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Selection to avoid inbreeding is predicted to vary across species due to differences in population structure and reproductive
biology. Over the past decade, there have been numerous investigations of postcopulatory inbreeding avoidance, a phenomenon
that first requires discrimination of mate (or sperm) relatedness and then requires mechanisms of male ejaculate tailoring and/or
cryptic female choice to avoid kin. The number of studies that have found a negative association between male–female genetic
relatedness and competitive fertilization success is roughly equal to the number of studies that have not found such a relationship.
In the former case, the underlying mechanisms are largely unknown. The present study was undertaken to verify and expand
upon a previous report of postcopulatory inbreeding avoidance in D. melanogaster, as well as to resolve underlying mechanisms
of inbreeding avoidance using transgenic flies that express a sperm head-specific fluorescent tag. However, siblings did not have
a lower fertilization success as compared to unrelated males in either the first (P1 ) or second (P2 ) mate role in sperm competition
with a standard unrelated competitor male in our study population of D. melanogaster. Analyses of mating latency, copulation
duration, egg production rate, and remating interval further revealed no evidence for inbreeding avoidance.
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Mating between close relatives often leads to a decline in fitness
known as inbreeding depression (Charlesworth and Charlesworth
1999). The magnitude of inbreeding depression varies among
traits, environments, and species (Keller and Waller 2002), and
it can be strong enough to drive small populations to extinction
(Saccheri et al. 1998). It is thus not surprising that a variety
of adaptations to avoid inbreeding have evolved, including sexspecific dispersal and premating and postcopulatory discrimination against kin (Pusey and Wolf 1996; Tregenza and Wedell
2000). For example, female sticklebacks (Gasterosteus aculeatus;
Frommen and Bakker 2006) and cockroaches (Blattella
germanica; Lihoreau et al. 2007) prefer to mate with unrelated
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partners. The evolution of postcopulatory mechanisms of inbreeding avoidance is predicted especially when female mate choice
is limited or when mate relatedness cues are absent or inaccurate (Birkhead 1998). Such mechanisms have been described in
the fowl (Gallus gallus; Pizzari et al. 2004) and the least killifish (Heterandria formosa; Ala-Honkola et al. 2010), for which
most copulations are male-coerced. In the fowl, females appear
to regulate the amount of sperm that reach the perivitelline layer
of the eggs based on male relatedness (Pizzari et al. 2004), and in
the least killifish, fewer sperm were collected from the reproductive tracts of females mated to full-siblings compared to females
mated to unrelated males (Ala-Honkola et al. 2010).
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Due to the inherent kin-selected fitness benefits of inbreeding, theory predicts that inbreeding should only be avoided if the
associated costs are very high (Kokko and Ots 2006). This may
explain why inbreeding is by no means universally avoided, although inbreeding depression is very common (Keller and Waller
2002). Experiments quantifying competitive fertilization success
using two males that differ in their relatedness to the female have
revealed that unrelated males sire a greater proportion of progeny
in a small marsupial (Antechinus agilis; Kraaijeveld-Smit et al.
2002), the house mouse (Mus musculus; Firman and Simmons
2008), the alpine newt (Triturus alpestris; Garner and Schmidt
2003), two species of crickets (Gryllus bimaculatus; Bretman
et al. 2004, 2009 and Teleogryllus oceanicus; Simmons et al.
2006), the fruit fly (Drosophila melanogaster; Mack et al. 2002)
and the white campion (Silene latifolia; Teixeira et al. 2009). In
contrast, unrelated males exhibited no sperm competition advantage over related males in the mallard duck (Anas platyrhynchos;
Denk et al. 2005), the migratory locust (Locusta migratoria;
Teng and Kang 2007), Peron’s treefrog (Litoria peronii; Sherman
et al. 2008), or the guppy (Poecilia reticulata; Evans et al.
2008). Similarly, correlational studies of wild populations
have revealed a negative relationship between relatedness and
paternity success in the sand lizard (Lacerta agilis; Olsson et al.
1996a) and the ruff (Philomachus pugnax; Thuman and Griffith
2005), but not in the common shrew (Sorex araneus; Stockley
1997) or the red squirrel (Tamiasciurus hudsonicus; Lane et al.
2007).
Mack et al. (2002) report that female D. melanogaster may
adaptively bias sperm use against related males. Specifically, a
first male’s fertilization success (“sperm defense” or P1 ), when
competing against a standard unrelated male, was found to be
lower when the female was his full-sibling than when she was
unrelated. Half-sibling males and those of lesser degrees of relatedness suffered no reduction in sperm defense (Mack et al. 2002).
Neither the effects of inbreeding on sperm offense (i.e., the proportion of progeny sired by the second male to mate or P2 ) nor
the mechanisms underlying the association between relatedness
and P1 were examined by Mack et al. (2002).
The recent development of D. melanogaster transgenic lines
whose sperm heads fluoresce green or red (Manier et al. 2010)
present an opportunity to discern the fate of sperm within the female reproductive tract while discriminating between the sperm
of different males, and hence to investigate the mechanisms of
inbreeding avoidance. The present study aimed to (1) replicate
the P1 experiment of Mack et al. (2002), (2) quantify the relationship between mate relatedness and P2 and (3), resolve the
mechanisms of ejaculate-female interactions underlying postcopulatory inbreeding avoidance in this species. As we did not find
postcopulatory inbreeding avoidance, we present data from only
the first two aims.
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Methods
EXPERIMENTAL POPULATIONS AND METHODS

