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Abstract

Background Studies have shown that paternal stress prior to conception can influence the innate behaviours

of their offspring. The evolutionary impacts of such intergenerational effects are therefore of considerable interest.
Our group previously showed in a model of daily stress that glucocorticoid treatment of adult male mouse breeders
prior to conception leads to increased anxiety-related behaviours in male offspring. Here, we aimed to understand
the transgenerational effects of paternal stress exposure on the social behaviour of progeny and its potential influ-
ence on reproductive success.

Results We assessed social parameters including social reward, male attractiveness and social dominance, in the off-
spring (F1) and grand-offspring (F2). We report that paternal corticosterone treatment was associated with increased
display of subordination towards other male mice. Those mice were unexpectedly more attractive to female mice
while expressing reduced levels of the key rodent pheromone Darcin, contrary to its conventional role in driving
female attraction. We investigated the epigenetic regulation of major urinary protein (Mup) expression by perform-
ing the first Oxford Nanopore direct methylation of sperm DNA in a mouse model of stress, but found no differences
in Mup genes that could be attributed to corticosterone-treatment. Furthermore, no overt differences of the pre-
frontal cortex transcriptome were found in F1 offspring, implying that peripheral mechanisms are likely contributing
to the phenotypic differences. Interestingly, no phenotypic differences were observed in the F2 grand-offspring.

Conclusions Overall, our findings highlight the potential of moderate paternal stress to affect intergenerational (mal)
adaptive responses, informing future studies of adaptiveness in rodents, humans and other species.
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Background

Recent studies have demonstrated that the accumula-
tion of paternal experiences before conception indi-
rectly influence offspring behavioural phenotypes, and
are largely attributed to epigenetic inheritance [1-5].
This phenomenon has been studied in various ani-
mal models, with altered offspring phenotypes linked
to paternal stress exposures persisting until the third
generation of offspring [6]. One common finding of
studies to-date is a selective impact on offspring stress-
relevant behaviours e.g. anxiety-like behaviour and
social withdrawal. Studies of the potential mechanisms
underlying these intergenerational effects have identi-
fied contributions of distinct subpopulations of non-
coding ribonucleic acids (RNAs). For example, through
microinjection studies of fertilised oocytes and zygotes,
paternal preconception stress-associated changes to
sperm small non-coding RNAs in mice were found to
influence anxiety-related behaviours and the stress-
induced corticosterone response of adult F, offspring
[7, 8]. There is also emerging evidence of a specific
contribution of sperm long non-coding RNAs to influ-
ence adult F, offspring metabolic phenotypes [9]. Thus,
paternal stress-driven intergenerational adaptations
could be a contributor to the ‘missing heritability’ prob-
lem associated with anxiety, depression and other psy-
chiatric disorders in humans [10]. Additionally, some
speculate about the evolutionary advantages that such
heritability could confer, such as adding phenotypic
variation [11, 12].

Our previous work on the paternal corticosterone-
supplementation model of generalised daily stress
had reported elevated anxiety-like behaviours of male
F, offspring (paternal corticosterone — PatCort) and
the emergence of depressive-like behaviours in male
F, grand-offspring (grand-paternal corticosterone -
GPCort) [13]. We subsequently found that PatCort mice
were resistant to the anxiolytic effects of environmental
enrichment (routinely reported in the wider literature)
and had reduced sensitivity to the selective serotonin
reuptake inhibitor sertraline [14]. Other independent
preclinical studies of distinct mouse models of stress
have also found defects in sociality and social recognition
accompanying impaired serotonergic signalling [15], as
well as dysregulation of the physiological stress response
[8]. In rodents, appropriate social behaviour is particu-
larly important for reproduction and survival, and thus
influences individual fitness. Given the increasing evi-
dence that epigenetic inheritance influences behavioural
endophenotypes, it is possible that epigenetic inheritance
also underlies social behaviours relevant to successful
reproduction, with consequences for adaptivity and spe-
cies evolution [16, 17].
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Here, we embarked on a transgenerational study of
rodent social behaviours highly relevant to their repro-
ductive success. We investigated social dominance and
male attractiveness across two generations of progeny in
the paternal corticosterone-supplementation model of
paternal stress. We hypothesised that a paternal history
of stress would result in offspring displaying lower prefer-
ence for social reward, increased subordinate behaviour
during social interaction, and reduced preference from
potential female mates. We followed up on these findings
by investigating the expression of major urinary proteins
(MUPs), which are non-volatile pheromones [18]. Here,
we present evidence that paternal stress exposure pre-
conception can exert an intergenerational influence over
behavioural endophenotypes that determine reproduc-
tive success in offspring. Our initial molecular and epige-
netic studies also highlight the complex involvement and
regulation of MUPs in rodent social behaviour, and the
regulation of MUP expression by the paternal exposure
to corticosterone.

Results

Corticosterone (Cort)-treatment diminishes adult male
social dominance but does not adversely affect mate
attraction

We first evaluated the effect of Cort-treatment on the
social behaviours of adult male mice. 4 weeks of Cort-
treatment significantly reduced the percentage of wins in
the tube test (Fig. 1A, y’=30.25, p <0.001), which did not
correlate to their body weight (Additional file 1: Fig. S1).
Based on this, we expected that Cort-treated males would
be less preferred by potential female mates. However,
there were no differences across all three variations of
the test we conducted (‘Standard’ set up: Sum of Signed
Ranks W=8.000, p=0.8603, Fig. 1B; ‘Mouse only’ set
up: Sum of Signed Ranks W=32.00, p=0.4332, Fig. 1C;
‘Bedding only’ set up: Sum of Signed Ranks W=36.00,
p=0.3755, Fig. 1D). Based on interaction times, females
did not show preference for one group of males over the
other (Fig. 1E, ‘Standard’ set up: y>=0.2500, p=0.6171;
Fig. 1F, ‘Mouse only’ set up: y°>=1.000, p=0.3173; Fig. 1G,
‘Bedding only’ set up: y>=0.2500, p=0.6171). Therefore,
we found that Cort-treatment reduces social dominance
and does not affect male attractiveness.

Paternal Cort-treatment affects social dominance and mate
attraction of adult male offspring

Juvenile (post-natal day 35 — PND 35) F, male and female
PatCort offspring displayed a clear preference for the
social-conditioned bedding (Fig. 2A, Males: F; ;5 =12.76,
p<0.001; Fig. 2C, Females: F,;,=8.227, p=0.0054).
No effects of paternal treatment were found for males
(Fig. 2B, U=601, p=0.3811) nor for females (Fig. 2D,
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Fig. 1 Assessing effects of Cort-treatment on social dominance and mate-choice attractiveness. A corticosterone treatment reduces male
dominance as assessed by the percentage of wins in the tube test. % wins calculated as the number of wins per group in the total number

of interactions. n=16 per group, with a total of 64 unique interactions. B-D images adapted from Toth and Neumann [19]. In all of them,

a female mouse is represented in the centre of a 2-chamber apparatus. In panel B, male mice from CT and Cort group are located at each end

of the apparatus, alongside soiled bedding from their home cage. In panel C, male mice from CT and Cort group are presented without bedding.
In panel D, only soiled bedding from CT and Cort cages is presented. E-G male attractiveness was not affected by corticosterone-treatment. Each
point represents the results from one female mouse, n=16 per group. A, E-G one-sample chi-squared test. *** p <0.001
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Fig. 2 Assessing effects of paternal Cort-treatment on offspring social behaviour. A-D, the degree of social reward in male or female offspring

was not affected by paternal Cort-treatment. Time and ratio of the time spent in the social-conditioned bedding. Males: n=39/35; females:
n=37/39. E paternal Cort-treatment reduces male dominance in the tube test. % wins calculated as the number of wins per group in the total
number of interactions. n= 28 per group, with a total of 112 unique interactions. F-H paternal corticosterone treatment increases male
attractiveness in the ‘'standard’set up only. Each point represents the results from one female mouse. Standard: n=29 per group; Mouse only: n=16
per group; Bedding only: n=12 per group. I PatCort mice do not interact more with female mice, compared to PatCT. n=14 per group. A and C:
2-way ANOVA, data represented as mean +SEM. B and D: Mann-Whitney test, data represented as median +interquartile range. E-H one-sample
chi-square test. I: unpaired t-test, data represented as mean +SEM. ** p <0.01, *** p <0.001
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U=640.5, p=0.4035). Therefore, F, PatCort offspring
mice displayed normal preference for social reward, and it
was independent of the paternal corticosterone exposure.

