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a b s t r a c t
Mating between relatives usually decreases genetic quality of progeny as deleterious recessive alleles are
expressed in inbred individuals. Inbreeding degrades sperm traits but its effects on sperm storage and
fate within females are currently unknown. We quantiﬁed the relationship between the degrees of
inbreeding relevant to natural populations (f = 0, 0.25 and 0.50) and the number of sperm inseminated
and stored, sperm swimming speed, long-term sperm viability while in storage, pattern of sperm precedence, mating latency, and offspring viability of female Drosophila melanogaster. The use of transgenic
ﬂies that have either red or green ﬂuorescent sperm heads allowed us to distinguish two ejaculates in
the female reproductive tract and facilitated quantiﬁcation of sperm storage and use traits. We found
no inbreeding depression in either long- or short-term sperm storage ability. The most inbred females
exhibited signiﬁcantly longer mating latency, which could be explained by males preferring to mate with
outbred females. On the other hand, as no evidence for cryptic male choice in the form of ejaculate tailoring of sperm number was found, the most inbred females might just be less eager to mate. We also
found no evidence that the degree of maternal inbreeding inﬂuenced offspring viability. Comparison with
a contemporaneous study of male inbreeding consequences for ejaculate quality suggests that inbreeding
depression is more severe in males than in females in our study population.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Mating between close relatives often leads to a decrease in ﬁtness known as inbreeding depression (Lynch and Walsh, 1998).
Due to human disturbance, many animal populations are becoming smaller and more fragmented, which increases the likelihood
of mating between kin (Frankham et al., 2002). Under such circumstances, inbreeding depression can be strong enough to drive small
populations to extinction (Saccheri et al., 1998; O’Grady et al.,
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2006) and therefore understanding the effects of inbreeding on
various reproductive characters is becoming increasingly
important. For example, several studies show that sperm number
and quality (e.g., sperm motility or proportion of morphologically
normal sperm in an ejaculate) are poor in inbred populations
(Wildt et al., 1982; Roldan et al., 1998; Gomendio et al., 2000; Margulis and Walsh, 2002; van Eldik et al., 2006; Gage et al., 2006;
Fitzpatrick and Evans, 2009), which may pose a risk to population
persistence. However, nothing is known about how inbreeding affects female reproduction at the level of sperm storage and handling, most likely due to the challenge of studying sperm storage
in vivo. Female sperm storage traits may, however, affect reproductive success of threatened populations if, for example, long-term
sperm storage is compromised and remating opportunities to
replenish sperm reserves are limited. Having an inbred mother
may also be costly for an offspring that is itself outbred due to
compromised maternal care as has been shown in mice (White,
1972) and the burying beetle (Nicrophorus vespilloides; Mattey
et al., 2013) but not in red deer (Cervus elaphus; Walling et al.,
2011). More knowledge on cross-generational inbreeding effects
is needed for conservation purposes, for example in decisions of
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whether or not to use inbred mothers in captive breeding
programs.
The relative attractiveness of inbred versus outbred females to
males may affect the mating success of inbred females. Males
may prefer to mate or invest more resources to outbred females
if mating with an inbred female poses a risk of ﬁtness loss due to
the negative effects of maternal inbreeding on offspring production
(e.g., Richardson et al., 2004; Mattey et al., 2013). This question has
only been studied in the mealworm beetle Tenebrio molitor (Pölkki
et al., 2012), but no preference for outbred females was found.
There are several ways to measure attractiveness in Drosophila.
First, attractive males mate sooner when together with the female
(Barth et al., 1997; Ritchie et al., 1999; Taylor et al., 2008 and see
Nandy et al., 2012 for a study of female attractiveness). Second,
longer copulations indicate a bigger investment (i.e., preference)
to a given female (Friberg, 2006; Bretman et al., 2009), assuming
that copulation duration is under male control (e.g., Jagadeeshan
and Singh, 2006) and third, greater number of sperm ejaculated
indicates a bigger investment (e.g., Lüpold et al., 2011).
The aim of this study was to experimentally vary the level of
inbreeding of Drosophila melanogaster (with treatment variation
relevant to the structure of natural populations; i.e., f = 0, 0.25
and 0.50) and then to quantify variation in traits important to female and offspring ﬁtness, including measures of female attractiveness (i.e., mating latency, copulation duration and male
ejaculate expenditure), long-term sperm viability in female reproductive tract, sperm storage, sperm swimming speed, and sperm
competition dynamics (i.e., proportion of offspring sired by the
2nd male to mate, P2), in addition to offspring number and
viability. The inbreeding coefﬁcient (f) is calculated as ft =
1=
4 (1 + 2ft 1 + ft 2) (Falconer and Mackay, 1996 p. 89), assuming
f = 0 in the base population. The effects of inbreeding on several
male reproductive traits were assayed contemporaneously in these
same lines and have been reported in Ala-Honkola et al. (2013).
Therefore, we were also able to compare the severity of inbreeding
depression between the two sexes. The use of transgenic ﬂies that
express either red or green ﬂuorescent sperm heads (Manier et al.,
2010) allowed us to distinguish between the ejaculates of two
males in competition and to quantify in vivo sperm motility and
sperm numbers at various locations and times following insemination within the selective environment of the female reproductive
tract (Manier et al., 2010, 2013; Lüpold et al., 2011, 2012, 2013).

