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Abstract

Background: One proposed consequence of inbreeding is a skewed sex ratio arising from sex specific mortality in
the homogametic sex caused by inbreeding on the sex chromosome. However, recent work suggests that random
distortions in sex ratio due to autosomal inbreeding may be of greater importance. In this study, we investigate the
effect of biologically realistic levels of inbreeding on sex ratio and sex specific mortality in Drosophila melanogaster.

producing identical autosomal inbreeding.

expectations of either model.

investigation on this topic.

We use two pedigree crossing designs to either maximise or minimise inbreeding on the X-chromosome whilst

Results: We found increased female mortality and male biased sex ratios associated with inbreeding in our high,
but not low, X-inbreeding pedigree. While our results are more consistent with being driven by inbreeding on the
X-chromosome than on the autosomes, the marked difference between treatments does not fit closely the

Conclusions: Our results are only partly consistent with the hypothesis that inbreeding on the X-chromosome can
cause greater fitness reductions in the homogametic sex. Whilst the results of our study are not conclusive, they
suggest that directional distortions in sex ratio due to inbreeding can occur, and highlight the need for further

Background

Because of their reduced population size and genetic
diversity, endangered populations are often vulnerable to
inbreeding depression [1]. A proposed consequence of
inbreeding, which has received attention due to its im-
plications for endangered populations, is that inbreeding
may distort secondary and tertiary sex ratios by increasing
the rate of sex specific mortality for the homogametic sex
[2-4]. This is of conservation significance because a
skewed sex ratio will lead to a substantial reduction in ef-
fective population size [5]. For placental mammals and
many invertebrates male biased sex ratios are predicted
with inbreeding. A male biased sex ratio is of particular
concern because extinction risks associated with distor-
tions in sex ratio are not symmetrically distributed around
a balanced sex ratio, with male biased sex ratios likely to
lead to a much greater risk of extinction [6]. Male biased
sex ratios may also lead to further reductions in female fit-
ness due to increased male aggression and competition
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[7-9]. For example, male biased sex ratios have been
linked to increased aggression towards females and have
been found to contribute to population collapse in lizards
[7]. The directional distortion in sex ratio caused by in-
breeding is most comprehensively dealt with by Frankham
and Wilcken [4] who give two mechanisms that are
expected to contribute to the effect. The first is an in-
crease in the equilibrium frequency of sex linked alleles
(those carried on the sex chromosome), which are sex
limited (expressed in one sex only), and are deleterious
recessive affecting only the homogametic sex. An example
of an allele which could produce such an effect is the
Sxl (Sex lethal) [10] in Drosophila melanogaster. As
documented by Lindsley and Zimm [11], Sx/ is a sex
linked switch gene that acts throughout development
to control all aspects of sexual dimorphism. Its prod-
ucts are required for female development and must be
absent for male development. It is common for muta-
tions of this gene to be lethal in homozygous females.
Mutations in Sx/ are largely hidden from selection as
they do not affect heterozygous females or hemizygous
males, allowing them to accumulate. These deleterious
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alleles will then be exposed during inbreeding resulting
in greater inbreeding depression in females.