In the tube test, adult F; male PatCort offspring recorded
significantly fewer winning interactions, indicative of
a lower order of social dominance (Fig. 2E, y’=15.75,
»<0.001). In the mate-choice test, naive females investi-
gated F; male PatCort offspring for significantly longer
periods than their paternal control (PatCT) counterparts
(Sum of Signed Ranks W=241.0, p=0.0080), and a sig-
nificantly higher percentage of time (Fig. 2F x*=7.759,
»=0.0053). No differences were observed between the
groups for the ‘mouse only’ nor the ‘bedding only’ set ups
(‘Mouse only’: Sum of Signed Ranks W=-40.00, p=0.3225;
‘Bedding only: Sum of Signed Ranks W=-18.00,
p=0.5186), and the total percentage of time was compar-
atively similar between the groups (Fig. 2G, ‘mouse only’
set up, y°=1.000, p=0.3173; Fig. 2H, ‘bedding only’ set up,
¥’'=1.333, p=0.2482). Additionally, analysis of the total
time each male directly interacted with the female when
she approached them revealed no differences (Fig. 2I,
t25)=0.8106, p=0.4249). Thus, paternal Cort-treatment
was associated with intergenerational shifts in social-rele-
vant behaviours of adult F; male PatCort offspring.
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Paternal Cort-treatment effects do not transgenerationally
alter grand-offspring social behaviours

Juvenile F, male and female grand-offspring showed a
preference for the social-conditioned bedding (Fig. 3A,
Males: F; 76=35.14, p<0.001; Fig. 3C, Females:
F(;89=12.09, p<0.001). No differences in social reward
were found between the groups for males (Fig. 3B,
U=714.5, p=0.6527) nor for females (Fig. 3D, U=755,
p=0.4547).

In the tube test, GPatCort and GpatCT groups recorded
similar numbers of wins (Fig. 3E, )(2=2.667, p=0.1025).
In the mate-choice test, females spent similar amounts of
time interacting with both groups of mice across all set
ups (Sum of Signed Ranks W=-10.00, p =0.8209; ‘Mouse
only’ set up: Sum of Signed Ranks W=40.00, p=0.3160;
‘Bedding only’ set up: Sum of Signed Ranks W=-40.00,
p=0.3225). The percentage of time spent by the female
interacting with both groups was similar (Fig. 3F, ‘Stand-
ard’ set up: X2=1.000, p=0.3173; Fig. 3G, ‘Mouse only’
set up: xy>=1.000, p=0.3173; Fig. 3H, ‘Bedding only’ set
up: X2=O.2500, p=0.6171). Therefore, no transgenera-
tional effects on social-relevant behaviours of F, GPCort
grand-offspring were observed in association with grand-
paternal Cort-treatment.
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Fig. 3 Assessing effects of grand-paternal Cort-treatment on grand-offspring social behaviour. A-D the degree of social reward in male or female
grand-offspring was not affected by grand-paternal Cort-treatment. Time and ratio of the time spent in the social-conditioned bedding.

Males: n=40/38; females: n=44/38. E social dominance in male grand-offspring was not affected by grand-paternal Cort-treatment. % wins
calculated as the number of wins per group in the total number of interactions. n=24 per group, with a total of 96 unique interactions. F-H

male attractiveness in male grand-offspring was not affected by grand-paternal Cort-treatment. Standard: n=16 per group; Mouse only: n=16

per group; Bedding only: n=16 per group. A and C: 2-way ANOVA, data represented as mean +SEM. B and D: Mann-Whitney test, data represented
as median +interquartile range. E-H one-sample chi-squared test. *** p <0.001
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Paternal Cort-treatment alters the expression

of a subpopulation of MUPs in F, offspring

Since pheromones play an important role in rodent
male social hierarchy and mate attraction, we quantified
the expression profiles of MUPs in the urine of F; male
offspring. We first assessed urinary creatinine content
to account for urinary dilution, and determined that it
was not different between PatCT and PatCort male oft-
spring Fig. 4A, f;,4=1704, p=0.1126), which indi-
cates that their urination volume did not differ [20]. The
relative levels of total MUPs also did not differ between
the groups (Fig. 4B, f;5,4=1.792, p=0.0930). Next,
we differentiated between the three major MUP bands
(Fig. 4C), in agreement with previous publications [18,
21]. Semi-quantification of the protein bands revealed
that PatCort males had reduced concentrations of the
small MUP band (Fig. 4D, £;;54;)=2.252, p=0.0393) and
of Darcin (Fig. 4F, U=53, p=0.0243). No difference in
the big MUP band was observed (Fig. 4E, £;4 9= 1.904,
p=0.0775). Additionally, the variability of all three
bands of MUP proteins was higher in the PatCort mice
(Small MUP band: F,;5=>5.693, p=0.0022; Big MUP
band: F;,;5=9.406, p=0.0001; Darcin: F,;5=5.614,
p=0.0024; F test to compare variances). Therefore, there
appears to be some selectivity in terms of the intergen-
erational impacts of paternal Cort-treatment on offspring
production of MUPs.

Darcin was proposed to be the key MUP subtype to
act as a female attractant pheromone [18]. However, uri-
nary Darcin concentrations of male mice of both PatCT
and PatCort groups were not significantly correlated
with total time being investigated by the female in the
mate-choice test (Fig. 4G, PatCT: Pearson’s correlation
R?’=0.1112, p=0.2068; PatCort: Pearson’s correlation
R?=0.0921, p=0.3134).

Since MUP proteins are produced and secreted by the
liver [22], we further investigated hepatic gene expres-
sion of various Mup genes and Zhx2 (a transcription fac-
tor for Mup genes) [23]. However, Mup gene expression
in PatCort mice did not differ from PatCT mice (Fig. 4H,
Mup3: t5; g5)=1.666, p=0.1100; Fig. 41, Mup20: U=107,
p=0.4393; Fig. 4], MupB: t35)=1.235, p=0.2264), despite
the increased variability in the gene expression of Mup3
(Mup3: Fj515)=4.117, p=0.0094; Mup20: F ;5 ;5)=1.555,
p=0.4020; MupB: Fs;5=2.444, p=0.0939; F test to
compare variances) in PatCort mice. There was also no
difference in hepatic Zhx2 gene expression (Fig. 4K,
Zhx2: t30)=0.5436, p=0.5907).

