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Abstr agt

1. Maternal investment is costly to the mother but essential to offspring survival in
altrical species. Infanticide by novel males results in loss of maternal investment, and
maternal strategies have evolved to mitigate these losses. One such materng| strateg
the Bruce effect, involves spontaneous abortion by females of some mammal species
when‘exposed to a novel male during pregnancy.

2. In'mice, the Bruce effect only occurs during early pregnancy, but we have previously
found that female mice exposed to aelanale’s scent in late pregnancy weaned
smaller offspring. Here we replicate that manipulation in order to redwveatise of

the reduced weaning weight and subsequent effects on offspring fitness.
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3. Females exposed to an unfamiliar male’s scent inpieggnancy spent significantly
less time nursing their pups during lactation, suggesting that reduced maternal
allocation contributes to slower offspring growth. The offspring with a reduced
weaning weight exhibited catch-up growth and reached a normal weight at adulthood.
These offspring, however, were found to bear oxidative damage in adulthood,
revealing long-term effects on offspring condition.

4. We conclude that female mice strategically alter their investment in lactation in
relation to the likelihood of infanticide, but that this results in long term fitness costs

to_their offspring.

Runningthead: Female mice reduce investment when they perceive a threat of infanticide

Key wards: catch-up growth, infanticide, maternal effects, oxidative stress.

| ntroduction

In mammalsreproduction is characterised layge maternainvestments in pregnandgctation
and other behaviours critical for offspring survival, growth and development (Wolff anch&he
2008).This investmensuch as nutrition, warmth, and protection carcdsly to the mother
(Bronsen:1989; Clutton-Brock and Vincent 1991), #mke costs are exacted in the currency of
residual reproductive value (Konig et al. 1988gnerally therelationship between mother and
offspringrissa:cooperative interactiomith the mother benefitting frotte success of her progeny
However, with current and future reproduction knowiraoleoff (Reznick 1985; Stearns 1992;
Kirkwoodrand Austad 2000 mother can also benefit from alterjrapndsometimes reducindper
investment in current offspring according to environmental conditinresderto optimize her

overallfitness

In mice (as inmost mammals)lctation is the most energetically demding episodef
reproductionSpeakman 2008nd isa keytime tomodify investmentn relation tocontextual
conditions. Maternal investmenh lactation is somewhat flexible in mi¢onig 1985; Konig and
Markl 1987); and offspring do not get more milk than corresponds to the mother’s optimal
allocation during lactatigrdespite frequent suckling attemgignig and Markl 1987). Other
speies, such awild primates have been observed to alter maternal investment and wean offspril
prematurely when an unfamiliar male enters the natal gibeighroeb and Sicotte 2008; Zhao et

al. 2011). Such flexibility may signdantly enhance maternal fitness.
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Females have also evolved other strategies to optimise their maternal investment when faced
with the prospect of infanticide. Infanticide represents one of the more extoems of

sexual conflict that results in a significant loss (and waste) of matewestment for

females. Many mammalian species have been documented to commit infantioatas

thought to be an adaptive strategy for the perpetrator to enhance their reprodecegs su
(Agrellet al. 1998)provide nutritional beefits, increase access to limited resources,
increase reproductive opportunities, or engaental care is directed tioe perpetrator’s

own offspring (Ebensperger and Blumstein 20@0cialcountertactics to infanticide may
include forming affiliative relationships with adult ma{@mnuts 1985; Palombit et al. 1997;
Borriesset aly,1999; Palombit 2000; Weingrill 2008)pperative defence (see Van Schaik

and Jansen'2000; Pradhan and van Schaik 2008; Teichroeb et al. 2012), changes in group
sexratio (see VarSchaik and Kappeler 1997; Van Schaik and Janson 2000; Pradhan and van
Schaik 2008; Teichroeb et al. 2018) multiple male mating to confuse paterrfgge Van
Schaik and Janson 2000; Wolff and Macdonald 2004 .also of note that female

infanticidesissalso common in rodents (Vom Saal et al. 1995; Y| et al. 1997).

The threat of infanticid has also been shown to have effects beyond the killing of the
offspring in"mice. Parkes and Bruce (1961) repottted recently inseminated female mice
(Mus'musculus) terminate their pregnancies following exposure to the urinary scent of an
unfamiliarmale, and return to oestrus. This phenomenon, now known as the ‘Bruce effect’
has been experimentally confirmed in numerous laboratory studies in houg8mime

1960; Chipman and Fox 1966) and across a number of murine and microtinespmiees
(Clulow and Clarke 1968; Clulow and Langford 1971; Mallory and Clulow 197fas also
recently been observed in the wild in the primEteropithecus gelada (Roberts etla2012)