P1 and P2 were quantified in two separate experiments. In each
experiment, a focal pair of males (a “test” male and a “standard
competitor” male) was mated to the test male’s full-sibling and to
an unrelated female. For the P1 experiment, the test male mated
to both females first, and for the P2 experiment, the test male
mated to both females second. Both experiments were balanced
for mating order (i.e., whether the test male’s first mating was
with a sibling or a nonsibling female) by randomly assigning half
of the males from each family to each mating order. The use
of a standard competitor male removes the influence of male ×
male interactions on P1 and P2 , thus enhancing our ability to
detect any male × female interactions (see Bjork et al. 2007)
through pairwise comparisons of paternity success in related and
unrelated females. Similarly, to remove variation in P1 and P2
attributable to the male’s mating history (Bjork et al. 2007), all
test and competitor males were initially mated to nonexperimental
virgin females one day before their first experimental mating.
Test males and females were from a line genetically engineered to produce sperm that are tagged with a red fluorescent
protein (RFP; DsRed-Monomer) that had 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). The standard competitor males were from LHM -bwD line
(Chippindale et al. 2001) with a fixed brown dominant eye color
that allows unambiguous paternity assignment of all offspring.
Both LHM and a LHM -bwD lines were maintained in population
cages of approximately 1000 individuals at 24◦ C and 12L:12D on
standard 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). Families for this
experiment were created by placing pairs of randomly selected
virgin females and virgin males from the RFP-line into plastic
8-dram vials containing cornmeal-molasses-agar-yeast medium
and a few grains of live yeast. Each pair was transferred to a
new vial three times a week to avoid larval crowding. Virgin
females and males for the experiment were collected under CO2
anesthetization. Standard competitor males were bottle reared and
collected as virgins.
In both the P1 and the P2 experiment, we used four randomly
selected males and females from each of 20 different families
and assigned the females randomly to “sibling” and “unrelated”
mating roles. Thus the initial sample size was N = 80 for both
the P1 and P2 experiments. All males were 4-d old and all females
3- to 5-d old at their own first experimental mating day.
On the first experimental mating day, the first females and
the first males were individually paired in vials to mate. For all
pairs, we recorded the time when flies were paired in a vial, the
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start of copulation, and the end of copulation. Following copulation, each male was moved to an individual vial until his second
mating (see below). Females were provided the opportunity to
remate with the second male 2, 3, 4, and 5 days after their first
mating by aspirating the second male into the female’s vial in the
morning and providing a 4-h opportunity to interact. Again, after
copulation, the male was moved to his own vial until his second
test mating.
Four days after their first copulation, the first males were
mated to their second test female. After copulating, the male
was removed from the vial and frozen. Second females were
provided a 4-h opportunity to remate with the second male on days
2–5 after their first mating. After copulation, second males were
removed from the second female’s vial and frozen. Although the
remating interval for second males was variable due to variation
in remating latency among females, this experimental schedule
enabled at least a one-day remating interval for all second males.
We quantified inbreeding depression in egg-to-adult viability
in the P1 experiment for all eggs laid during the two-day interval
between the first mating and the initial exposure to the second
male. P1 and P2 were estimated from offspring produced in the
first three days after remating, with females transferred to fresh
vials daily. In summary, collected data permitted quantification
of (1) egg-to-adult viability, (2) P1 , (3) P2 and, as measures that
might have revealed possible inbreeding avoidance mechanisms,
(4) time to first copulation, (5) copulation duration with the first
male and the second male, (6) the number of eggs produced prior
to remating, (7) female remating interval, and (8) the number of
eggs produced during 3 days after the second mating.
DATA ANALYSES