Mup gene expression levels displayed a strong positive
correlation with MUP protein populations in the Pat-
Cort offspring. Mup3 correlates very strongly with total
MUP urinary concentration in the urine of PatCort mice
(Fig. 4L, Pearson’s correlation R?>=0.6988, p<0.001).
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Interestingly, this correlation was not observed for
PatCT mice (Fig. 4L, Pearson’s correlation R?=0.0003,
p=0.9498). Mup20, in its turn, correlates very strongly
with the Darcin band population of MUPs in the urine of
PatCort mice (Fig. 4M, Pearson’s correlation R?=0.6823,
p=0.0005), but did not correlate in PatCT mice (Fig. 4M,
Pearson’s correlation R?=0.041, p=0.4521). The Darcin
band has been attributed to the Mup20 gene in previous
publications [18, 20]. These findings suggest that in Pat-
Cort mice, the high variability in the gene expression of
Mup3 is likely causing the high variability in the protein
level.

MUP profile is not transgenerationally influenced

by paternal Cort-treatment

We also assessed urinary creatinine and MUP pro-
tein concentrations of F, male grand-offspring mice.
Both urinary creatinine (Fig. 5A, U=101.5, p=0.8897)
and total MUP concentrations (Fig. 5B, £;,=0.9832,
p=0.3343) did not significantly differ between the
groups. No between-group differences were also detected
for any of the three major MUP bands, namely small
MUPs (Fig. 5C, t (27)=0.4547, p=0.6529), big MUPs
(Fig. 5D, ,,=0.7838, p=0.4400) and Darcin (Fig. 5E,
t(27=0.5951, p=0.5568). Additionally, there were no dif-
ferences in variability between the groups.

Cort-treatment does not alter Mup gene DNA methylation

Differential methylation of Mup genes has been
reported, but the epigenetic regulation of Mup gene
expression remains unclear [24—26]. To address this,
we developed an optimised sperm DNA extraction
protocol that enabled us to conduct the first long-read
nanopore sequencing study of Mup gene methyla-
tion in sperm DNA harvested from Cort-treated and
control F;, males [27, 28]. Overall, CpG methylation
indicated a very high methylation frequency across
the genome (not shown), which is expected for sperm
since it is a transcriptionally quiescent cell population.
CpG methylation located within the Mup gene cluster
was also found to be highly methylated (Fig. 6H), with
no obvious differences between both groups (Fig. 6A).
We noted a potential pattern of increased methyla-
tion associated with Cort-treatment at the promoter
region of Mup20 and decreased methylation in the 3’
downstream region of the gene (Fig. 6B); these would
be consistent with decreased gene expression of Mup20
and decreased expression of Darcin protein we had
found [29]. Therefore, we assessed CpG methylation
at the promoters of the Mup20 gene, whose locations
were obtained from the University of California Santa
Cruz (UCSC) genome browser promoter track. How-
ever, no differences in methylation were found (p=0.96
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as mean +standard deviation. * p <0.05
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— Fig. 6]). We further inspected methylation of the
transcription factor Zhx2 and additional Mup genes
of interest (Mup3, Mup2, Mupl5, Mupl8 — Fig. 6C —
2.9G), identifying no major differences. Consistent with
this, an analysis of differentially methylated regions
(DMRs) using dispersion shrinkage for sequencing data
(DSS) revealed no significant differences between the
groups at the Mup locus. Thus, it appears that DNA
methylation is not a major epigenetic regulator of Mup
expression in this rodent model.

Adult male offspring prefrontal cortex gene expression

is relatively unchanged by paternal Cort-treatment

The rodent prefrontal cortex is heavily implicated in dis-
plays of social dominance [30], as well as anxiety-relevant
behaviours that we have reported in this model [13, 31].
We therefore conducted transcriptome profiling of this
brain region to determine whether gene expression differ-
ences underlie the F; offspring phenotypes we observed
[32]. Overall, we found that samples were very similar,
independent of their group (Fig. 7A). Only 32 genes were

found to have p <0.05 and log-fold change (LFC) thresh-
old=1, with 3 upregulated and 29 downregulated in
the PatCort male mice (Fig. 7B, Table 1), although they
were not statistically significant after false discovery rate
(EDR) correction. Similarly, Gene Set Enrichment Analy-
sis (GSEA) was performed, but no significant gene sets
were found (Table 2).

Discussion

This study has uncovered novel evidence of the paternal
influence over offspring social behaviours. Paternal Cort-
treatment was associated with reduced social dominance
and increased attractiveness of their male F, offspring,
in addition to the elevated anxiety phenotype we previ-
ously reported [13]. Interestingly, these effects on social
behaviours were restricted to the immediate genera-
tion (F, offspring), with no significant transgenerational
effects on the F, grand-offspring. Additionally, the male
F, PatCort offspring also showed reduced and more vari-
able MUP protein output in their urine, in particular the
band that corresponds to the male pheromone Darcin.
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By performing the first sperm DNA methylome sequenc-
ing study in mice treated with corticosterone, we estab-
lished that the abnormal MUP expression is not a result
of dysregulated DNA methylation of the various Mup

genes. Additionally, the absence of differences in the pre-
frontal cortex (PFC) transcriptome strongly suggests that
the altered social responses of F; PatCort offspring likely
originate in other brain regions key to social interaction,
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such as the anterior cingulate cortex or the ventromedial
hypothalamus nucleus [33, 34].

F, male mice showed reduced dominance

and no difference in attractiveness

Male mice treated with corticosterone in their drink-
ing water for 4 weeks showed a large reduction in their
social dominance, with no effects on their attractiveness
to female mice. There is extensive literature on domi-
nance and social hierarchy priming response to stress
[35], as it is known that hierarchical rank modulates the
hypothalamic—pituitary—adrenal (HPA) system reactivity
[36], possibly due to higher-order impacts of the prefron-
tal cortex on hypothalamic function. Studies on stressful
exposures modulating social dominance and hierarchi-
cal rank are less common, but it has been reported that
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a cortico-hypothalamic circuit modulates social domi-
nance [37] and maternal separation reduces adult domi-
nance in a competition for water in water-restricted mice
[38]. Furthermore, chronic restraint decreases social
dominance in the tube test [39] and severe immobilisa-
tion stress heavily reduces social dominance in anxious
mice [40]. Another study reported the opposite effect of
stress on dominance, with maternal separation resulting
in increased social dominance in the tube test in rats [41].
Therefore, dominance can both regulate the response to
stress but also be modulated by it, which indicates the
complexity of the neural circuitry regulating this social
behaviour, as well as its reactivity to corticosterone.

F, male and female offspring do not show changes

in social conditioned-place preference

Male and female offspring were tested as juveniles
in the social conditioned-place preference, and they
displayed expression of social reward, with no dif-
ferential effects of the paternal corticosterone expo-
sure. Social reward has been proposed to drive the
approach towards socially relevant environments,
as well as the avoidance from predicted social isola-
tion, and is expressed during youth in social animals
[42]. Through the acquired social experiences result-
ing from this behaviour, the social reward would then
influence the development of adult sociality [43].
Stress can modulate social reward, as it has been
shown that foot-shock stress exposure reduces social
reward expression [44]. Stress exposure has also been
found to impair sociability [45], with increased aggres-
sion in males and social withdrawal in females [46].
The effects of stress on adult sociability could be due
to impaired acquisition or expression of social reward,
although further studies are needed to investigate this
hypothesis. Nevertheless, differences in social reward
were not observed in our model, which indicates that
the changes in adult social behaviour observed in
these mice are not due to altered social developmental
trajectories.

