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It is generally believed that variation in sperm phenotype within a single

ejaculate has no consequences for offspring performance, because sperm phe-

notypes are thought not to reflect sperm genotypes. We show that variation in

individual sperm function within an ejaculate affects the performance of the

resulting offspring in the Atlantic salmon Salmo salar. We experimentally

manipulated the time between sperm activation and fertilization in order to

select for sperm cohorts differing in longevity within single ejaculates of

wild caught male salmon. We found that within-ejaculate variation in sperm

longevity significantly affected offspring development and hence time until

hatching. Whether these effects have a genetic or epigenetic basis needs to

be further evaluated. However, our results provide experimental evidence

for transgenerational effects of individual sperm function.
1. Introduction
The female reproductive tract and egg coating are often provided with barriers

against sperm, and fertilization is often preceded by a demanding ‘obstacle

course’ for the sperm cells [1]. Why females have evolved to complicate fertiliza-

tion is puzzling, especially considering that hostility towards sperm may result in

infertility [2]. One possibility is that females benefit from having higher quality

males fertilizing their eggs [1,3], a hypothesis, which relies upon polyandry and

a positive association between male success in sperm competition and offspring

quality across males [4,5]. However, the facts that the association between the

competitiveness of a male’s ejaculate and the fitness of his offspring can be nega-

tive [5] and that fertilization seems to be similarly difficult in many monandrous

species suggest that other mechanisms may be at play.

One possibility is that, within a single ejaculate of a given male, sperm phe-

notype may affect zygote fitness such that sperm screening results in more

vigorous offspring and thus benefits females [1,3]. Marked phenotypic vari-

ation across sperm cells within a single ejaculate is ubiquitous, both in terms

of sperm morphology [6–8] and performance [9]. However, sperm are gener-

ally considered products of the diploid paternal genome with no endogenous

haploid gene expression, and sperm phenotype is thus thought not to reflect

the haploid genome they carry [10]. Nevertheless, several mechanisms, both

genetic and epigenetic, can potentially generate a relationship between sperm

phenotype and zygote performance (see §4).

Here, we tested the hypothesis that within-ejaculate variation in sperm phe-

notype affects offspring performance in the Atlantic salmon Salmo salar. We

enquired whether those sperm cells within a single ejaculate that survive for

a longer time father offspring that differ from those fathered by other sperm
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Table 1. Mixed model ANOVAs (REML estimation) comparing time until hatching between treatments of (a) sperm selection and (b) egg competition.

response variable fixed effect F d.f. p variance components+++++ s.e.

(a) sperm selection

treatment 3.69 2,49.2 0.032

pair ID 11.05+ 3.88

treatment � pair ID 7.04+ 1.52

(b) egg competition

treatment 3.39 2,30.2 0.031

pair ID 0.66+ 0.30

treatment � pair ID 0.03+ 0.01
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cells in the same ejaculate. In order to produce different sperm

cohorts within a single ejaculate of a given male, we exper-

imentally varied the time between sperm activation and

fertilization. We then assessed the effects of sperm cohort on

offspring performance.
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Figure 1. Variation in embryo development time in response to variation in
(i) sperm longevity and (ii) sperm dilution. Here, mean (+s.e.) duration of
embryo development is plotted against the realized fertilization rate across
treatment groups. Embryo development time was significantly affected by
variation in sperm longevity (solid symbols, solid line and right ordinate).
Sperm dilution had a significant effect on embryo development time
(unfilled symbols, broken line and left ordinate). Asterisks indicate significant
differences between treatments. (Online version in colour.)
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2. Material and methods
Sperm and eggs were obtained from wild-caught S. salar. Male

and female gametes are activated by contact with water, which

allows full experimental control over the selection of parents, the

timing of gamete activation, sperm density and egg numbers.

We performed in vitro fertilizations for all experiments (electronic

supplementary material). In the sperm selection experiment, we

selected for cohorts of sperm within an ejaculate based on intra-

ejaculate variation in sperm ‘longevity’ (i.e. the time over which

a sperm is motile). Under natural spawning conditions, gamete

release is synchronous and sperm activity decreases to zero over

the course of less than 1 min [11]. Hence, any delay between acti-

vation and fertilization selects for longer lived sperm cells. We

employed a split design, in which we divided an ejaculate and a

clutch of eggs into three equal parts (hereafter referred to as sub-

clutches) and exposed each to one of three treatments (n ¼ 26):

sperm were activated and eggs added after 0 s (all sperm active),

20 s (ca 50% sperm active) or 40 s (few sperm active).

Fertilization success in S. salar decreases with reduced concen-

tration of active sperm and fertilization success thus gradually

decreased across our treatments (electronic supplementary

material). A shortage of active sperm may generate competition

between eggs, and eggs better able to attract sperm may also

result in better offspring. In a second experiment, we tested for a

potential effect of such egg competition. We manipulated the con-

centration of sperm available in four treatments and diluted 1000,

200, 50 or 5 ml of the same ejaculate in 100 ml of water to fertilize

a subclutch of eggs using a split design (n ¼ 11) without delay

between activation and fertilization.