Only those test males that successfully mated with both females
were included in the analyses. Males were also excluded from
the P1 and the P2 analyses (1) if either of their mates did not lay
any eggs, (2) if their mate from the P1 experiment produced no
progeny prior to remating and had a P1 value of “0,” (3) if the
female had a P1 value “1,” (4) if the female in the P2 experiment
produced no progeny prior to remating and had a P2 value of “1,”
or (5) if the female had a P2 value of “0,” because any of these
occurrences are symptomatic of an unsuccessful copulation or of
infertility. In D. melanogaster, P2 values are typically around 0.8
(e.g., Bjork et al. 2007). Final sample size for P2 analyses was
N = 59 (males originated from 20 families) and N = 35 for P1
analyses (males originated from 18 families). The lower N for the
P1 experiment resulted from the lower female remating rate in
this experiment compared to the P2 experiment.
To test the effect of relatedness on P1 , P2 , time to the first
copulation (P1 exp.), copulation duration with the first male (P1
exp.) and the second male (P1 exp. and P2 exp.), number of eggs
produced after the first mating (P1 exp.) and after the second mat-

ing (P2 exp.), and female remating day (P1 exp. and P2 exp.),
we ran separate general linear mixed models estimated using restricted maximum likelihood (REML). Due to heteroscedasticity
in residuals, time to the first copulation (P1 ) and the first copulation duration (P1 ) were loge -transformed. P1 and P2 were arcsine
square root transformed as they are proportions. “Male nested
within male family” was treated as a random factor, as we had
two observations for each male (one when he mated with a sibling;
one when he mated with a nonsibling) and males originated from
20 families. The significance of the random term was assessed using likelihood ratio tests (REML; Zuur et al. 2009). The random
term was significant only in the analysis of P2 and the female’s
second copulation duration (both in P1 and P2 exp.) but, to be
conservative, we did not remove the random term from any of the
models as it was part of the design. Relatedness (sibling or nonsibling), mating order of the male (“sibling female first, nonsibling
second” or “nonsibling female first, sibling second”) and female
order (first or second mate of a given male) were entered as fixed
factors into the full models. In the analysis of both P1 and P2 , we
also entered the number of eggs produced before remating as a
covariate (as it estimates the number of first male sperm used). In
addition, in the analysis of the number of eggs produced after the
first mating (P1 exp.), we included remating day as a fixed factor,
because the longer it took a female to remate, the more eggs she
produced before remating.
Female order was used as a variance covariate in the analysis of both the time to the first copulation (P1 exp.) and the
number of eggs produced after the first mating (P1 exp.; different variances allowed for the first and the second female, varIdent
function in R) because it improved the models based on likelihood
ratio test (REML) and decreased heteroscedasticity in residuals.
The optimal fixed structure of the models was determined by
comparing nested models using likelihood ratio tests (maximum
likelihood, ML) and the final model was refitted with REML as
suggested by Zuur et al. (2009). We performed model validations
by examining the homogeneity and independence of errors.
We were not able to find a transformation (even with the Box–
Cox method) to normalize residuals in the offspring viability data
after the first mating. Therefore these data were analyzed with
a nonparametric paired Wilcoxon signed rank test. All statistical
analyses were performed with R 2.10.1 (R Development Core
Team 2009).

Results
There was no difference in the egg-to-adult viability of offspring
sired by brothers (mean ± SD, 0.83 ± 0.21) or unrelated males
(0.86 ± 0.20) measured over two days after the first mating in P1
experiment (Wilcoxon V = 277.5, P = 0.54, N = 35). Therefore,
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we did not adjust P1 and P2 values for offspring viability. Viabilities were estimated on average from 134 ± 69 eggs produced per
female. P1 and P2 values were estimated on average from 118 ±
49 and 127 ± 47 offspring produced per female, respectively.
We found no evidence for postcopulatory adaptations for inbreeding avoidance in D. melanogaster. Full-siblings of females
exhibited levels of competitive fertilization success, in both first
and second male roles, that were not statistically different from
males that were genetically unrelated to females (Tables 1 and 2).
Parameter estimates from the full models for the difference between full-sibling and unrelated treatment are 0.0017 (SE of the
estimate 0.0028) for the P1 experiment and 0.0016 (SE 0.0007)
for the P2 experiment, with full-sibling treatments having the
lower values. Corresponding results were obtained for all of the
quantified reproductive traits that individually could represent
adaptations contributing to any patterns in sperm precedence.
Specifically, neither the time until the first copulation nor copulation duration was affected by whether the male was a sibling
or a nonsibling to each virgin female in the P1 experiment. Also,
females did not alter the rate of egg production, the remating interval or the duration of copulation with the standard competitor
male after being inseminated by a full-sibling as compared to an
unrelated male (Tables 1 and 2). Similarly in the P2 experiment,
nonvirgin females did not delay remating or alter copulation duration when presented with full-siblings as compared to unrelated
males, nor did they alter their egg laying behavior based on the
relatedness of their second mate (Tables 1 and 2).