The Brueeeffect only occurs imiceif the female is exposed in early pregnancy, up to 4-5
days'post'mating (Bruce 1961), before embryo implantation. We have siatwihfemale
miceare exposed to an unfamiliar male in late pregndéapgroximately day 14 offspring

are ofcomparable birth weight, but growithslower over lactatiorresulting in lighter

weaning weights (Gale et al. 20k®)mpared with controlsFollowing weaning however,

the experimental offspring grew faster and caught up to the control offspring by the onset of
adulthood. Reduced weaning weight is possibly duet¢oadion of maternal behaviour

during lactation. As unfamiliar males typically kill pups sired by another (Walm Saal

1985) the females may strategically reddiceir investmenin lactaton to prevent wasting it
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on ‘doomed’ offspringlf so, females are capable of utilising subtle tactics to opértieir
investment in reproduction in relation to their perceived chances of offspring $uhlviva
commensal habitats mice generally live in groups consisting of a number of breeding
females, potentially some non-breeding females and subordinate males, and a doméant mal
who aggressively defends his territory agaumgamiliar malegHurst 1990) As territory
turnover does frequently occur (Oakeshott 1974; Bronson 19f83%e counteradaptations to
the infanticide threat the unfamiliar presents are of great advantage to these females.
However, whether reduceadfspring growthwas a consequence of aasegic alteration of
investmenby mothersn that study is unknown. Other possible causes of the offspring’s
reduced'weaning weight couliclude strestriggeredby the unfamiliar male (stress has
previouslysbeen found to result in litters with a reduced weaning weight followingjdacta
(Barlow et al. 1978; Kinsley and Svare 1988; Meek et al. 20003)) epigenetic
modificationin offspring gene expression.

Accelerating=growth requires arciease in metabolic activity thean damage the orgam
(Morgansetsal. 20000ne such cost of accelerated growth, oxidative stress, has been
documentedn zebra finchegAlonso - Alvarez et al. 2007)and damsel fliegDe Block and
Stoks 2008)Oxidative stress results from an imbalance between the production of harmful
reactiveraxygen species (ROS) and an organism’s ability to mitigatdedoxify the

damaging effectéMonaghan et al. 2009Failure to moderate this balance can result in
oxidative damage to key biological molecules such as DNA, proteins and lipids (Monaghan
et al. 2009pnd can limit investment in other life hist@tage (Costantini 2008).

Modifications in maternal investment have been found to have further effectshathgudt

a reduced'weaning weight. Mouse pups show great developmental plasticity, with various
aspects of'their early environment affecting the@-history trajectories and having lasting
effectsion adult phenotypes. Through the influence of maternal effects, motlyeakenthe
phenotype of their offspring and affect their physiological, sexual and behavioural responses
as adultgRossiter 1996; Sheldon and West 2004).

The ains of this investigatiorwereto testif the degree of maternal investment during

lactation isaffectedby the threat of infanticide, and whetlzary such effects on maternal

investmenimposefurther costs to the offsprifgter in life We predicedthat:
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1) When females are faced with the threat of infanticide wi#strategically alter

investment in their offspring by changing their behaviour during lactation

2) Offspring that accelerate their growth rate following a reduced weaning weight will suffer
oxidative costs as a consequence of the rapid growth.

3) Offspring that have a reduced weaning weight will suffer costs to components of
reproductive effort such as scent-marking rates and composition for males and future

reproductionfor females.

Material and methods

This study aimed to further investigate ttaise of the reduced weaning weigt
previously.ebserved in offspring whose mothers had been expoaadvel male and also

test forfurther effects to the offspring’s fithess. To do this we replicated the experimental
manipulation, of our previous egpgment(Gale et al. 20133xposing females to either an
unfamiliar male or the paternal male late in their pregnancy on three occasoriseolast
eightdays of gestatiorBuilding on from this previous experiment we added additional
measures to . attempt to elucidate the cause of the reduced weaning weight observed in the
offspring and attempt to detect any costs of the altered grovethwatadded a third
unmated.control treatment, in which females were housed with another festabgliof a

male. The unmated treatment acted as a control for female weight and our marker of stress
(glucocorticoid metabolitesyVe then conducted scan salng during lactation where we
examinedemale nursing behaviour, collected fecal samples to measure female stress, and
measured-offspring oxidative stress levels at adulthood to test for oxidative damage
associated with compensatory growdlie also testedspects of reproductive fitness in the
offspringincluding scent-marking rates and major urinary proteins in the malesand w

mated the female offspring to assess their pup birth and growth rates.

Animal Housing

Experimental mice were alixth-generation captivered house miceMus musculus)

originally derived from a population of wild mice acquired from a chicken farm in the
Northwest 6fiSydney, Australia (as in Gale et al., 20E8nales were weaned at 28 days of
age and were housed with their female siblings until the beginning of the experimieast. Ma
were also weaned at 28 days of age but were housed individually. Mice were mdiataine

a 12:12 hour reversed light cycle. A dim red light was used for experimental procedures,
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which were dlundertaken in the dark phaags mice are nocturngtach mouse was housed
in a 315 x 180 x 125mm cage lined with corncob bedding and provided with tissues and
shredded newspaper for bedding. Vella Rat and Mouse Pellets and water were @avided

libitum.