2. Materials and methods

TEST FLIES
OUTBRED
f=0

MODERATELY
INBRED

HIGHLY INBRED
f = 0.5

f = 0.25

Fig. 1. Breeding design to create ﬂies with different inbreeding coefﬁcients.

in each treatment. During culturing, each pair was transferred to a
new vial three times a week to avoid larval crowding. Virgin females and males for the experiments were collected under CO2
anesthetisation.
When testing the effects of inbreeding on female traits, females
were mated to outbred RFP males and/or to males of an outbred
GFP/ubiquitin line that expresses green ﬂuorescent protein in
sperm heads and a ubiquitin green ﬂuorescent body marker. The
ubiquitin body marker allows unambiguous paternity assignment
based on ﬂuorescent body. All males were bottle reared and collected as virgins under CO2 anesthetisation.
All experimental ﬂies were 3–5 days old at their ﬁrst experimental mating. In order to remove variation in P2 and sperm traits
attributable to the male’s mating history (Bjork et al., 2007), each
male was initially mated to a non-experimental virgin female
one day before their ﬁrst experimental mating. After the experiments, we measured thorax length for all females and males to
the nearest 0.01 mm using the reticule of a dissection stereoscope
(magniﬁcation 80).

2.1. Experimental material
2.2. Single-mating productivity (i.e., long term sperm storage)
The experimental ﬂies originated from a line genetically engineered to produce sperm tagged with a red ﬂuorescent protein
(RFP; DsRed-Monomer) that has been backcrossed for six generations to the LHM wild-type strain (for details on the ﬂy strains
and the genetic transformation methods, see Manier et al., 2010).
We generated lines of ﬂies that differed in inbreeding coefﬁcient
by mating full-siblings for either zero (outbred control lines), one
(moderately inbred lines, f = 0.25), or three generations (highly
inbred lines, f = 0.5), following Zajitschek et al. (2009); Fig. 1; see
also Ala-Honkola et al., 2013). To generate the outbred control
lines, a female from a given line was mated to a male from a randomly selected outbred line. All lines (with one back-up for each
line) were created from 60 full-sibling families (F0) founded by
placing pairs of randomly selected virgin females and males from
the RFP-line into plastic 8-dram vials containing cornmeal–molasses–agar–yeast medium (5.4% cornmeal, 7% molasses, 0.5% agar, 2%
yeast, 1.2% ethanol, 0.4% propionic acid, 0.06% methylparaben
added to water) and a few grains of live yeast. In F4, we had 56 lines