Male F, offspring show lower social dominance

and increased attractiveness

Male offspring were tested as adults in the social domi-
nance tube test and mate-choice test. PatCort F; off-
spring showed reduced social dominance in the tube test,
like their fathers. This effect was expected, due to their
increased anxiety-like behaviour, as studies have showed
that anxiety affects social behaviours [47, 48], although
other studies did not show association between anxiety-
like behaviour and social rank in the tube test [49]. These
mice also showed increased attractiveness, which was
not expected. It is important to consider that the setup
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Table 1 PFC gene list of PatCort male mice with LFC threshold=1 and p-value <0.05

gene name logFC logCPM F p-value description

Htrid -1.7794088 0.1134831 26.9624767 0.00010408 5-hydroxytryptamine (serotonin) receptor 1D
Gml16253 1.19174884 -0.6984645 16.0603361 0.00111027 predicted gene 16253

6530403HO2Rik -1.0039713 -04233215 14.7331383 0.00157162 RIKEN cDNA 6530403H02 gene

Ndst4 -1.7705306 3.04068684 14.6040417 0.0016271 N-deacetylase/N-sulfotransferase (heparin glucosaminyl) 4
Gm13680 -1.1797611 -0.839943 14.5172903 0.00166564 predicted gene 13680

Gm43823 -1.0783109 -0.9661731 12.1374059 0.00326629 predicted gene 43823

Igfopl1 -1.9017291 0.15683826 11.1175445 0.00444885 insulin-like growth factor binding protein-like 1
Nmbr -1.395177 1.13344848 10.661352 0.00513102 neuromedin B receptor

Gm16299 -1.0445865 -0.3589326 9.09198402 0.00857875 predicted gene 16299

Gme6473 -1.2588983 1.69703496 8.92938195 0.00906811 predicted gene 6473

Map3k7cl -1.0292819 -0.8525231 8.89272178 0.0091828 Map3k7 C-terminal like

Ano2 -1.5624926 -0.210955 8.07490909 0.01222935 anoctamin 2

Sh3rf2 -1.7925705 040555043 762873312 0.01437308 SH3 domain containing ring finger 2

DIk1 -1.1985842 0.55636387 7.04088197 0.01788999 delta like non-canonical Notch ligand 1
Gm17794 -1.6562058 0.20614033 6.98415481 0.0182789 predicted gene, 17,794

Ptprv -1.6538717 0.15827073 6.93394202 0.01863129 protein tyrosine phosphatase, receptor type, V
Tspan8 1.15212195 -0.8936078 6.88796378 0.01896083 tetraspanin 8

Gm5829 -1.0064098 -0.6207619 6.66503891 0.02065689 predicted gene 5829

Rps15a-ps6 -1.202439 -0.9658333 6.64615544 0.02080842 ribosomal protein S15A, pseudogene 6
Draxin -1.2443218 -0.5397824 6.37744503 0.0231097 dorsal inhibitory axon guidance protein
Syndigl! -1.7044298 2.80947959 5.8359385 0.02870111 synapse differentiation inducing 1 like

Glplr -1.4826886 049739511 5.80394371 0.02907767 glucagon-like peptide 1 receptor

Adora2a -1.7710575 299674199 5.75323668 0.02968623 adenosine A2a receptor

Lrrc10b -1.2865551 2.85216404 549122498 0.03307592 leucine rich repeat containing 10B

Sle35d3 -1.176682 0.80899848 5.16393751 0.03796042 solute carrier family 35, member D3

Gpré -1434612 1.18472521 5.13221195 0.03847698 G protein-coupled receptor 6

Gm47283 -1.8795921 1.28645542 5.12284307 0.03863109 predicted gene, 47,283

Drd2 -1.9885276 227041218 5.04282907 0.03997688 dopamine receptor D2

Cd4 -1.324498 1.13303266 5.01099357 0.04052746 CD4 antigen

Gm24245 14814654 -0.8349585 495531498 0.04151175 predicted gene, 24,245

Gm7908 -1.199978 -0.2670917 4.92233475 0.0421079 predicted gene 7908

Dnaht1i -1.6232851 -0.4577555 468139466 0.04677925 dynein, axonemal, heavy chain 11

Table 2 Gene sets detected through GSEA analysis of genes detected in the PFC

NAME SIZE ES NES NOM p-val FWER p-val RANK AT MAX LEADING EDGE
WP_PEPTIDE_GPCRS 34 -0.7602396 -1.7671843 0 0.1296 1059 tags=232%, list=6%, signal=34%
KEGG_OXIDATIVE_PHOSPHORYLATION 101  -0.5982546 -1.6257622 4.26E-04 0.958 1282 tags=7%, list=7%, signal=7%
WP_OXIDATIVE_PHOSPHORYLATION 45  -0.655493  -1.5960314 0.005151 0.9946 352 tags=7%, list=2%, signal=7%

we used for the mate-choice test intentionally did not
let the males display territoriality, compete over mating
opportunities, or initiate an interaction with the female,
rendering them passive to female mouse discretion.
Therefore, the results in attractiveness could have been
different if a competitive setup had been used where the
males could display their dominance.

Both MUPs and ultrasonic vocalisations (USVs) have
been shown to attract females [50, 51]. When males are
exposed to females, they emit USVs as part of a ‘male
song’ [52]. Additionally, males excrete MUPs in their
urine. These proteins have pockets that bind volatile
pheromones, but they also act as non-volatile phero-
mones. MUP expression is complex and conveys a
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plethora of information, ranging from sex, health status,
individuality, and attractiveness [53]. By using differ-
ent setups in the mate-choice test, we tried to determine
the key features underpinning, and potentially driving,
the increased attractiveness in the PatCort mice. This
may include the USVs being derived from the physical
presence of the mice in the apparatus, and the MUPs
being derived from the presence of soiled bedding. For
instance, in our ‘standard’ setup, where we added both
mice and their soiled bedding, we accounted for both
USV and MUPs.

USVs have been shown to travel short distances and
therefore are more relevant for short-distance commu-
nication [54]. MUPs and other olfactory-based signals,
on the other hand, can travel long distances and have
therefore been associated with long-distance communi-
cation [50]. In a natural setting, pheromone marks scat-
tered around a certain area would indicate to a female
mouse an attractive socially relevant stimulus. If there
was a male mouse nearby, he would then vocalise once
the female mouse approached him. Therefore, it is possi-
ble that in the mate-choice test setups we used, olfactory
marks devoid of pairing with USVs, or vice-versa, could
have not been enough to signal attractiveness, hence no
differences were observed in the ‘bedding-only’ and the
‘mouse-only’ setups. Additionally, we assessed the male
interaction response towards the approaching female in
the ‘standard’ set up, to determine whether a differen-
tial interaction could have accounted for the changes in
attractiveness. However, no differences were observed.

F, male and female grand-offspring do not show changes
in social conditioned-place preference

Following the same experimental design, male and
female grand-offspring were tested as juveniles in social
conditioned-place preference, and male grand-offspring
were assessed as adults in the social-dominance tube
test and mate-choice test. However, despite the previ-
ously observed increase in depressive-like behaviour in
the adult male mice, no differences were observed for any
of the social behaviours tested. This shows the limited
heritability of the effects that the paternal corticosterone
exposure has on social behaviours, which is also observed
in other studies, with phenotypes spanning across only
one generation following the environmental exposure
[10].