Discussion
The existence of inbreeding avoidance mechanisms is intuitive for
species in which matings between relatives are likely to occur and
inbreeding depression is severe, such as the sand lizard (Olsson
et al. 1996a,b), the plant S. latifolia (Teixeira et al. 2009), or the
least killifish (Ala-Honkola et al. 2009, 2010). Population sizes
of the least killifish have been shown to collapse during droughts
and to recover slowly (Ruetz et al. 2005), with subsequent population growth primarily from reproduction by surviving individuals
rather than by migrants (Ruetz et al. 2005). Consequently, mating between relatives is quite likely, with matings between siblings resulting in severe inbreeding depression in numerous traits
(Ala-Honkola et al. 2009).
Even though inbreeding depression may occur in D.
melanogaster (e.g., Charlesworth and Charlesworth 1999), the
population and reproductive biology of this species does not suggest that adaptations to avoid inbreeding should be expected.
Natural populations of D. melanogaster tend to be very large,
consisting of thousands of individuals (e.g., Kusakabe et al. 2000;
Shapiro et al. 2007) with high dispersal capability (Coyne and
Milstead 1987). Hence, matings between relatives should be uncommon. Moreover, because females remate frequently in nature
(i.e., every few days; e.g., Harshman and Clark 1998; Imhoff et al.
1998; Kuijper and Morrow 2009), with sperm displacement resulting in high last-male sperm precedence (Bjork et al. 2007;
Manier et al. 2010), the fitness costs associated with insemination
by a rare, closely related individual would be low.

Table 1.

Means, standard deviations, and the significance of the factor relatedness in full (linear mixed effects) models comparing P1 ,
P2 , and other reproductive behaviors between full-sibling and unrelated pair treatments.

TRAIT

Sibling
P1 EXPERIMENT
P1
Time to first copulation (min)
Copulation duration with the first male (test male)
(min)
Number of eggs produced before remating
Remating day
Copulation duration with the second male (min)
P2 EXPERIMENT
P2
Copulation duration with the second male (test male)
(min)
Remating day
Number of eggs laid after remating
∗

Significance of relatedness in
the full model

Mean (SD)

Refers to whether the first male was a sibling or unrelated.
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0.15 (0.14)
28.4 (27.1)
26.4 (9.2)
135 (78)
3.2 (1.0)
∗
23.5 (5.7)

Unrelated
0.18 (0.18)
24.9 (19.9)
24.9 (6.7)
131 (61)
3.2 (1.2)
∗
24.5 (4.9)

df

t

P-value

32
34
34

−0.79
0.8
0.84

0.43
0.43
0.4

35
36
35

0.42
0
−1.41

0.68
1
0.17

0.80 (0.17)
29.7 (6.5)

0.83 (0.15)
29.8 (6.6)

56
56

−1.52
−0.10

0.13
0.92

2.9 (1.0)
151 (43)

3.0 (1.0)
138 (45)

58
58

−0.87
1.65

0.39
0.10
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Table 2.

Fixed effects of final (linear mixed effects) models for P1 , P2 , and other reproductive behaviors measured.

Measured trait
P1 EXPERIMENT
P1
Time to first copulation (min)
Copulation duration with the first
male (test male) (min)
Number of eggs produced before
remating

Remating day
Copulation duration with the second
male (min)
P2 EXPERIMENT
P2

Copulation duration with the second
male (test male) (min)
Remating day
Number of eggs laid after remating

Parameter
estimate

SE

df

t

0.39
2.99
3.2

0.03
0.1
0.04

35
36
36

15.2
29.6
89.7

0.000
0.000
0.000

−8.47

14.1

36

−0.6

0.552

Female order (second)
Remating day
Intercept
Intercept

−23.95
48.2
3.2
24.9

10.0
4.1
0.13
0.87

36
36
38
36

−2.39
11.8
23.8
28.6

0.022
0.000
0.000
0.000

Female order (second)