The potential effects of inbreeding on long-term sperm storage
ability of females were estimated via offspring production over ten
days after a single mating. We mated one virgin female from each
inbred line to either a GFP/ubiquitin or an RFP line male (half of the
lines were mated to GFP males and the other half to RFP males) and
transferred females to fresh vials every day for ten days. Possible
inbreeding depression in the egg-to-adult viability of the offspring
was estimated from eggs laid on days 1, 3 and 5 by counting the
numbers of eggs laid and the number of eclosed adults per vial
(Droge-Young et al., 2012).
2.3. Mating latency, copulation duration, number of sperm ejaculated,
sperm storage and P2
An experiment to quantify the effects of female inbreeding on
(1) mating latency, (2) copulation duration, (3) the number of
sperm transferred, (4) the number of sperm females stored and
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(5) the proportion of offspring sired by the second male to mate
(P2) was conducted as follows. On day 0, each virgin female was
mated to either a GFP/ubiquitin or an RFP line male; on day 2
females were given a 4-h opportunity to remate with a male with
a reciprocal sperm tag (i.e., RFP or GFP/ubiquitin). Females failing
to remate on day 2 were provided similar opportunities on days
3–5. We counted all the adult progeny produced prior to remating
(results reported for P2 only) to ensure the ﬁrst mating was
successful and to estimate sperm usage of ﬁrst-male sperm prior
to remating. All matings were performed in one large replicate,
having one inbred female per line in each experiment (i.e. sperm
ejaculated, sperm stored and P2). Pairs were aspirated into fresh
plastic vials with 10 ml of medium and observed continuously,
and mating latencies (time from the introduction of the pair into
the vial until the start of the copulation), copulation durations
and remating day were recorded for all matings.
The number of sperm ejaculated by males and stored by
females was determined by quantifying all sperm present in the
bursa, seminal receptacle (SR) and spermathecae (SPTH) within
females that were ﬂash-frozen in liquid nitrogen 60 min and 5 h
after the second copulation started, respectively. These time-points
were chosen because sperm storage peaks at 60 min, and most
females have ejected excess second-male and displaced ﬁrst-male
sperm by 5 h after the start of mating (Manier et al., 2010). P2 was
calculated from offspring produced during 6 days after remating.
These females were transferred to fresh vials after 1 and 3 days,
frozen after 6 days and stored in 20 °C until dissection. This
approach yielded P2 values for day 1, days 2–3 and days 4–6, and
allowed us to examine possible time trends in P2.
For sperm counts, we dissected the female reproductive tract
into a drop of phosphate-buffered saline (PBS) on a microscope
slide and unfolded the seminal receptacle (SR) before covering
the specimen with a coverslip and sealing it with paper cement.
Sperm were counted under a ﬂuorescent microscope at a magniﬁcation of 400 (see Manier et al., 2010 for a more detailed description). All sperm counts were done blind to the treatment. The
number of sperm ejaculated was the total number of the second
males’ sperm in female reproductive tract in the 60 min freezing
point. For the number of sperm stored we report both the number
of second-male sperm in the SR and the number of sperm in the SR
and the two SPTH with ducts combined in the 5 h freezing point.
We dissected 20–30 females per treatment in each experiment.
2.4. Sperm swimming speed
In vivo sperm swimming speed was recorded in reproductive
tracts of females once mated to RFP males (N = 20 per inbreeding
treatment). Females were anesthetised with CO2 120 min after
the start of the copulation and their reproductive tracts were removed as described above and mounted under a coverslip in
20 ll (to standardise tract compression) of Grace’s Supplemented
Insect Medium (Invitrogen) at room temperature. Ten second-long
movies (74 frames; AVI) were recorded within 3–7 min of anesthetisation using an Olympus DP71 digital camera and DP Controller
Software version 3.3.1.292 (Olympus America Inc.).
Each movie was imported into NIH ImageJ (v. 1.42q, National
Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/)
as a monochrome stack, which was then inverted from a dark