Experimental protocol

To investigatesthe consequences of a novel male’s presence to pregnant females (post
implantation of the embryo) we compared two controls (mated and unmatiedhe
experimental ‘novel male’ treatmefithe unmated contralas exposednly to the presence
and odour of anothemfamiliarfemale. Themated control or ‘familiar maldreatment
females,were mated and then exposed tatkbat and presence of tkememate Our third
treatment was the novel male treatment that was experimentally manipulatedate that
gestatiorthe mated femalesere exposed to the scent and presence of a differentrhale
wasunrelated to the matBecause exposure to this new male was late in pregnancy, well
beyond the time frame when a Beueffect isknown to occuin mice females carried
pregnancies through to parturitigdherefore allowing us to examine whether females alter
their repraductive investment in their offspring and whether this has anydstigyg effects

on the.offspring (as previously used in Gale et al. (2013).

To beginseactreatment replicateamale (or another female for the unmated control
unrelatedo thefocal female (all between 820 days of agelyas placed into the focal
femalescage-for awo-weekmating period. Males were subsequenginoved, and the
females were transferred to a clean cage. Female weights were recordetireedays, a
weight gain of 3g indicated pregnancy (meays + s.e. from reaching thg &eight
threshald to giving birth for females exposed to the male they mated with: 6.9 + 1.7; females
exposed to an unfamiliar male: 7.1 + 1.9). As the gestation periddfusculusis 21

days (Jones.et al., 2009), when the exposures tooktpladéemales were cée to parturition
and the embryos had undergone substantial development. WhenwileggBtjgain threshold
was reached, females were sequentially allocated into a treatment, to either efxposure
the paternal male (n=25r a novel male (n=24). The unted control females had already
beenassignedo beexposed to another female (n32As the unmated control females did
not gain weight concurrent with pregnancy, one unmated control female was randomly
assigned to begin their exposure each day tfeahale from a different treatment hit the

weight gain threshold
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The mice (males or females) added to the females’ cages were separated by a metal divider
with nine small holes (5 mm diameter) which only allowed limited contact. The @gs0s

took place for three hours a day for three consecutive days. On each day a handful of the
respective male or female’s used bedding (approximateBO@» was placed into the

female’s cage. Following exposutbe female (prior to parturition) was placed into a clean
cage. There were no significant differences between the treatments in the number of days
between the removal of the breeding male and the beginning of the male exposure (mean
days £'s.e. for females exposed to the male they mated with: 2.16 + 1.1; anianfaal#:

2.08 = 172)"There was also no difference in the time between the exposure and the
subsequent’birth (mean days + s.e. for females exposed to the male they mated with: 3.2 +

1.9; an unfamiliar male: 3.7 £ 1.5).

To testfor further costs associatavith reduced investment during lactation, offspring were
tested for-either effects to their reproductive fitness or for oxidative damage. At 13 weeks of
age halfiefithe male and female offspring from both treatments were randomly assigned to a
reproductive fithness or oxidative stress group. The females in the reproduciss fjroup

were matedto an unrelated male and the size, weight and pup mortality was redoeded. T
malesin.the reproductive fithess group were tested for scent-marking rateseemtration

of major-arinary proteins.

M ater nalsknvestment and offspring weights

The body weights of the females were recorded every three days throughout the experiment
Offspring'were weiged at birth andevery three dayduring lactation (to the nearest 0.1g) as

a quantification of maternal investment (Ortiz et al. 1984; Ross 1988; Pontier et%l. 198

The offspring,were weighed collectively as a litter until weaning (4 weeks ole véiich

they were separated from their dam, and an individual weight was recorded. Another

individual weight was collected for each of the offspring at adulthood (13 weeks old).

Mater nal behaviour
Maternal behaviour was evaluated by observing each of the females using-assopting
technique twice a day, every day for the duration of their lactation (ieeks).

Observations were conducted during the dark phase using babdaorch withred light.
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The first observation occurred in the second or third héier the change from thight to

dark period and the second between four hours and one hour before the change from the dark
to light period. Each of the females was randomly assigned an observation order at the
beginning of each observation period and observations begun tersnafiter the red light

was turned on to allow them to habituate.

A single observer sequentially recorded each female’s behaviour for a teigihbf

observations with a five minute gap between each of the eight recordigtiss was done
morning.and evening each day it totaled 16 scans a day. Behaviours recorded included; in
nest, nyrsing, grooming, licking pups, eating/ drinking, nest building, resting or active (e.g
see(Berussand Rondigs 1996; Koteja et al. 1999; Palanza et al. 2002). The unmated control

females were not included in any of the scan sampling of maternal behaviour.

Glucocorticoid metabolites

To determine whether the novel male elicits a stress response from the female, fecal samples
were obtained from the females at three points through the experiment and tested for
glucocaorticoids metabolitgsising methods as described by Palme and Méstl (1997).
Follewingsasstressful event glucocorticout® released into circulation(Sapolsky et al.

