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Until recently, paternal effects—the influence of fathers on their offspring due to
environmental factors rather than genes—were largely discarded or assumed
to be confined to species exhibiting paternal care. It is now recognized that
paternal effects can be transmitted through the ejaculate, but unambiguous
evidence for them is scarce, because it is difficult to isolate effects operating
via changes to the ejaculate from maternal effects driven by female mate assess-
ment. Here, we use artificial insemination to disentangle mate assessment from
fertilization in guppies, and show that paternal effects can be transmitted to off-
spring exclusively via ejaculates. We show that males fed reduced diets produce
poor-quality sperm and that offspring sired by such males (via artificial insemi-
nation) exhibit reduced body size at birth. These findings may have important
implications for the many mating systems in which environmentally induced
changes in ejaculate quality have been reported.

1. Introduction

It is well established that environmentally moderated changes to an individual’s
phenotype can have fitness implications that transcend generations. Maternal
effects, for example, occur when an individual’s phenotype is affected by the
environment experienced by its mother, which may determine the level of parental
care or resources a female invests in her offspring [1]. Similarly, paternal effects can
arise when environmental factors experienced (or imposed) by males influence
offspring traits, a phenomenon best described in species exhibiting paternal care
(e.g. [2]). However, the possibility that paternal environmental effects can be trans-
mitted to offspring in species lacking paternal care (or any other form of direct
interaction with their offspring) has received considerably less attention. In par-
ticular, the possibility that paternal environmental effects are transmitted via
sperm (i.e. cells traditionally assumed to carry exclusively genetic information)
or seminal fluid has only recently been considered (e.g. [3,4]).

Recent studies suggest that environmentally induced changes in a male’s eja-
culate can influence offspring phenotype. For example, diet quality, paternal stress
or a change in social conditions may elevate germ-line mutation rates (e.g. [5]) or
induce epigenetic effects that ‘reprogramme’ the paternal genome (e.g. [6,7]). Both
factors have been implicated as potential sources of paternal effects in a range of
species (reviewed in [8]). However, environmental effects on males may also be
perceived by females during mate assessment, and females may apportion more
resources towards the progeny of certain (e.g. high condition) males (so-called
differential allocation (DA); [9]). Thus, experimentally isolating sperm-moderated
paternal effects represents a significant challenge [8]. A handful of recent studies
have specifically addressed this issue by experimentally controlling mate assess-
ment through the use of artificial (e.g. in vitro) fertilization, which effectively
dissociates mating (and thus the potential for DA) from fertilization [10-12].
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Here, we test whether environmentally induced paternal
effects can be transmitted exclusively via ejaculates in the
guppy Poecilia reticulata, a livebearing fish with internal fertili-
zation. Guppies are amenable for addressing this question;
methods for artificial insemination are established [13] and
used routinely to dissociate pre-copulatory mate assessment
from fertilization, thus controlling for DA (e.g. [12]). Moreover,
experimental dietary manipulation has consistent phenotypic
effects on sperm quality; males fed compositionally impaired
or reduced diets suffer reductions in sperm quality (e.g. [14])
and reproductive success [15]. Here, we exploit these attributes
and show that a reduction in food intake causes not only a
decline in ejaculate quality, but also a reduction in body size
in newborn offspring.

2. Material and methods
(a) Study population and dietary treatments

Guppies came from a captive population comprising descen-
dants of wild-caught fish (Townsville, Queensland). Adult males
(n = 100) were selected from mixed-sex tanks and assigned hap-
hazardly to either a ‘high’- or low’-quantity diet for one month
(see the electronic supplementary material).

(b) Assessment of sperm traits in treated males

After the feeding trials, 20 males were selected haphazardly from
each treatment to test the effects of diet on sperm counts, sperm
viability (proportion of live sperm in the ejaculate) and sperm
velocity (see below). Sperm counts were estimated by counting the
totalnumber of sperm in ‘stripped’ ejaculates (electronic supplemen-
tary material). Sperm viability was measured using a fluorescence
live/dead sperm assay (Invitrogen, Molecular Probes; electronic
supplementary material). Sperm velocity was assessed using
computer-assisted sperm analysis (CASA; see the electronic sup-
plementary material). Of the measures recorded by CASA, we
a priori selected the speed at which sperm swam along their recorded
trajectory (curvilinear velocity (VCL)). Previous work has confir-
med that these three traits (sperm counts, viability and VCL) are
predictors of paternity success in guppies [16,17].

(c) Artificial inseminations

Ejaculates were stripped from the remaining 60 males (1 = 30 high
and n = 30 low) and used immediately for artificial insemination
(AI). We used virgin females (1 =30 in each treatment; mean
body size + s.e. = 20.88 £+ 0.22 mm) to ensure that fertilizations
could not be attributed to sperm stored from previously mated
males. Each female was assigned to one of the two treatments
(t-test comparing body size between females paired to high and
low males: t5; = 0.83, p = 0.41), anaesthetized and artificially inse-
minated with 20 spermatozeugmata (sperm bundles) from a single
(high or low) male [13]. Females were then revived in freshwater
and housed individually in 21 tanks until they produced their
first brood (mean number of offspring from each female: high =
5.57 + 0.45 s.e.; range = 1-10; low = 5.83 £+ 0.67 s.e.; range = 1—
11). At this point, brood production time (days to parturition)
was recorded (t-test comparing days to parturition between
females paired to high and low males: t5, = 0.07, p = 0.95).

