in sticklebacks suggests 
that paternal effects can be mediated by changes 
to mature, stored sperm (Chen et  al. 2021). How-
ever, as zebrafish have a continuous mode of sperm 
production with no obvious compartment for sperm 
storage (Leal et  al. 2009), we consider it unlikely 
that the paternal effects we observed in the present 
study were the result of changes to stored sperm. 
Rather, our finding that brief exposures before or 
at the onset of the spermatogenic cycle can induce 
heritable alterations to the progeny suggests that 
altered phenotype may also result from molecular 
alterations to earlier stage germ cells (e.g. DNA 
methylation, histone modifications, RNA) (Cham-
proux et  al. 2018). Although there exists the pos-
sibility that paternal effects have an adaptive 

basis, maladaptive paternal effects resulting from 
disruption to the regulation of germ cell matura-
tion are arguably a more plausible explanation of 
our results. Theoretical work predicts that adap-
tive parental effects are likely to evolve only if the 
parental environment predicts the offspring environ-
ment (English et  al. 2015), and therefore intergen-
erational effects in response to transient exposures 
to stress are unlikely to be adaptive.

Finally, we concede some uncertainties around 
the use of AS as a model stressor. Although we used 
an approximate concentration of AS that has been 
previously demonstrated to induce behavioural and 
physiological responses in adult and larval zebrafish 
(Eachus et  al. 2017), it is unclear whether the con-
centration used is ‘ecologically relevant’ in that wild 
zebrafish would detect similar concentrations from 
a nearby injured conspecific. Furthermore, as we 
did not control the sex of individuals used to extract 
AS, we cannot rule out potential influences of donor 
sex as a potential source of batch effects (Rohr et al. 
2002).

Although the possible mechanisms of germ cell 
alteration which may lead to paternal intergenera-
tional effects remain to be investigated, our data sug-
gest that only brief exposures to an ecologically rele-
vant stressor may disrupt the zebrafish spermatogenic 
cycle enough to result in detectable intergenerational 
effects. Furthermore, the timing of the paternal stress 
relative to spermatogenesis does not appear to affect 
the likelihood of intergenerational effects. However, 
no clear intergenerational effect was detected until 
the juvenile stage. Further work is therefore needed 
to develop and test sensitive readouts, especially in 
larval offspring. The findings could have positive 
implications for the welfare of experimental animals 
as they imply that use of prolonged stress paradigms 
comprising multiple stressors is not required in a 
framework to study intergenerational effects.
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