−1.9

0.77

36

−2.45

0.019

Intercept (arc sine sqrt transformed)
Male mating order (sib first)
Female order (second)
No. of eggs prod. before remating
Intercept

1.06
−0.10
0.06
0.0009
30.8

0.05
0.05
0.03
0.0003
0.96

57
38
57
57
57

20.4
−2.17
2.03
3.46
32.1

0.000
0.037
0.047
0.001
0.000

Female order (second)
Intercept
Intercept

−2.3
3.0
145

0.86
1.0
4.1

57
60
60

−2.65
30.5
35.7

0.010
0.000
0.000

Fixed effect
Intercept (arc sine sqrt transformed)
Intercept (log-transformed)
Intercept (log-transformed)
Intercept

Consistent with this contention, we found no evidence that
male–female relatedness influences competitive fertilization success in D. melanogaster. In other words, males of our study population do not appear to strategically ejaculate (Wedell et al. 2002),
and females do not strategically select sperm (Birkhead 1998),
based on the relatedness of their mates. An independent set of experiments executed contemporaneously with the present study and
using the same experimental population (RFP-LHM ) revealed that
males of this population are capable of extraordinarily sophisticated tailoring of the number of sperm ejaculated based on female
mating status, fecundity, and age (Lüpold et al. 2011), indicating
that such facultative adjustments are generally possible. Some of
our results further indicate no premating inbreeding avoidance
by D. melanogaster. Specifically, females mated just as quickly
with sibling first or second males as with unrelated first or second males. Mating speed is commonly used as an index of male
attractiveness (e.g., Taylor et al. 2007; Hosken et al. 2008). These
results complement an extensive study by Wei et al. (unpubl.
ms.) demonstrating very little premating inbreeding avoidance in
a different experimental population of D. melanogaster.
Our findings contrast with an earlier report by Mack et al.
(2002) showing that full-sibling males had significantly lower
P1 scores relative to unrelated males, although lesser degrees of

P-value

relatedness (e.g., half-siblings; R1/4 ) did not influence P1 . In the
Mack et al. (2002) study, the effect of relatedness was about
0.06 with siblings and unrelated males having P1 values of 0.23
and 0.29, respectively. Our parameter estimates for relatedness
effects (from the full statistical models) were much lower (0.0017
for P1 and 0.0016 for P2 ) and the differences between full-sibling
and unrelated means were 0.03 both in the P1 and P2 experiments
(Table 1). Thus, in both studies the differences between treatments
were in the same direction and relatively small. Unfortunately,
neither P2 nor other possible mechanisms of discrimination were
examined by Mack et al. (2002), thus precluding more extensive
comparisons with our study.
One obvious potential explanation for the differing results is
divergent adaptation between the respective experimental populations of D. melanogaster. The population used by Mack et al.
(2002) was collected from nature (Watkinsville, Georgia) in 2000,
whereas we used an RFP-sperm line that had been backcrossed
to an LHM -population for six generations. LHM is a large outbred
wild-type population founded in 1991 from central California
(Chippindale et al. 2001). It has adapted to the laboratory for
over 200 generations and has been maintained in population
cages supporting over 1000 individuals. Even though DNA microsatellite data indicate that population subdivision in North
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American D. melanogaster is low (likely due the commensal
habits and the high dispersal capability of these flies; Coyne and
Milstead 1987), there are differences between populations from
the east and the west coast of the United States (Caracristi and
Schlötterer 2003).
It is noteworthy that we did not find inbreeding depression in
egg-to-adult viability in our study, also in contrast to Mack et al.
(2002). It could thus be argued that the two populations differ
in the intensity of selection for inbreeding avoidance. However,
subsequent experiments in our laboratory on the same study population as reported on here have revealed significant inbreeding
depression in P2 and in mating latency of both sexes (O. AlaHonkola, unpubl. data). Inbreeding depression in P2 is likely to
decrease fitness as P2 is linked with lifetime reproductive success (Fricke et al. 2010). Thus, inbreeding is not totally cost free
in our study population, although it is likely to be less harmful
than in the study population of Mack et al. (2002). Populations
may vary in the severity of inbreeding depression depending on
the level of ancestral inbreeding, with higher levels of ancestral
inbreeding having purged deleterious alleles and thus resulting
in lower inbreeding depression (Swindell and Bouzat 2006a,b).
As investigations with diverse taxa accumulate, a more nuanced
understanding of the relationships between inbreeding risk, inbreeding depression, and the evolution of mechanisms to both
discriminate relatedness of mates and/or gametes and to respond
adaptively to such recognition should emerge.
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