background to a light background. We measured slice-by-slice
instantaneous linear velocities (lm/s) for 10 sperm per male using
the Manual Tracking plugin for ImageJ (available at http://rsbweb.
nih.gov/ij/plugins/index.html). The total number of sperm within
the entire SR was quantiﬁed to statistically control sperm velocity
measures for density effects (Manier et al., 2010; Lüpold et al.,
2012). Average instantaneous velocities were calculated per
tracked sperm.
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2.5. Statistical analysis
We used R 2.15.2 for statistical analysis (R Development Core
Team, 2012). The standardised coefﬁcient of inbreeding, d, was calculated by dividing the difference in mean trait values between
outbred and inbred individuals by the mean trait value of outbred
individuals (Lande and Schemske, 1985).
Single-mating productivity, offspring viability and P2 data consisted of repeated measures of the same individuals at regularly
spaced time points. These data were analysed with generalised
least squares (GLS) models (function gls in the library nlme in R).
Only complete time series were included in the analyses. Females
not producing any offspring after the ﬁrst mating or having a P2 value of ‘‘0’’ were excluded from the P2 analyses because these occurrences are symptomatic of unsuccessful insemination.
Female and male thorax lengths, male type (GFP or RFP) and
treatment (inbreeding level)  time interaction were entered as
ﬁxed factors into the full models. In the analysis of P2, only the second males’ thorax was measured and used as a covariate. The number of progeny produced before remating was also entered as a
covariate as it estimates the number of ﬁrst-male sperm used,
which can inﬂuence P2 (Ala-Honkola et al., 2011). We tested different variance–covariance structures between observations from the
same individuals (compound symmetry, ﬁrst order autoregressive
(AR-1) and AR-1 with heterogeneous variances) and chose the one
that best ﬁt the data based on AIC values (see Statistical Computing
Seminars, 2013, Repeated measures analysis with R: http://www.
ats.ucla.edu/stat/r/seminars/Repeated_Measures/repeated_measures.
htm and Diggle et al., 2009). P2 values were arcsine square-root
transformed as they are proportions.
The optimal ﬁxed structure of the models was determined by
comparing nested models using likelihood ratio tests (maximum
likelihood, ML). The ﬁnal model was reﬁtted with restricted
maximum likelihood (REML) estimation as suggested by Zuur
et al. (2009). Models were validated by examining the homogeneity and independence of errors.
We used general linear (function lm in R) models to analyse the
effect of inbreeding on sperm numbers and progeny production
before and after remating in the P2 experiment. Whenever male
or female thorax lengths were found not to be correlated with
the dependent variable, they were removed from the models. Thus,
we typically ﬁt treatment and male type as factors into our models.
Linear mixed models (LMM; function lme in library nlme in R)
were used in analyses of mating latency, remating latency, copulation duration (line as a random factor in these analyses) and sperm
swimming speed (male as a random factor). Male and female
thorax lengths, male type and treatment were entered as ﬁxed
factors into the full models. For analyses of sperm swimming
speed, the number of sperm in the SR was entered as a covariate.
The optimal ﬁxed structure of the models was determined as
above.
3. Results
3.1. Long-term sperm storage, egg-to-adult viability and progeny
production
The long-term sperm storage ability of females showed no
inbreeding depression. Speciﬁcally, inbred females did not deplete
stored sperm any faster than the outbred females during the
ten-day offspring production experiment (i.e., treatment  time
interaction for offspring production was not signiﬁcant: likelihood
ratio (L-ratio) = 21.78, df = 18, p = 0.24, see also Fig. 2). Also, there
was no inbreeding depression in cumulative offspring production
(L-ratio for treatment = 2.10, df = 2, p = 0.35, Fig. 2) or in offspring
viability (L-ratio for treatment = 2.62, df = 2, p = 0.27, Fig. 3).
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Egg-to-adult viability decreased as female thorax length increased
(see ﬁnal models in Table 1 and Table S1 in Supplementary online
material, SOM).