2000)and are hence used as an indicator of the stress response. The first sample was
taken-atithesbeginning of the experiment (three weeks prior to being paired for maéng), t
second on the second day of male exposure, and the third sexdayf lactation. The
unmated-females were randomly allocated for fecal sample collection in order to correspond
with the timings of the females in the other treatments.

For collectim of fecal samples, mice were placed in a large empty cage (565 x 387 x
203mm) made from H.D. polyethylene with a wire roof,donaximum of 45 minutes. The
cages were placed topside down over another corresponding cage and fecal samples were
collected.from the bottom cage. Immediately after collection, fecal samples were frozen at
80 °C.

Fecal'samples were homogenized and an aliquot of typically 0.05¢g {(Ratee et al. 2013)
was extracted with 1ml of 80% methanol for 30min on a vortex. When there was insufficient
sample the protocol was adjusted accordingly (e.g., 0.25 g faeces in 2.5 mL methanol).
Samples were placed in a spinner overnight and then the supernatant was dilQ@a) (1:1

with assay buffer (Trizma, pH 7.5). Samples were then analysed in a doibledy 5a
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pregnane- 3b,11b,2tiol-20-one enzyme immunoassay (EMdhich has been validated for
use in mice to assess concentration of glucocorticoid metabolites as descr(bedrbg et
al. 2003; Touma et al. 2004).

Oxidative Stress

At 13 weeks,of age, half of the female and male offspring fromakiel male and familiar
male treatmengroups were culled humanely by cervical dislocation, and the liver, kidney,
heart and gastrocnemius muscle were quickly removed, snap-frozen in liquid nitndgen a
stored ‘at-80°C. To assess oxidative stress in the micetwo biomarkers of oxidation including
proteinithiol content and aconitase enzyme activity were analysed in each of the tissues

(Gibson.etal. 2015Both of these biomarkers correlate negatively with oxidative stress.

Protein thiol'content was measured by methods described by (Di Monte et alba©84)
modified for use on a 96 well plate rea@éasilaki et al. 2006)Protein thiols are essential
for stahility of and optimum function of proteins, but are highly susceptible to oxidation

(Halliwell and Gutteridge 1999), and therefore good martskEoxidative stress.

Aconitasesis.an enzyme of the tricarboxylic acid cyiosd is highly susceptible to
deactivationiby radical oxygen species (specifically superoxide) and therefore used as a
marker-torindicate levels of reactive oxygen species andarnitantly oxidative stress
(Hausladen and Fridovich 1994; Gardner et al. 1995; Hausladen and Fridovich 1996;
Gardner1997) As aconitase is locatenl part in the mitochondria (Wiegand and Remington
1986; Gardner et al. 1995pitochondrial density was also assessed using citrate synthase
activity. Citrate synthase an enzyme commonly used as an indicator of the content of intact
mitochondria (Holloszy et al. 1970) and was measured in homogenates according to
(Pichaud et al. 2008).

Offspring reproductive fitness

Dominant adults are known to scent mark more regularly than subordiDatdsamer

1995)to communicate their territorial and sexual stgBrenson 1979; Hurst et al. 2001)

and competitive abilityRich and Hurst 1998Yhese chemical scent marks are of high
importance to male fitness as they directly influence the attractiveness of a male to a female

(Rich and Hurst 1998). The main involatile scent component of male mouse uriaelis m
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298 urinary proteins (MUPSs) that bind volatile components of the urinelandiyselease them

299 from the scent mark@urst et al. 1998). Scent marks may not prevent intruders invading th
300 territory, but they do allow males to use long-lasting signals of identity and domioaec

301 aterritory to alert competitors and potential mékasrst et al. 1998; Hurst and Beynon

302 2004). Therefore, both the rates and the composition of stakis can substantially

303 influence male reproductive fitness.

304

305 Scentmarking rates

306 Scentmarking rates of all of the individually housed maltspfing were assessed at 13

307 weeks of age. Scembarking rates were measured by placing the individual males into an
308 empty (815X 180 x 125mm) cage lined with Benchkote for one hour a day, for three

309 consecutive days. The scent marks were measured by the number of spatially separate marks
310 observed under UV light and the average number of marks for each male over thedtlsree tri
311 was used for analysis.

312

313  Major Urinary Protein Concentration

314 A urine sample was collected from each of the male offspring at 13 weeks of age. Males
315 were.confined in a large empty cage (565 x 387 x 203mm) made from H.D. polyethylene
316  with a wire reof, for maximum of 180 minutes. The cages were placed topside down over
317 anothercorresponding cage to allow the mouse urine to pool in the bottom cage. Urine was
318 then pipetted into an Eppendorf tube and frozen at -20 °C. The concentrations of major
319 urinary=proteins were established using Coomassie plus® protein assay kédgamit

320 Perbio/Science UK Ltd (Cramlington, Northumberland, UK) as describ&hbgtham et al.
321 (2009).We"ako measured urinary creatinif@eynon and Hurst 2004) using the method of
322 Cheetham et al. (2009) to correct for the urinary dilution.