In both experiments, we assessed time from fertilization until

hatching. At hatching, digital images were taken to measure the

standard length at hatching. To assess growth rate in alevins after

hatching in the sperm longevity experiment, we measured stan-

dard length (tip of head to basis of tail fin) of alevins both at

hatching and three weeks after hatching.
3. Results
Sperm fertilizing eggs after 20 s sired offspring that hatched

significantly earlier than sperm fertilizing eggs after zero or

40 s (table 1 and figure 1). Moreover, the pattern of the effect

of sperm longevity differed across parental pairs, as revealed

by a significant interaction between pair and treatment (elec-

tronic supplementary material, figure S1), which may be due

to genetic and/or environmental differences across pairs. To

assess the relative contribution of these two sources of
variation, we performed further analyses, which suggest that

both genetic and environmental effects are involved (see the

electronic supplementary material for details).

Furthermore, we found a relatively small but signifi-

cant effect of egg competition on embryo development time

(table 1 and figure 1). However, time until hatching decreased

with greater sperm dilution, which contrasts with the increase

in time until hatching in the 40 s treatment with the lowest

fertilization rate.

At hatching, alevins in the 40 s treatment were larger than

alevins in the other two treatments but there was no difference

in the size of their yolk sack (table 2). The same pattern was

found three weeks after hatching (table 2), suggesting no differ-

ence in growth rate between the three treatments (table 2).

However, effects on alevin size at hatching could in part be

caused by sperm dilution effects, because we found larvae to

be significantly larger in the 5 ml treatment than in the

1000 ml treatment (treatment effect: F1,7 ¼ 6.19, p ¼ 0.042;

pair ID: variance component ¼ 0.52+0.14).
4. Discussion
We found that sperm of intermediate longevity sired off-

spring with the most rapid development. This could not be

attributed to egg competition caused by sperm dilution. Off-

spring size was also affected by sperm longevity but this

effect was at least partly attributable to variation in



Table 2. Mixed model ANOVAs (REML estimation) comparing offspring size at hatching and growth rate between sperm selection treatments.

response variable fixed effect F d.f. p variance components+++++ s.e.

standard length at hatching treatment 5.41 2,31 0.001 pair ID 0.69+ 0.30

age 3.52 1,31 0.07

yolk sack size at hatching treatment 0.12 2,31 0.89 pair ID 23.68+ 0.09

age 0.14 1,31 0.71

standard length 21 days after hatching treatment 7.27 2,30 0.003 pair ID 0.51+ 0.24

age 2.91 1,30 0.10

temperature 34.73 1,30 ,0.001

yolk sack size 21 days after hatching treatment 1.12 2,16 0.35 pair ID 12.09+ 4.88

treatment � pair ID 1.32+ 0.47

age 1.60 1,16 0.22

temperature 28.85 1,16 0.001

growth rate treatment 1.69 2,31 0.20 pair ID 0.0015+ 0.0002

temperature 5.44 1,31 0.03
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fertilization success and hence to egg competition. We stress

that the date of emergence from the gravel bed is a key life-

history trait in salmon, which may be under strong selection:

early hatching offspring will emerge early and will hence

have an advantage when establishing themselves on the feed-

ing grounds in competition with other juveniles [12].

There are at least four different, not mutually exclusive,

mechanisms that could explain the effects of within-ejaculate

variation in sperm performance on offspring performance.

First, the empirical evidence for haploid gene expression is

growing [13,14], suggesting that we may need to re-evaluate

the possibility that translation of the haploid set of genes

within a sperm affects sperm phenotypes and is correlated

with offspring performance [15–17]. However, haploid gene

expression in animals is highly debated [17]. Second, pre-

and postmeiotic sperm senescence [18,19] in conjunction with

the production of ejaculates with mixed-aged sperm could

generate a relationship between sperm performance and muta-

tional load in individual sperm. An intriguing facet of our

findings is that the relationship between development time

and sperm selection treatment was nonlinear (figure 1). This

may reflect the balance between within-ejaculate sperm selec-

tion for long-lived sperm (whereby average sperm quality

would increase with sperm age [1,3]) and post-activation

sperm senescence [18–20]. Sperm longevity appears to have

a positive effect on offspring in a broadcast spawning ascidian

[21] but negative effects on offspring fitness in kittiwakes, Rissa
tridactyla [22]. However, the importance of sperm senescence in

salmon where sperm are active for just under a minute remains

to be tested and further experiments are therefore needed to

evaluate this hypothesis. Third, epigenetic effects that affect

sperm phenotype may travel from the sperm into the zygote

and show transgenerational effects [23,24]. Finally, it has
been suggested that ‘sloppy’ spermatogenesis by the diploid

male, who effectively fails to produce very large numbers of

cells without some error [6], may play a role: apart from morpho-

logical and functional defects, ‘abnormal’ sperm may also be

more prone to carry defects at the molecular level (e.g. DNA

fragmentation [25]), which may affect zygote performance.

Our results suggest that we need to improve our understanding

of the physiological and molecular mechanisms that generate

variation in sperm phenotypes in order to appreciate the direct

and evolutionary effects of sperm selection.

The fact that males transfer such an enormous number

of sperm in each mating has been attributed to between-

ejaculate sperm competition [26]. Our results suggest that

within-ejaculate competition between sperm may contribute

not only to the evolution of female ‘barriers’ to sperm [1–3]

but also to the evolution of sperm numbers [27,28]. If sperm

phenotype affects offspring performance, this may result in

indirect selection on ejaculate size favouring males that pro-

duce large numbers of sperm even in the absence of

between-ejaculate sperm competition (i.e. under strict genetic

monogamy). Under this scenario, males that produce a larger

number of sperm would father offspring with, on average, a

higher fitness. This effect will in theory be stronger, the

higher the mutational load is among sperm [27,28].
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