1.0

3.2. Short term sperm storage, P2 and sperm swimming speed

0.8

3.3. Effects of female inbreeding on attractiveness as mate
Highly inbred females took longer to mate (d = 0.53) as compared to outbred controls. There was no difference in mating
latency, however, between moderately inbred and control females
(L-ratio for treatment = 12.9, df = 2, p = 0.0016; outbred vs. moderately inbred: Tukey p = 0.40; outbred vs. highly inbred: Tukey
p < 0.001; moderately inbred vs. highly inbred: Tukey p = 0.058;
see also Tables 2 and 3). No such effect was found for remating
interval (L-ratio = 2.0, df = 2, p = 0.37) or for the duration of ﬁrst
(L-ratio = 3.7, df = 2, p = 0.15) and second (L-ratio = 5.1, df = 2,
p = 0.08; Tables 2 and 3) matings, respectively. We further found
no evidence for differential ejaculate expenditure by males as the
number of sperm inseminated did not differ among female
inbreeding levels F(treatment)2, 62 = 1.90, p = 0.16; Table 2).

Viability

Inbred females stored equal amounts of sperm in their SR
(F(treatment) 2, 74 = 0.34, p = 0.71; F(male type)1, 74 = 1.07, p = 0.30)
and SR and SPTH combined (F(treatment)2, 74 = 1.03, p = 0.36;
F(male type)1, 74 = 2.00, p = 0.16; Table 2) as compared to outbred
females. Our observed differences between inbred and outbred
females were about 10–13% in the opposite direction than predicted (i.e., inbred females stored more sperm than the outbred
ones) and it is therefore unlikely that we would have missed
detecting inbreeding depression in these traits. In addition, the
female inbreeding level had no effect on sperm competition
dynamics. Speciﬁcally, neither the time  treatment interaction
of P2 (L-ratio = 3.1, df = 4, p = 0.54) nor P2 itself differed among
inbreeding levels (L-ratio = 0.002, df = 2, p = 0.999; see also Tables
2 and 3). Consistent with the results of the single-mating productivity experiment (see above), there was no inbreeding depression
in the number of progeny produced prior to remating in the P2
experiment (Table 2; F(treatment)2, 109 = 0.40, p = 0.67) or after
remating (Table 2; F(treatment)2, 105 = 1.56, p = 0.22). Progeny
production prior to remating was correlated with female size so
that larger females produced more offspring (F(female thorax
length)1, 109 = 8.21, p = 0.005). In vivo sperm swimming speed was
not affected by the female inbreeding level (L-ratio = 2.7, df = 2,
p = 0.26; Tables 2 and 3).

f=0
f = 0.25
f = 0.5

0.9

0.7
0.6
0.5
1

3

5

Days after insemination
Fig. 3. Egg-to-adult viability (mean ± SE) of progeny when mothers differ in
inbreeding coefﬁcient; N = 34 in f = 0, N = 31 in f = 0.25 and N = 34 in f = 0.5.

Table 1
Final generalised least squares (GLS) model for offspring viability with ﬁrst order
autoregressive (AR1) correlation structure and male type (GFP/RFP) as a variance
covariate. Intercept = male type GFP. Residual df = 294.
Fixed effect
Intercept
Female thorax length
Male type (RFP)

Parameter estimate
1.79
0.015
0.118

SE
0.369
0.005
0.046

t

p
4.88
3.14
2.59

<0.000
0.002
0.010

respects. Generally, RFP males were ‘‘better’’ than GFP males, as
offspring production was higher when females mated with RFP
males both in the single-mating productivity (see Table S1 in
SOM) and the P2 experiments (when females mated ﬁrst with
RFP males in the P2 experiment, they produced more offspring before the second mating (F(male type)1, 109 = 35.0, p < 0.001), and
when the second mate was an RFP male, offspring production after
the second mating was higher (F(male type)1, 104 = 6.14, p = 0.015)).
Additionally, offspring viability was higher for females mated to
RFP males (Table 1), and RFP males were better sperm competitors
than GFP males (P2 was higher when RFP males mated in the role
the 2nd male; L-ratio for male type = 36.7, df = 1, p < 0.0001; see
also Table 3). Copulations with RFP males were shorter than with
GFP males but mating latency was longer for RFP males whereas
remating speed was shorter (Table 3). Ejaculates of GFP males were
larger than those of RFP males (F(male type)1, 62 = 33.6, p < 0.001),
which is probably at least partly explained by the fact that green
sperm are more easily detectable than red sperm due to a stronger
ﬂuorescent signal.