323

324 Statistics

325  All statistical analyses were performed using SB&8vare packageersion 2.1 (IBM Corp,
326 Armenk, NY, USA). The analysewere done with dam ID and experimental blfitted as

327 randomfactersto account for non-independence of individuals origindftiag the same

328 litter and time differences of each group of experimental mice unless otherwise described.

329 For the oxidative stress data we also fitted plate number as a random factor to control for
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between plate variability. Scent marking frequency was transformed to log (x+Iptmac

for measures of zero deposits and normalise the data. Significance was detatm0dib.
Results

Offspring weight

In the novel male treatment, the females gave birth to pups that were of gigigat and

litter size & thefamiliar male treatmerfemales (i.e. exposed to the paternal maeit of

25 females mated in tamiliar maletreatment, 23 mothers gave birth within the time frame
with a mean litter size of 4.217+0.77 and out of 24 mothers in the n@aletreatment, 21
gave birth within the timeframeith a mean litter size ¢f.14+0.89.The nean birth weight

of novel'male treatment pups (1.619+ 0.483&gs not significantly different from that of the
familiar maletreatmen{1.628 + 0.433gANOVA: weight: F1 19= 0.022, p= 0.882itter

size: F 4,7 0.07Q p= 0.792. Two females in the control treatment and one female in the
experimental treatment group destroyed their litters within three days of givihg3mme

pup mortality of unknown cause was observed over lactation; however, this is common in
captivedoreedig mice (Weber et al. 2013). The pup mortality was not significantly different
betwea thetreatmentANOVA: F, ;= 0.778, p= 0.40)with six mothers of the novel male
treatment committing maternal infantici(tetal 10 pups lost) and three mothers of the

familiar male(total seven pups lost).

Althoughrthe novel malereatment femalegave birth to pups of a similar weight and litter
size aghefamiliar male treatmerfemales novel malereatmentitters grew more slowly
over lactationTo analyse the differences in offspring growth vat¢eused repeated measures
ANOVA reporting withinsubjects effectdMauchly’'s Test of Sphericity indicated that the
assumption_of sphericity Bdeen violated (¥2(2) = 34.210, p = <0.001), therefore degreesof
freedom were corrected using GreenheGstsseradjusted degrees of freedoithere was a
differencesinsgrowth rate between the treatments but there was no effeci(inésawrent:
F17,310=7-49; p= 0.00linteraction between treatment and tifAg7,310=5668, p= <0.001
sex X treatment: f5,306=1.3, p= 0.270 This resulted imovel male treatmermiups being
significantly smallei(7.1940.61g), at weaning (4 weeks oldANOVA: F; 15~=27.11,
p=<0:001) than th&amiliar male treatmemups (7.99+1.48g)€e Figure XL This difference
did not persist into adulthood however, as both males and females of the novel male
treatment exhibited catalp growth following weaning and there were no wedjfferences
at adulthood (13 weeks old\NOVA: F1 13,=0.760, p=0.384|see Figure 2)There were
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alsonosignificant interactions dfeatment ad sexin weight at weaningsex x treatment
F1180= 2.14 p=0.145) or at adulthoodéx x treatmerf; 15=0.044, p=0.868)).

Insert Figure 1and 2

M ater.nal_behaviour

There wasiosignificantdifference in the amount of time the mothers spent in nest,
groomings-icking pups, eating/ drinking, nest building, resting or active (Table 1). The only
behavigur showingignificant differencebetweertreatmentsvas nursingwith females

exposed to familiar males spent almost twice the time nu($eige 1)

Insert Table 1

Glucocertieoid metabolitesin mothers

Three fecal.samples were taken from ef@chale The first sample was taken before the
experiment began to determine the normal le¥& calglucocorticoid metabolitesRGMS)

for each femaleThe second collection was taken on day two of the exposueeale and
the third coincided with mid lactation in the mated treatmeSuse of the females did not
provide a sample within the timeframe they were in the collection cages (4&ortimg
samplesizes for the glucocorticoid metabolées rovel male n=20familiar malen= 21 and
unmated control n= 1&Jsing a repeated measures ANOVA Wund that FGM's did

change significantly over time (effect of time; f12= 131, p= <0.00linteraction between
time and housing companion; f1= 29.5, p<0.001 In the novel male anmiliar male
treatmentsithe FGM’s were higher in the second collection and dropped back dowtoclose
their normaldevels of FGM'’s at the third collection. The was no difference in the FGMs in
the females before the experiment begadQVA: F,5=0.094, p= 0.911), luhere was
followingexposure to their partnerANOVA: F,5=43.72, p=<0.001) and at the end of the
experiment which coincided with mid lactation for the reproducing treatr(iergs=4.6,
p=0.014)(See Figure 3). After removing the unmated control from the analysis we faund tha
the effect of time was still significant {Fs= 143 p=<0.00) but the interaction between
timefand housing companion was not #=1.89 p=0.158).While there was no difference
between the FGMs between the novel male treatarhthefamiliar maletreatment, there
was a difference between the mating treatments and females who were nofFeraidds
from both mated treatments experienced a rise in FGM'’s levels in the second collection

following exposures to a male, however, by the third collection at mid lactagor-BM’s
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398 had returned closer to their normal level (collection one). Thetethtontrol females FGM

399 levels did not show any pronounced variability over the three collections.