F, offspring mRNA sequencing does not show overt
changes in gene expression

Following the reduced social dominance in the PatCort
male offspring, we assessed gene expression in the pre-
frontal cortex of these mice, to investigate potential
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transcriptomic regulation underpinning this behaviour.
We chose the prefrontal cortex because of the associa-
tion between this brain region and social dominance. For
instance, studies have shown that the synaptic efficacy
regulated by AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors in this region controls
the expression of social dominance [55], that the increase
in social dominance as assessed in the tube test accom-
panies modifications of the stable actin fraction in syn-
aptic spikes in this region [41], and that social dominance
is followed by differential gene expression in this region
[49]. Lastly, neuronal population activity in the medial
prefrontal cortex (mPFC) predicts social rank and suc-
cess in competitive settings [37].

However, no differentially expressed mRNAs were
detected after a rigorous False Discovery Rate correc-
tion for multiple comparisons. This effect might be due
to four possibilities: 1) Animals were culled at base-
line (without acute stress). Unpublished data from our
group showed that PatCort males do not differ from
controls in baseline plasma corticosterone, but only
after a restraint stress. 2) Sequencing was done from
bulk-tissue RNA. When considering the heterogeneity
of the cellular populations in the prefrontal cortex, it
is possible that cell-specific differences in gene expres-
sion are not detected (i.e. ‘diluted out’) by bulk-mRNA
sequencing. 3) Differential gene expression occurs
during development, and we only assessed adult PFC.
4) We only assessed adult PFC, and transcriptomic
changes may have been present in one or more other
relevant brain areas. We hypothesise that these mice
exhibit behavioural changes in adulthood due to dif-
ferential developmental trajectories that result in sub-
tle neuronal changes, such as modifications in synaptic
architecture, spine density or dendritic arborisation.
Therefore, differences in gene expression may have
been present during critical periods of development,
such as during embryonic, early postnatal and/or ado-
lescent stages.

F, male offspring MUP protein analyses

Urine was collected from adult male F, offspring for
quantification of MUP proteins. PatCort mice showed
reduced levels of specific MUP bands observed after
separation in the sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS-PAGE). Three differ-
ent bands with molecular weight of around ~17 kDa
to~23 kDa were identified, which is similar result to
what have been described before [18, 21]. The band
with the lowest molecular weight has been shown to
be present in males only and to be the most relevant
to signal male attractiveness, and it has been named
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‘Darcin’ [18]. In our dataset we have observed a reduc-
tion in the Darcin and the small band MUP populations
(the band with higher molecular weight).

Importantly, contrary to the current literature [18,
56], in the mate-choice test we did not observe a cor-
relation between urinary Darcin intensity and male
attractiveness. Mate choice is a complex decision that
depends on the integration of multiple sensory, affec-
tive and cognitive systems [50]. Therefore, we hypoth-
esise that although PatCort males exhibit lower levels
of Darcin in their urine, other factors might be modu-
lating their attractiveness. Indeed, the different setups
we used for the mate-choice test indicate that a com-
bination of both olfactory and auditory stimuli seems
to be necessary to signal the differential attractiveness
in these mice. Additionally, the highly individual and
complex urinary MUP pattern, which is pronounced in
wild mice, indicates that female mice use this informa-
tion for additional profiling of the male quality [57], and
therefore could modulate the attractiveness signalled
by Darcin alone. It is also important to consider the
role of volatile pheromones that bind to and are slowly-
released from MUPs, which can have their concentra-
tion proportionally altered by social status [58]. Due to
the reduced social dominance in the PatCort mice, it
would be interesting to profile the volatile pheromone
content in their urine.

F, male offspring Mup mRNA expression analysis

and correlation with MUP bands in SDS-PAGE

Due to the changes in MUP protein expression, we col-
lected the liver from the adult male offspring for Mup
mRNA expression assessment. No differences were
observed between the groups for Mup3, Mup20, class-B
Mups and Zhx2. However, there was a very strong corre-
lation between Mup3 gene expression and urinary MUP
output in the PatCort only, with no correlation in the
PatCT.

The MUP protein concentration normalised by cre-
atinine output, as analysed in this study, is determined
by a range of factors. To begin with, the expression of
Mup genes is induced by many different factors, such as
testosterone [59], pulsatile growth hormone [22], and
circadian glucocorticoid [60]. Social factors also modify
the expression of MUPs, with social dominance propor-
tionally affecting MUP production [61], possibly due
to changes in testosterone levels [59]. The differential
transcription of Mup gene paralogs results in the large
diversity of MUP proteins observed in the urine [62],
and one of their known transcription factors is Zhx2
[23]. There is no evidence of post-transcriptional pro-
cesses regulating MUP protein concentration, as the
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mRNA expression predicts the urinary protein output
[62], and MUPs are not reabsorbed in the kidney [63].
Lastly, creatinine levels relate to the muscle mass and
are a marker of glomerular filtration [59], and were used
in this study to normalise the absolute MUP protein lev-
els in the urine. This normalisation accounts for urine
dilution, which can also be changed by social status,
with submissive mice reducing their urine production
and subsequently increasing their urinary creatinine
concentration [61]. Therefore, the urinary MUP concen-
tration normalised by creatinine output represents the
instantaneous MUP expression relative to the protein
levels in the body.

The very strong correlation between Mup gene expres-
sion and protein output in the PatCort indicates that
the overall effect of the factors described above should
be homogeneous across this group, resulting in a deter-
ministic association between Mup gene expression and
its protein output. However, despite no differences in
gene expression between the groups, MUP protein is
lower in the PatCort. More studies would be necessary
to determine the regulatory mechanisms underpinning
this result. It is interesting as well that most measures of
MUP band levels and Mup gene expression have higher
variability in the PatCort group only, compared to the
PatCT counterpart, which suggests that paternal-Cort
exposure affects the expression of these genes, but not
homogenously.

Additionally, the primers we used for detecting class-
B Mups aligned with a range of different Mup genes
(Mups 1,2, 7, 8,9, 10, 11, 12, 13, 14, 15, 17, 18, 19 and
22) to cover some of the Mup genes that are evolution-
ary related [64]. Therefore, we may have missed resolv-
ing individual Mups that are also implicated as female
attractants. However, it is important to notice that Dar-
cin (Mup20), Mup2 and Mup3 are highly expressed com-
pared to the other Mup genes [21].

No differences in MUPs in male F, grand-offspring

Despite no differences in attractiveness observed in the
male grand-offspring, urine was collected from these
mice for quantification of MUP proteins. As expected,
no differences were observed in MUP protein concen-
tration, and neither for the bands separated in the SDS-
PAGE. Whilst we know that F, paternal-corticosterone
treatment can have effects that transmit to F, grand-
offspring, particularly with respect to depression-like
behaviour [13], it appears that this transgenerational epi-
genetic inheritance is specific and does not generalise to
the social behaviours and MUP expression that we now
report as changed in the F; offspring.
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No differences in methylation of Mup genes in male F,
sperm

Sperm DNA methylation was assessed through DNA
long-read sequencing to determine whether the
increased male offspring attractiveness and reduced
urinary MUP protein levels could be due to the inher-
itance of Cort-treatment-induced altered DNA meth-
ylation. Although most of the parental DNA marks get
erased during early development due to the embryonic
reprogramming [65], it has been suggested that certain
DNA marks can escape this process [66], as it has been
shown to occur in regulatory regions of glucocorticoid
and estrogen receptors [67]. Additionally, a previous
study has shown increases in the DNA methylation of
Mup genes in adult mice, induced by early-embryonic
manipulations, which also resulted in repression of Mup
transcription [25]. We found no overall differences in
CpG methylation spanning the Mup gene cluster in this
study, suggesting that other regulatory mechanisms
underlie the decreased MUP protein levels in the Pat-
Cort male mice. However, while we are reporting an
absence of a DNA methylation difference in sperm, we
cannot definitively exclude the possibility that very small
differences in DNA methylation (e.g. at single nucleo-
tide resolution within promoter regions) could only be
detected using sperm samples of absolute purity. Further
procedural, sequencing and analytical advances will be
required to perform those definitive studies. The purity
of sperm samples is certainly an on-going topic of dis-
cussion within the epigenetic inheritance research field
and we strongly support a harmonisation of methodolo-
gies towards a consensus approach for sample collection,
processing and quality analysis.