3.4. Performance differences between males from RFP and GFP lines
4. Discussion
Although it was not a main interest of this study, we noticed
that our RFP and GFP line males differed from each other in many

Number of progeny

50

f=0
f = 0.25
f = 0.5

40
30
20
10
0
1

2

3

4
5
6
7
Days after insemination

8

9

10

Fig. 2. Number of progeny (mean ± SE) females with different inbreeding levels
produced during 10 days after a single mating with an outbred male; N = 41 in f = 0,
N = 40 in f = 0.25 and N = 39 in f = 0.5.

We found almost no inbreeding depression in female reproductive traits. The only trait that showed inbreeding depression was
mating latency of highly inbred females (d = 0.53). Speciﬁcally,
there was no inbreeding depression in sperm storage traits, neither
in the short-term storage measured ﬁve hours after the second
mating, nor in the long-term sperm storage measured indirectly
as offspring production over ten days after a single mating. Similarly, female inbreeding had no effect on sperm swimming speed
or on the pattern of sperm precedence. These results indicate that
inbreeding did not inﬂuence those reproductive tract conditions
critical for sperm storage and viability in our study population.
Even though fertility and offspring viability often show inbreeding depression in D. melanogaster (reviewed in Lynch and Walsh,
1998 and Enders and Nunney, 2011), our ﬁnding of no inbreeding
depression in female fertility is not exceptional. Enders and
Nunney (2011) did not ﬁnd inbreeding depression in early progeny
production (measured over 8 days; f = 0.25), which closely
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Table 2
Effects of inbreeding on measured traits.
Trait

Mean ± SD (N)

2nd-male sperm stored in SR
2nd-male sperm stored in SR and SPTH
P2
Progeny production before remating
Progeny production after remating
Sperm swimming speed (lm/s)
Mating latency (min)
Remating day
Copulation duration in 1st mating (min)
Copulation duration in 2nd mating (min)
Ejaculate size

Outbred, f = 0

Moderately inbred, f = 0.25

Highly inbred, f = 0.5

223 ± 102 (27)
322 ± 131 (27)
0.85 ± 0.20 (39)
121 ± 59.0 (39)
167 ± 58.0 (38)
44.3 ± 18.6 (20)
50.5 ± 50.4 (142)
4.0 ± 0.88 (140)
27.9 ± 7.6 (141)
32.7 ± 7.4 (140)
939 ± 422 (23)

240 ± 89 (25)
365 ± 132 (25)
0.86 ± 0.17 (41)
110 ± 60.6 (41)
157 ± 64.1 (39)
50.3 ± 18.8 (16)
58.7 ± 61.1 (136)
3.9 ± 1.0 (130)
26.3 ± 7.1 (135)
32.6 ± 9.4 (130)
1150 ± 415 (19)

242 ± 99 (26)
361 ± 119 (26)
0.86 ± 0.19 (34)
111 ± 59.3 (34)
142 ± 63.8 (32)
47.3 ± 19.5 (18)
77.2 ± 73.9 (121)
4.1 ± 1.0 (121)
26.9 ± 7.7 (120)
30.9 ± 7.1 (121)
1060 ± 469 (24)

Table 3
Final generalised least squares (GLS) model for the proportion of offspring sired by the second male to mate (P2) and ﬁnal linear mixed models for sperm swimming speed, mating
latency, remating day and copulation duration. Intercept = outbred control lines and GFP males.
Trait

Fixed effect

Parameter estimate

SE

df

t

p

P2 (arcsine sqrt transformed)

Intercept
2nd male type (RFP)
Intercept
Number of sperm in the SR
Intercept
Highly inbred lines
Moderately inbred lines
1st male type (RFP)
Intercept
2nd male type (RFP)
Intercept
1st male type (RFP)
Intercept
2nd male type (RFP)