400
401 Insert Figure 3
402

403  Oxidativestressin offspring

404 Both markers of oxidative stress showed consistent evidence of oxidative dartratiewi

405 novel malestreatmerin=47)in two (liver and heart) out of four organs testeding lower

406  protein thiol concentrations and aconitase enzyme activity (indicatingrigyels of

407  oxidative damage) than tli@miliar maletreatment (n=38)There was an effect of sex with

408 novel male treatmemffspring males having lower protein thiol concentrations than those of
409 thefamiliarsmaletreatmenmalesin theheartbut there wee no other sex differences in any
410 of the analyses for oxidative damggee Table 2 and Figureafd 5).

411

412  The same trend was observed when testing the aconitase enzyme activity to citrate synthase
413  activity (mitochondrial density) ratio. The liver and heart in the novel male treatveeat

414  alsofound tohave a significantly lower aconitase enzyme activityttateisynthase activity
415 ratio indicating higher levels of reactive oxygen species (ROS) production in tyess.or

416  This;deerease in aconitase enzyme activity was not observed in either the kidneys or the
417  gastrocnemius and there were no effects o SegTable 2 and Figure 4 and 5).

418

419 Insert Table 2 and Figure 4
420

421 Male andffemale offspring fitness components

422  For the'male offspring fithess components sample sizes were both n=17 for the treatments.
423  There was no difference in the concentration of major urinary proteins among the male
424  offspring'produced by theovel male treatment femalesmpared to the control offspring

425 (ANOVA: F1 30= 0.76, p= 0.543). The mean protein (mg/mg creatinine) + s.e for the novel
426  male treatment wak3.44+ 3.60,andthefamiliar maletreatment males were 20.7312.74.
427  Experimental lock also did nohave an effectANOVA: F1, 30= 5.8, p= 0.249)The mean *
428 s.e scenmarking frequency for the novel male treatment offspring was 28®84 and the
429  familiar maletreatment males was 36.96x49.A repeated measures ANOMVAundthat

430 there was no difference in the frequency of seeatks between the treatments ¢= 3.00,

431 p=0.57). For the female offspring produced that were bred at adultheElwas no

432  difference in the pup weights that the female offspring gave birthNOVA: F; 40=0.35,
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p= 0.556) or of their pups weaning weights at the end of lactatiggE.002, p=0.323) and

a repeated measures ANOVA showed there was no difference in growth rate between the
treatmentgSex x Treatment ,=1.29 p=0.262)he mean birth weights between the

treatments were 1.26+ 0.04g and 1.355% 0.13g for the novel mafarailidr male

treatment females respectively and the mean weaning weights were 12.75+ 2.09g and 12.27+
0.13g respectivelyfexperimental ock alsohad noeffect ANOVA: F; 4= 0.69, = 0.837.

Discussion

Our results support the prediction that the ‘Late Bruce Effect’, in which female mice exposed
to a novel male late in pregnancy weaned at lower weights (Gale et al. 2013), mayde due

a strategic.reduction in maternal investment in lactation. Notably, females exposed to a novel
male’s/scent spent less time nursing pups than females exposed to the scent of their mate.
Our results 'support the prediction that females adjustgayiminvestment in relation to

pups’ perceived chances of survival, potentially benefitting maternal lifetime fitness at the

expense.of the current litter of offsprifidarshall and Uller 2007)

This findingssuggests that patterns of post-partum investment can be adjusted by imothers
relationto the risk of infanticide, in ways that mirror the strategic, spontaneous abortion of
pups-under the Bruce effect (Bruce 1960, 1961; Hrdy 1979; Schwagmeyer 1979; Storey
1986) as.well as evidence thatreechanism to abof¢tuses strategicallgt the later stages

of pregnancy has evolved in other species including the gelada (Roberts et aarzD12)
prairie vole(Clulow and Clarke 1968; Clulow and Langford 19713.rAice are only able to
abort in early pregnancgltering their investment pepartumprovides an opportunity to

respond to the threat of infanticide.