Conclusions

Overall, these new results have implications for our
understanding of adaptiveness in the context of the epi-
genetic inheritance, as social interactions are known to
contribute to fitness in mice [68]. More specifically, social
hierarchy can affect survival due to differential access to
resources [69] and modulation of the HPA axis respon-
siveness [70] and, together with male attractiveness, they
can impact access to mating opportunities [71, 72]. The
sons (F; offspring) of corticosterone-treated mice showed
reduced dominance and, although they showed increased
attractiveness, it was only when they were in proximity to
their urinary marks. Therefore, although it is not possi-
ble to establish the causality between low urinary output
and dominance, we hypothesise that in a natural environ-
ment, due to their lower dominance, these mice would
have lower total urine production and success in marking
territory, which has been shown to affect reproductive
success in wild mice [73]. These male offspring (whose
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fathers had elevated stress hormone levels) would also
have a decline in their survival rates.

Aspects of epigenetic inheritance in mammals are still
met with some scepticism, with one of the questions
being why such inheritance evolved if its impact is rarely
observed across many generations [74]. However, the
hypothesised decrease in survival proposed above due
to the reduced social dominance observed in the PatCort
mice suggests that by modulating endophenotypes that
determine fitness, epigenetic inheritance could impair
reproduction and survival, which could then heavily
impact the generations to come, even though the changes
in behaviour are observed in only one generation. This
‘trans-populational impact’ has been suggested in mice
before [3], and has been shown to occur in C. elegans
[75].

Another factor that can impact adaptiveness and needs
to be considered is the mismatch between the environ-
ments experienced by the fathers and the offspring/
grand-offspring. Some studies indicate that the epige-
netic inheritance could fit into the mismatch hypothesis
of disease [76], which posits that changes in the environ-
ment during development induce adaptive changes that
can prime the individual for that environment (within
genetic constraints). For instance, adult-generated neu-
rons born during chronic social stress are uniquely
adapted to respond to subsequent chronic social stress
[77]. However, when an environmental mismatch hap-
pens between the timepoints, it can result in maladap-
tation and disease. Similar mechanisms might be at play
in epigenetic inheritance. For instance, it has been sug-
gested that when environmental cues are not reliable
predictors of offspring environment, in the case of envi-
ronmental conditions changing between generations, the
epigenetic inheritance could instead reduce fitness [78,
79].

Lastly, it has been suggested that male attractiveness
could have evolved with the aid of epigenetic mecha-
nisms and female mate choice [80]. The evolutionary
expansion of mouse Mup genes is recent [81], occurring
due to multiple duplication events [64] that have led to
the emergence of many pseudo-genes [82]. This indicates
selective pressures shaping scent signals relevant for
social communication [83], and this is in accordance with
olfactory signals that mediate territorial behaviour and
sexual selection being under evolutionary pressure [83].
Interestingly, one of the first reports on epigenetic inher-
itance in mice showed differential methylation of Mup
genes [26], and it has been shown that different social-
ity levels can have transgenerational effects on MUP
expression [21]. These studies indicate that one of the
avenues to understand the evolutionary relevance of the
epigenetic inheritance could be through investigating its
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regulation of genes that are relevant for sexual selection.
For instance, epigenetic reprogramming of reproductive
function, driven by early-environment, has been shown
in humans [84].

In conclusion, in this study we showed that epigenetic
inheritance can modulate social behaviours that are
important for determining reproductive success, thus
potentially impacting many generations. The present
findings, along with other studies investigating epigenetic
inheritance, help shed light on the evolutionary impact
that this type of inheritance confers. The observed phe-
notype does not necessarily accompany altered gene
transcription in adult offspring (in the limited tissues
examined at a single adult stage), which suggests develop-
mental processes are at play. Therefore, it is essential that
studies on gene expression focus on the critical develop-
mental timepoints and explore additional relevant tis-
sues and cell population in offspring. Lastly, epigenetic
mechanisms underpinning this type of inheritance need
to be investigated further, including sperm epigenetics
and post-conceptual transfer of epigenetic information
via developmental algorithms.

Methods

Mice and husbandry

Unless indicated, all mice were housed in groups of 3 to
5 in open-top cages with Aspen shaving bedding (Roma-
nia) and 2 sheets of paper tissue for nesting. Cages were
changed weekly, and food and water were provided
ad libitum. 7-week-old naive male and female C57BL/6
breeders were obtained from the Animal Resources
Centre (Murdoch, WA, Australia). One week later, male
breeders were single-housed and randomly assigned to
the control (CT) or corticosterone (Cort) group (total
liquid consumption can be found on Additional file 2:
Fig. S2). One week before the end of the corticosterone
treatment described below, male breeders were tested for
the mate-choice and social-dominance tube tests at PND
77. After the designated corticosterone treatment period,
CT and Cort male breeders were individually and ran-
domly assigned to naive female breeders and paired for
5 days, after which the males were culled. The females
were left single-housed and undisturbed for 19 days, after
which they were checked daily for newborn litters. Pups
from CT or Cort fathers (Paternal CT — PatCT or Pater-
nal Cort — PatCort groups) were weighed on post-natal
day (PND) 7, 14 and 21, during which the boxes were
changed. Pups were weaned at PND 28 and were group-
housed according to sex and to paternal treatment,
with pups from multiple different litters being housed
together to avoid litter effects. Male and female offspring
were tested for the social conditioned-place preference
test at PND 35, and the male offspring were tested for the
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mate-choice and social-dominance tube tests at PND 77.
When the behavioural testing was complete, the male off-
spring were single-housed and paired with naive females
to generate the grand-offspring: grand-paternal control
(GPCT) and grand-paternal corticosterone (GPCort); the
procedure was the same as described above (Additional
file 3: Fig. S3). All procedures were approved by the Flo-
rey Institute of Neuroscience and Mental Health Animal
Ethics Committees (AEC), complying with the Austral-
ian Code for the Responsible Conduct of Research and
the Australian Code for the Care and Use of Animals for
Scientific Purposes. For each generation at least 16 mat-
ing pairs were used per group, generating at least 9 lit-
ters per group. The n size per group for the behavioural
experiments was 16—29, and the individual numbers can
be found in the figure legends. The numbers of pups and
litters used per group can be found in Table 3. Maternal
behaviour was scored during PND 2, 7 and 14, when the
dams were given a score from 0 to 3 according to their
presence in the nest and grooming of the pups or arched-
back nursing, every 5 min until 7 measures were taken.
No differences in maternal behaviour were found. Culling
of mice, urine and liver collection were performed from
around 10 am to 1 pm.

Corticosterone treatment

Corticosterone treatment was as per our published pro-
tocols [13, 14]. Briefly, the Cort group of male mice was
given 25 pug/mL corticosterone hemisuccinate (Steraloids
Inc., Newport, RI, USA) in their drinking water, changed
twice a week, for 4 weeks. Control (CT) male mice
received the same drinking water, without corticosterone
added.