1.13
0.30
58.6
0.04
1.44
0.19
0.06
0.13
4.35
0.72
28.5
3.06
34.9
5.23

0.03
0.05
5.28
0.02
0.04
0.05
0.05
0.04
0.07
0.09
0.53
0.78
0.56
0.77

340
340
484
52
233
162
162
233
225
22
231
231
225
225

33
6.57
11
2.3
34
3.58
1.30
3.03
66
7.85
54
3.90
62
6.84

<0.001
<0.001
<0.001
0.027
<0.001
0.0005
0.20
0.003
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Sperm swimming speed
Mating latency (log10-transformed)

Remating day
Copulation duration with 1st male
Copulation duration with 2nd male

corresponds to our single-mating productivity experiment
(10 days). One could argue that we found no inbreeding depression
in this study because our base population was already highly
inbred. However, the base population has been maintained in a
population cage with approximately 1000 individuals since its
inception, and contemporaneous studies using isogenic lines derived from the same population to quantify and partition genetic
variation in the same traits as examined here have documented
extensive genetic variation in these traits (Lüpold et al., 2012,
2013).
Inbreeding depression in mating latency of highly inbred females could be explained either by male choice (i.e., males discriminating against highly inbred females) or by highly inbred females
being less eager to mate. The male choice hypothesis is not supported, however, by data on the number of sperm inseminated.
Males of our study population have previously been shown to tailor the size of their ejaculates based on female mating status,
fecundity and age (Lüpold et al., 2011). Here we found no evidence
of differential ejaculate allocation or adjustment of copulation
duration based on inbreeding level of females. It is unlikely that
we missed ejaculate tailoring due to low statistical power, as the
observed difference was to the opposite direction than predicted
(i.e., more sperm ejaculated to inbred females). The result of no
ejaculate tailoring is not surprising, however, given that inbred females were as fecund as outbred females, and the extent of maternal inbreeding did not inﬂuence offspring viability. Consequently,
the mating latency results may be indicative of highly inbred females being less motivated to mate.
There is great interest in the possibility of sex differences in the
level of inbreeding depression, because stronger selection on males
(indicated by stronger inbreeding depression) than females has the
potential to lower the deleterious mutation load in females, which

Random effect

Male
Line

Line
Line
Line

would reduce the cost of sex (Kodric-Brown and Brown, 1987;
Agrawal, 2001; Siller, 2001; Whitlock and Agrawal, 2009). Thus,
sexual selection, which is typically stronger on males than females,
would purge deleterious mutations from populations, assuming
that these mutations affect the overall health and vigour and hence
mating success of males (e.g., the genic capture hypothesis; Rowe
and Houle, 1996; Tomkins et al., 2004). Data presented here and in
Ala-Honkola et al. (2013) allow comparison of inbreeding depression between the sexes. Inbreeding depression was higher in males
than females: mating latency, remating latency and sperm competition success all showed inbreeding depression in males, whereas
only mating latency showed inbreeding depression in females.
Moreover, the level of inbreeding depression in mating latency
was lower for females as compared to males (d = 53% in highly
inbred females compared to 87% and 65% for highly and moderately inbred males, respectively). Results from our studies are thus
consistent with those of Brittnacher (1981), Miller and Hedrick
(1993), Enders and Nunney (2010) and Mallet and Chippindale
(2011), who also found stronger inbreeding depression in male
than female D. melanogaster. Stronger inbreeding depression in
males has also been found in house mice (Mus domesticus; Meagher et al., 2000) and red ﬂour beetles (Tribolium castaneum; Pray
and Goodnight, 1995) suggesting that selection on males may indeed be stronger than on females.
5. Conclusions
Our study suggests that inbred females store and utilise sperm
as effectively as outbred females do. In addition, maternal inbreeding was not detrimental to zygote and larval viability suggesting
that inbred mothers do not necessarily pose a risk to offspring that
are outbred. Inbreeding depression in our study population was
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stronger on males than females suggesting that selection may be
more intense on males, which could help to purge deleterious
mutations from populations and thus reduce the cost of sex.
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