Other studies have showmat female micstrategicallynoderate investment during
lactation-and that they may alter investment relative to the reproductive value of their
offspring."Mashoodh et al., (2012) found that females increased their investment during
lactation"when matedithh a male housed in lifelong socially enriched conditions compared
with females mated with maeéhoused in impoverigial conditions. This suggedtisat

females may,inveshore in offspring on the basis of paternal condition. Konig and Markl
(1987) showed that despite frequent suckling attempts, offspring do not get more milk than
corresponds to the maternal optimum during lactation, suggesting mothers have control over

reproductive allocation duringctation
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Another potential cause of the reduced weaning weight couldtresaresponseln

rodents, maternal stress has been previously found to cause depressed growthng offspr
(Barlow et al. 1978; Kinsley and Svare 1988; Meek et al. 2000). Previous research on the
effects of prenatal stress on offspring is frequently contradictory. The natuirey and

length of the stress inflicted varies from study to study, as do the results. One study, for
example that used crowding as a strefsamd no difference in time spent nursing between
stressed and nestressed dam®loore and Power 1986), while another study that used
novelty stress found that stressed dams spent significantly more time nursing cotmpare
non-stressed.damgMuir et al. 1985)It is also important to note there is evidence that
maternakstress leads to faster (Dantzed.€2013) and increased growth of offspring at birth

and weaning (Szuran et al. 1991).

We foundwhile females all had similar stress levels before the experiment began, females
that weresmated and then exposed to either a novel or their mated msignifachntly

higher F@Js:than the females that were not mated in the experiment. Fenoatethe

mated treatments both displayed a rise in th@Msfollowing the exposures, suggesting

that the females were equally stressed by encountering the paternal male as they were a
novel'male Higher levels of FGM could also result from exposure to a mal@jras
experiment used another female as an unmated control we are unable to distiguish t
result properly. Only one other study we could find used a novelcoaipecificas a

sourcetof stresd.erch et al. (20163tressed pregnant or lactating females using unfamiliar
male fieces and examined maternal and offspring behaviour to investigate whether early
adverse experiences elevate the risk of developing psychiatric disorders. However, unlike
our studythat:used a familiar male as a conttbey compared pregnant or lactatiegnales
exposedito-unfamiliar male faeces with a control group that didn’t receiveeugsiThe
scarcity‘of research that usasother conspecific as a stressor is surprising asdhld be
expected to be a more environmentally relevant challengettier manipulations like

forced immobilization challenges, for example. While the over production of maternal
glucecorticoids can be harmful (Korgun et al. 2012) levels are known to increase during
pregnancy immicéBarlow et al. 1974; Dalle et al. 19783 they are essential for fetal
development (Korgun et al. 2012). Post -partum, glucocortiasishave important roles in

milk secretion and lactogene¢@hida et al. 2011). The higher FGM levels that we found in
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females from both of the matezhmpared to the unmated treatmenay, therefore, be just

a normal consequence of pregnancy.

As in our previous study (Gale et al. 2013), the offgpof the females that were exposed to
the novel male were smaller at the end of lactation, but they caught up in size bgymatur
The catchup growth exhibited by the offspring coincides with the time after lactation when
offspring begin to feed themselves on solid food. Offspringacaire the resources to
accelerate their growth rate themsel\Fes. compensation or catch-up growth to occur, the
benefits.must outweigh the costs of not accelerating growth. While there may bigva pos
associatiorbetween size and fithess (Roff, 1992) and accelerated growth maysencrea
overall reproductive succesaany studies have found that compensatory growth inflicts
various costs over different tinszales (reviewed iNetcalfe and Monaghan (2001)). Costs
that have been documented in r&at{us norvegicus) include deficiencies in protein
maintenancéSamuels and Baracos 199tlomere abrasion raf@ennings et al. 1999)

insulin regulationOzanre and Hales 1999), adult obesity (Waterland and Garza 1999), and,
perhapssmest importantly, reduced lifespan (Jennings et al. 1999; Rollo 2002). While
compensatory growth may reduce lifespan it could still be adaptive if it increases overall
reproductive succegdetcalfe and Monaghan 2001) or shtatm survival chancg#\rendt
1997)=ln_mice, reproductive allocation in adulthood is influenced by size, and so
compensatory growth may allow individuals to attain a normal reproductive rate in
adulthood, at least early in life. Female offspring that exhibited catch-up grovathgad

litters of the same size and weight as those female offspring from the control group; male
offspring.showed equivalent scent marking abilities in our assays. Thus, catch up growt
seems to allow offspring to attairsemilar reproductive output early iifé that is
comparableswith the steadier growth in the familiar ngatip, although costs may be paid

for this-in:terms of late life reproduction or lifespan.