Behavioural experiments

Social conditioned-place preference

The protocol was adapted from Ddélen et al. [85]; Nar-
dou et al. [86]. This test was used to assess social reward,
which is the result of the interaction between the
approach towards socially salient stimuli, and the avoid-
ance of cues that predict social isolation, which is more
easily observed in juvenile mice when social interactions
are not affected by sex-specific interests [42]. Male and

Table 3 Number of litters and pups per group

Group Number of litters Number
of pups
PatCT 21 162
PatCort 17 125
GPCT 9 66
GPCort 14 92
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female offspring and grand-offspring, from paternal and
grand-paternal CT and Cort treatment respectively, were
tested on PND 35. In a locomotor chamber (ENV-510,
Med Associates, Fairfax, VT, USA) divided in two similar
halves with a door connecting the two halves, two differ-
ent types of bedding were used to cover the floor in each
half (CornCob or Alpha Dri), around 1 cm height. Mice
were first assessed in the locomotor chamber and had
their activity recorded for 30 min, and the time spent on
each side was measured (pre-conditioning). Soon after
the exploration, all mice from the same cage were housed
together in a new cage with one of the bedding types
for 24 h, after which they were single housed with the
other bedding type for 24 h. Mice were then assessed in
the locomotor chamber once again (post-conditioning).
The time and ratio of the time spent in the social-condi-
tioned bedding during post- and pre-conditioning were
evaluated.

Mate-choice test

The protocol was adapted from Hoffmann et al. [5]; Mitra
and Sapolsky [87]. This test was used to assess male qual-
ity or “attractiveness” as perceived by a fertile female,
which predicts the likelihood of first copulation and mat-
ing duration [72]. Male quality is determined by scent
marking [88] and vocalisations [89]. Using a 3-chamber
interaction test, a fertile female (assessed daily before
the test by vaginal smear) explored the apparatus for
10 min. Then, one male from each experimental group
was put inside a small cage on each side of the apparatus,
and the female explored the apparatus again for 10 min,
during which the time she spent interacting with each
male mouse was measured. Different set ups were used
for this test in order to investigate the underlying factor
for an eventual change in attractiveness. The ‘standard’
set up consisted of presenting mice and the respective
soiled bedding from their home cage (Fig. 1B). The ‘bed-
ding only’ set up consisted of presenting the soiled bed-
ding from their home cage, to assess if pheromones alone
determine attractiveness (Fig. 1C), whereas the ‘mouse
only’ set up consisted of presenting the mice alone, to
assess if ultrasound vocalisations or the male interac-
tion per se determine attractiveness (Fig. 1D). A different
female mouse was used for every round of assessment,
including for mouse-only and bedding-only sessions.
Females were not tested because this test relies on behav-
ioural responses linked to the development of male sec-
ondary sexual characteristics. As follow up on the results
found for the F; male offspring, we manually analysed
their Mate-Choice trial video recordings to quantify each
male’s responsive interaction to the approaching female,
to determine if there were differences between the groups
for this measure. For this analysis, we quantified the time
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that each male spent with its snout directed towards the
female when she approached the interaction zone.

Social-dominance tube test

The protocol was adapted from Tada et al. [41]; Zhou
et al. [90]. This test was used to assess social dominance,
which underlies agonistic behaviours [91] and can be
defined as the capacity to prevail in conflicts encom-
passing aggression, threats, fights or submission [92,
93]. The apparatus consisted of a 30-cm long clear plas-
tic tube. During habituation each mouse was trained to
go through the tube for 10 times. On the following day,
during testing, each mouse from a CT cage faced every
mouse from a Cort cage, in a total of 4 interactions per
mouse per cage. Each mouse was tested once every after
7 to 9 interactions, so as to allow resting time between
the face offs. The number of wins by the Cort group was
compared to the null hypothesis on a chi-square test
to determine statistical significance. Females were not
tested because this test relies on behavioural responses
linked to the development of male secondary sexual
characteristics.

Other procedures

Urinary component assessments

Immediately prior to being culled, urine was collected
from each male by scruffing, and frozen at -80 °C imme-
diately. Mouse urine was thawed and diluted 1/4 in Mil-
1iQ water. Previous studies have determined that most of
the mouse urinary protein content corresponds to MUP
proteins [94]. Therefore, MUP concentration was deter-
mined using the Quick Start" Bradford Protein Assay,
according to the manufacturer’s instructions. Briefly,
diluted urine was incubated with Bradford reagent at
room temperature for 5 min, after which it was read
at 595 nm in Epoch 2 Microplate Spectrophotometer
(Biotek/Agilent). The standard curve was constructed
using BSA dilutions ranging from 125 to 1,000 pg/mL
(Quick Start Bovine Serum Albumin Standard, Cat.
#5,000,206). Creatine concentration was determined
using Creatine (urinary) Colorimetric Assay Kit Cayman
Chemical Item No 500701 to account for urine dilution
[53], according to the manufacturer’s instructions.

SDS-PAGE for MUP protein analysis

The protocol was adapted from Lee et al. [20]; Nelson
et al. [95]. Mouse urine was thawed and diluted 1/50 in
MilliQ water. Beta-mercaptoethanol and SDS loading
buffer were added to each sample and heated for 5 min
at 95 °C. 10 uL of each sample was loaded into 4—15%
gel and run at 200 V for around 20 min. The bands were
stained with 0.1% colloidal blue in ethanol using the
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Coomassie R-250 staining protocol. A reference com-
prised of pooled urine from 8 mice was used for semi-
quantification, which was run in every gel and used as a
normaliser across all gels, after measuring its band inten-
sity with Image]J (v2.1.0/1.53c).

Real-time polymerase chain reaction (RT-qPCR) of Mup genes
Mice were killed by cervical dislocation and the right
lobe of the liver was dissected, then frozen at -80 °C.
Liver RNA was extracted using QIAzol according to
the manufacturer’s instructions and quantified in Nan-
odrop (2000c Thermo Scientific). 1000 ng of RNA was
reverse transcribed with SuperScript”™ VILO™ cDNA
Syntesis Kit (Invitrogen, Cat. #11,754,050). cDNA was
diluted 1/10 for qPCR gene expression studies. Relative
expression was determined using the comparative AACt
method, with 3-actin as the endogenous control gene.
The primers used in this study can be found in Table 4.

Offspring prefrontal cortex mRNA sequencing

Mouse prefrontal cortex (bregma+1.42 mm, interau-
ral 5.22 mm) was dissected and snap frozen in dry ice.
The RNA was extracted using a standard QIAzol Lysis
Reagent (QIAGEN, Cat # 79,306) procedure, accord-
ing to the manufacturer’s instructions. RNA was puri-
fied from potential DNA contamination with DNA-free"™"
Kit (Ambion, Cat # AM1906), according to the manu-
facturer’s instructions. RNA quality was assessed using
the Agilent 4200 TapeStation system. Samples with
RIN value higher or equal to 7.5 were sent for sequenc-
ing at the Australian Genome Research Facility (AGRF)
in Parkville, VIC, Australia. Library preparation was
performed using Illumina Stranded mRNA protocol,
and sequencing was done in the [llumina Novaseq plat-
form on a SP flowcell. 100 bp long reads were single-end
sequenced at a depth of 20 M to 49 M. Adapters were
trimmed by the Casava software used by the Illumina
platform.

mRNA Sequencing data analysis

The Galaxy Australia (v1.0) platform was used for qual-
ity control, read alignment and generation of count

Table 4 Primers used for RT-qPCR
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matrix. Read quality control was done with FastQC
(v0.72). Alignment was done with HISAT2 (v2.1.0)
[96] using mm10 as the reference. Gene count matrix
was generated with HTSeq-count (v0.9.1) [97] with the
comprehensive gene annotation of the GENCODE M25
release (GRCm38.p6) as reference. Lowly expressed
genes were filtered out using the default filtering con-
ditions from the edgeR package (v3.34.1) [98, 99]. Dif-
ferential analysis expression was done using edgeR, and
the volcano plot was made with ggplot2 (v3.3.5) [100].
Gene Set Enrichment Analysis was performed using
GSEA (v4.2.3) [101, 102], with the c2.cp.v7.5.1 gene set
database.