(d) Offspring body size and sperm traits

At parturition, offspring were isolated from their mother and kept
in separate 2 1 tanks until measured for body size at one week of
age (juveniles) and at four months (adults). To estimate juvenile
body size, offspring were placed in a Petri dish containing

ca 5 mm of water and orientated above a piece of graph paper n

for size calibration. Each fish was photographed and body
length (distance in millimetres from snout to the tip of the tail)
was estimated using IMAGE] (v. 1.48). To estimate adult body size,
fish were reared in mixed-sex family cohorts (maximum of four
fish per tank) until four months old. At this point, the fish were
sexed and photographed for body size measures. For male off-
spring, we measured sperm counts and sperm velocity (see
above). All measurements were performed blind of the treatment.

(e) Statistical analysis

Analyses were performed using R v. 3.3.2 [18]. We used t-tests to
determine whether diet treatments influenced sperm traits in
adult males. Linear mixed-effects (LME) models were used to com-
pare body size in juvenile and adult offspring. For juveniles, which
could not be sexed, we used the ‘Imer’ function in the ‘lme4” pack-
age [19] to construct a model that included offspring body size as
the response variable, paternal diet treatment as a fixed factor,
female identity (dam) as a random effect (to account for multiple
offspring coming from the same dam), and dam body length as
a covariate. The same parameters were used to analyse adult
body size, but in this model we also included offspring sex and
the sex-by-treatment interaction as fixed effects. Finally, we com-
pared sperm traits in adult male offspring using LME models
that included sperm counts and VCL as responses, treatment as
a fixed effect, and dam as a random effect. The significance
of fixed effects in LME models was estimated using the Anova
function in the ‘car’ package [20].

3. Results

We found significant effects of diet on sperm traits; males fed
the high-quantity diet produced significantly larger ejaculates
(tsy =2.11, p=0.04) containing faster (t3; =2.51, p=0.02)
and more viable sperm (t3; =3.39, p=0.002) than their
low-quantity counterparts.

We found a significant effect of the father’s diet treatment
on the mean body size of juvenile offspring (table 1a). Juveniles
sired by males fed the high-quantity diet were significantly
larger than those sired by males fed the low diet (figure 1).
We found no significant effect of diet treatment (or interactions
involving treatment) on either adult body size (table 1b) or
male offspring sperm traits (table 1c,d).

4. Discussion

We show that diet intake affects not only sperm traits linked
to reproductive fitness, but also offspring traits via sperm-
moderated paternal effects. Juveniles fathered by males fed
reduced diets were significantly smaller than those sired by
males on the high-quantity diet. Interestingly, we found no cor-
responding effect of paternal diet treatment on adult offspring
size or sperm traits, suggesting that this is a transient effect
influencing only early fitness.

Our findings for juveniles are likely to have important fitness
implications. In guppies, size-dependent mortality means that
an individual’s survival prospects will depend on its size at
birth and growth rate [21]. For example, larger guppy neonates
exhibit faster and more effective escape responses to simulated
predation threats than their smaller counterparts [22], which fol-
lows a general pattern in teleost fishes (e.g. [23]). Furthermore,
relatively large juvenile guppies exhibit enhanced fitness in
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Table 1. Results from LME models analysing the effects of sire diet on
body size of juvenile (a) and adult (b) offspring, (c) sperm velocity and (d)
sperm counts. SL, standard length.

(a) juvenile body size

random effect variance

residual 0.14 0.37
fixed effects
diet treatment 5.96 1 0.015

(b) adult body size

random effect

dam ID 0.46 0.68
residual 1.59 1.26
fixed effects p-value
diet treatment 0.36 1 0.56
sex 61.5 2 <0.0001
e e S s

(c) sperm velocity (VCL)

random effect variance s.d.
dam ID 410 2.02
residual 215.48 14.68

fixed effects X df. p-value
diet treatment 1.64 1 0.20
(d) Sperm count (X 10°%)

random effect variance
dam ID 1869018 1367
residual 8194814 2863

fixed effects X df.

p-value
0.65

diet treatment 0.20 1

highly competitive environments [24], further attesting to the
likely fitness benefits associated with increased body size.

One striking conclusion from our findings is that female
preferences for males displaying traits that indicate high fora-
ging efficacy (e.g. [25]) may be under direct selection due to
the causal associations between diet quality, sperm traits
and ultimately offspring fitness. Until now, such preferences
have been attributed to indirect selection, due to a genetic
association between male display traits and genes underlying
offspring fitness (e.g. [26]). Our findings challenge such
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Figure 1. The effect of sire diet treatment on mean (+s.e.) offspring
standard length in guppies following artificial insemination.

conclusions and caution against interpreting associations
between sire attractiveness and offspring quality as evidence
for female preferences for paternal ‘good genes’.

Finally, our findings complement recent work on guppies
showing that environmentally induced changes in sperm
phenotype, caused by experimental changes in the duration of
sperm storage by males, influence reproductive traits in male off-
spring [12]. Both studies reveal fitness consequences associated
with environmentally induced changes in sperm phenotype,
but they also suggest that the nature of the paternal effect
depends on the environmental trigger that causes it. In both
cases, we require an understanding of the mechanisms that
link changes in sperm phenotype to offspring fitness, which
may extend to numerous other traits not considered in our
study. Such mechanisms may include genetic (e.g. mutation;
[27]) and/or epigenetic factors [28] transferred through the
ejaculate, including sperm cells and/or components of the
seminal fluid. We eagerly await follow-up studies that uncover
such mechanisms.
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