The existence of compensatory and catch up growth shows that organisms do not grow at
their maxmal rate, but ratheat a rate influenced by, and potentially optimized to, their
circumstancedector and Nakagawa (2012) distinguish these two terms by defining
compensatory growth as a faster than usual growth rate andugatgbwth an attainment of
control sizeMangel & Munch (2005) propose that growth leads to an accumulation of
damage at the cellular level that is expressed at the level ofghrism and is an important

cost of compensatory growth. We tested for damage on a cellular level in form ativexid
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damage and oxidative stress. We found evidence for oxidative damage in the livers an
hearts of offspring from the novel male exposure treatment, highlighting that aomylfac
change in a pregnant mother’s environment can elicit a variety of mageadhalfspring
responses, ultimately influencing offspring physiological condition in adulthood. Tlis ma
be a consequence of catgiowth, but could also be a consequence of odour exposure itself,
or changes in maternal allocation in response to this. In future studies it mbntsrest to

limit an offspring’s ability to show compensatory growth (through a nutritional origenet

manipulation) and test whether oxidative damage in offspring still occurs itnaod!lt

Wild mice are highly territorial and turnover of the dominant male is a commamrence

in wild pepulations (Oakeshott 1974; Bronson 19y the females in the territory that
means that they will be exposed to novel males which préeeiitreat of infanticide
(Ebensperger 1998). Our experiment was designed with the rationale totmgignover

by exposing.the females to a novel male to see the effects it would have on reproductive
allocatien-and offspring fithess. Our results suggest that the very prospealetdérritorial
turnovemncan:havphysiological consequences for théspfing and potentially alter their life
historygWe also suggest that females are capable of strategically modulating their
investmentirelative to their current contextoahditions, whichmay offer significant fitness
benefits.n the wild where offspring survival is much more variable and infdais a

commonrthreat.
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Tabled: Maternal behaviouof Novel male treatment arfeamiliar maletreatment females

over lactation

Comparison of the number of times mater nal behaviourswererecorded during lactation

Mated Control Novel Male
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F d.f P Mean SE Mean SE

In nest 3.77 1,41 0.059 114.34 4.15 103.47 3.54

Nursing 11.56 1.41 0.002 15.52 1.34 8.4 1.53

Licking Pups 1.79 1,41 0.188 1.82 0.63 0.80 0.34

Nest Building 0.12 1,41 0.730 0.65 0.27 0.80 0.31

Eating/ drinking 0.14 1,41 0.707 5.82 0.62 5.52 0.52

Grooming 0.14 1,41 0.705 9.73 0.68 10.14 0.82

Active 0.78 1,41 0.382 131.34 6.21 139.76 7.45

Resting 1.15 1,41 0.288 168.3 5.00 179 7.96

864
865
866
867
868
869
870
871
872
873
874
875

876
877
878
879
880
881
882

883
884
885 Table2: Markers of oxidative stress in offspring of both treatments at adulthood. Showing

886  protein thiol concentration (umol g-1 protein) and aconitase enzyme activity/citrate synthase
887  (units/mg protein). Models were also fitted with plate number andklale@ random factor

888  to control for variation between assay plates.
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Oxidative stress results for protein thiol concentration and aconitase enzyme activity

Liver Kidney

Protein thiol Aconitase enzyme activity Protein thiol Aconitase enzyme

concentration concentration activity

F d.f P F d.f P F d.f P F d.f P
Treatment 60.65 1,80 <0.001 14.1 1,81 <0.001 1.44 1,80 0.234 1.47 1,80 0.228
Sex 0.130 1,80 0.719 0.20 1,81 0.656 0.01 1,80 0.997 0.32 1,80 0.569
Sex*treatment 1.43 1,80 0.234 1.59 1,81 0.210 0.61 1,80 0.436 1.85 1,80 0.177

Heart Gastrocnemius

Protein thiol Aconitase enzyme activity Protein thiol concentration  Aconitase enzyme

concentration activity

F d.f P F d.f P F d.f P F d.f P
Treatment 10.34 1,80 <0.001 20.42 1,81 <0.001 0.17 1,80 0.681 1.76 1,80 0.188
Sex 8.49 1,80 0.005 0.98 1,81 0.755 2.88 1,80 0.093 0.78 1,80 0.379
Sex*treatment 1.80 1,80 0.183 0.41 1,81 0.523 0.001 1,80 0.971 2.11 1,80 0.150
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Mean litter Mass (g)

Figure L rage litter growth rate over lactatioh\eek$. Data are displayed as means +

s.e.m.
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Figure2w=Coemparison of individual offspring birth, weaning and adult weight between the

two treatments. Data are displayed as meahs.€.m.
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971
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Figure3: Concentration of fecal glucocortocoid metabolites in females taken before the
experiment.startedn the secondfi@r exposure to a male/femalad then mid lactation in
the mated treatments. Females wetlgee exposed to a novel maleogrel maletreatment)
theirmated malefgmiliar malg or anotherémale (unmated control). Data are displayed as

means * se.m.
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Figure4®Mean protein thiol concentrations. Data is presented as estimated marginal means

+ 1 s.e.m.for each measure from general linear mixed models for each tissue sample.
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Figure5: Ratio of mean aconitase enzyme activity to citrate synthase. Data is presented as
estimated'marginal means £ 1 s.e.m. for each measure from general linear mixed models for

each tissuessample.
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