Sperm collection

For sperm collection, mice were culled by cervical dis-
location for immediate dissection of both epididymides.
The caudal epididymis was bisected with a clean surgical
blade, then immersed into 1.0 mL mt-PBS that was pre-
warmed to 37 °C and incubated at that temperature for at
least 30 min. Sperm counts were determined, and samples
were examined for the absence of tissue debris under a
light microscope. Samples were then centrifuged at 400 g
for 15 min and excess mt-PBS was carefully removed leav-
ing approximately 100 pL as the final volume. Samples were
immediately frozen down and stored at -80 °C until subse-
quent use.

Long-read sperm DNA sequencing

High molecular-weight sperm DNA collected from F,
males was obtained using MagAttract HMW DNA Kit
(QIAGEN, Cat # 67,563), following a modified version of
the manufacturer’s instructions which consisted of replac-
ing the digestion step with Proteinase K with 40 pL of the
reducing agent TCEP (tris(2-carboxyethyl)phosphine
hydrochloride, Sigma-Aldrich, St. Louis, Missouri, United
States). 5 pg of sperm DNA from 4 CT and 4 Cort F, mice
were fragmented by centrifugation for 60 s at 7200 rpm
using g-TUBES (Covaris, Woburn, MA, USA) to obtain
8 kb-long fragments. These fragments were prepared for
sequencing with the Ligation Sequencing Kit (Cat # SQK-
LSK 109) and sequenced on the PromethION and Grid-
ION platforms (Oxford Nanopore Technologies, Oxford,

Gene Forward Reverse

Mup3 5-GCTTCTGCTCCTGTGTTTGGA-3" 5'-CATCAGAGGCTTCAGCAATAGAA-3'
Mup20 (Darcin) 5-GTGCTGCTGCTGTGTTTGGG-3' 5 -TGTCAGTGGCCAGCATAATAGTA-3'
Class B Mups 5'-CAGAAGAAGCTAGTTCTACGGG-3' 5-GAGGCCAGGATAATAGTATGCC-3"
Zhx2 5'-AGGCCGGCCAAGCCTAGACA-3' 5-TGAGGTGGCCCACAGCCACT-3"

B-actin

5-TATAAAACCCGGCGGCGCA

5-ATGGCTACGTACATGGCTGG-3'
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Table 5 Genomic coordinates for the Mup20 promoters, obtained from the UCSC genome browser promoter track

chrom chromStart chromEnd name score strand thickStart thickEnd
chr4 61,959,968 61,960,028 Mup20_2 900 - 61,959,968 61,959,979
chr4 62,054,106 62,054,166 Mup20_1 900 - 62,054,106 62,054,117

UK) with a mean genome coverage of~20X, to ensure
methylation calling power.

Sperm DNA methylation analysis

Samples were base called using guppy (v4.2.2) and mega-
lodon (v2.2.9) (Oxford Nanopore Technologies Ltd.) against
the configuration file “res_dna_r941_prom_modbases_5mC_
v001.cfg” NanoStat [103] was used for data inspection and
quality control. Fastq files obtained from megalodon were
aligned to the mm10 genome using minimap2 (v2.17-r941)
[104], and sam files were sorted and transformed into bam
files using samtools (v1.10) [105]. The tool f5¢ (v0.5) [106] was
used to call CpG methylation per read, as well as to calculate
frequencies of methylation per CpG. A methylation matrix
corresponding to the location of the Mup gene cluster and
its flanking genes Slc46a2 and Z{p37 was generated using the
coordinates Chr4: 59,904,830-62,212,385, totalling 11,026
CpGs. Differentially methylated regions (DMRs) between CT
and Cort were determined with the program DSS (Disper-
sion shrinkage for sequencing data) (v2.43.2) [107], as previ-
ously described for Oxford Nanopore [108, 109]. Specific
methylation at the Mup20 promoters was determined using
genomic coordinates (Table 5) obtained from the UCSC
genome browser promoter track [110]. Methylation plots
were generated using Nanomethviz [111], and density plots,
dotplots and boxplots were generated using ggplot2 (v3.3.5)
[100]. Statistical analysis of methylation frequencies and data
visualisation were performed using RStudio (v4.0.5). The
code used for this analysis can be found in the zenodo page
(https://doi.org/10.5281/zenod0.7956197).

Statistical analysis

Data was tested for normality with D’Agostino-Pear-
son tests. If data distribution was normal, it was tested
with unpaired t-tests and, if variance differed between
the groups, t-tests with Welch Correction were used. If
data was not normally distributed, Mann—Whitney tests
were used. The mate-choice test was analysed by quan-
tifying the total time spent interacting with each male,
which was analysed with the Wilcoxon Matched-Pairs
Signed-Ranks test, in accordance with Mitra and Sapol-
sky [87]. Additionally, the data was also analysed with
the chi-square test for relative preference for each male.
The social-dominance tube test was analysed using a Chi-
square to assess difference from an expected chance of
50:50, in accordance with Zhou et al. [90]. Comparisons

of variance for MUP protein and gene expression data
were performed with F test. Statistical analysis was per-
formed using GraphPad Prism 9 for MacOS (v9.3.1). Sta-
tistical significance was reached when p<0.05. Graphs
are represented as mean*standard error of the mean
(SEM) for normally distributed data, or median + inter-
quartile range for non-normally distributed data. Data of
MUP protein levels and Mup gene expression (Figs. 4 and
5) is presented as mean * standard deviation to showcase
differences in variance between groups.

Abbreviations

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Cort Corticosterone

cT Control

DMR Differentially methylated region

DNA Deoxyribonucleic acid

DSS Dispersion shrinkage for sequencing data
FDR False discovery rate

GPCort Grand-paternal corticosterone

GPCT Grand-paternal control

GSEA Gene set enrichment analysis

HPA Hypothalamic-pituitary-adrenal

LFC Log-fold change

mPFC Medial prefrontal cortex

MUP Major urinary protein

PatCort Paternal corticosterone

PatCT Paternal control

PFC Prefrontal cortex

PND Post-natal day

RNA Ribonucleic acid

RT-gPCR Real-time polymerase chain reaction
SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

SEM Standard error of the mean

TCEP Tris(2-carboxyethyl)phosphine hydrochloride
ucsc University of California Santa Cruz
usv Ultrasonic vocalisation
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-023-01678-z.

Additional file 1: Fig. S1. Correlation between body weight and per-
formance in the social dominance tube test. No statistically significant
correlation was found for CT or Cort groups. Simple linear regression. CT
p=0.5232, n=16; Cort p=0.4273, n=16.

Additional file 2: Fig. S2. Assessing liquid consumption during Corti-
costerone treatment. As expected, Cort-treated mice drink more liquid
compared to CT. Repeated-measures ANOVA. CT n=16, Cort n=16. Group:
F(1,30)=5.835, p=0.04388. * p<0.05.

Additional file 3: Fig. S3. Experimental design.

Additional file 4: Submission experimental data. Data table with all the
experimental data excluding sequencing results.
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