The second mechanism relates to dosage compensation
[4]. Dosage compensation is a regulatory mechanism
in species where the sex chromosomes are highly differenti-
ated that equalises transcription in response to differences
in gene dose on the sex chromosomes (see [12] for review).
There are a variety of different ways that species achieve
dosage compensation. Under some methods of dosage
compensation, the recessive alleles that cause sex ratio
distortions with inbreeding are not expected to accumu-
late and therefore directional sex ratio distortions are
not expected. Placental mammals usually have random
inactivation of one X-chromosome in females. Although
a female carrying a deleterious recessive gene on one
X-chromosome will express this gene in roughly half of
her cells, such females usually have a phenotype closer
to the wild type homozygote than the deleterious recessive
homozygote (see [4]). Recessive sex linked alleles, which
are deleterious only in females, will thus be hidden from
selection and able to accumulate. Whereas in marsupials
dosage compensation also involves inactivation of one
X-chromosome, but it is always the paternally inherited
X-chromosome that is inactivated [13]. This means that
deleterious recessive sex limited alleles will be exposed
to selection when inherited from the maternal side, so
that mutations of these alleles will not be able to accumu-
late on the X. For most insects, birds, and placental mam-
mals, however, some level of directional sex ratio distortion
will be expected with inbreeding [4]. Frankham and
Wilcken [4] show modelling that suggests that sex-linked
alleles (those on the sex chromosome), which are deleteri-
ous recessive and expressed equally in both sexes, may also
distort sex ratios under inbreeding, leading to a reduction
in the homogametic sex in most cases, though again this
will not be true in the case of paternal X inactivation.

Empirical results so far do not provide consistent evi-
dence of directional distortions of sex ratio with inbreeding.
Although there are numerous examples of inbreeding caus-
ing distortions in sex ratio, a meta-analysis by Frankham
and Wilcken [4] of 25 vertebrate populations with distorted
sex ratios found no evidence of consistent directional dis-
tortions. While the authors conclude that, theoretically, a
reduction in the homogametic sex is often expected due to
inbreeding, random distortions in sex ratio caused by vari-
ation in sex limited autosomal loci in small populations are
likely to have a larger effect. They suggest that such auto-
somal sex-limited loci affecting either males or females are
likely to be present in approximately equal numbers in
large populations, but that in small inbred populations drift
may result in unequal numbers affecting each sex.

Frankham and Wilcken [4] suggest that the probability
of obtaining a directional distortion of sex-ratio with in-
breeding due to sex-linked loci with sex-limited expression
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is expected to be greater in species with a large proportions
of their genome on the sex-chromosome. For this reason
they propose that D. melanogaster; in which around 20% of
the euchromatic genome is on the X-chromosome, is the-
oretically a likely candidate for a directional distortion in
sex ratio. However, studies of this species report mixed
evidence. Some studies investigating D. melanogaster homo-
zygous for the entire X-chromosome have found evidence
for a sex-limited detrimental load on the X-chromosome,
resulting in a greater inbreeding depression in females
e.g. [14-16]. However, Eanes et al [17] found no evi-
dence for a sex-limited detrimental load in their study
of D. melanogaster and highlight some problems with the
experimental design of earlier studies. In a recent study by
Frankham and Wilcken [4] no evidence for directional
distortions in 69 replicate lines of D. melanogaster were
found after four generations of full sibling mating where
the inbreeding coefficient (f) was equal to 0.59. Similarly,
a recent study by Kristensen et a/ [18] found no effect of
inbreeding on sex ratio in D. melanogaster after five
generations of full sibling mating (f =0.67). A factor
that may have contributed to the lack of an effect in
these two studies is the high level of inbreeding mea-
sured, with several generations of full sibling inbreed-
ing occurring prior to assays of sex ratio. This may
have caused a reduction in the number of deleterious
recessive alleles due to purging [19-21].

Wright’s inbreeding coefficient, f [22] corresponds to
the probability that both copies of a gene at a particular
autosomal locus are identical through common ancestry.
However, the inheritance of the X-chromosome is some-
what different than the autosomes. Males inherit only one
copy of the X-chromosome and this must come from their
mother. When males reproduce they will always pass on
this same X-chromosome to their female offspring and no
X-chromosome to their male offspring. This means that
depending on whether the common ancestors are male or
female, the chance that both of a female’s copies of a gene
at a particular locus on the X-chromosome are identical
by descent can be much greater or much lower than .

In this study, we investigate the effect of inbreeding on
tertiary sex ratio (the sex ratio of sexually mature adults)
in Drosophila melanogaster using two separate pedigree
crossing designs that differ in the level of inbreeding
they generate on the X-chromosome. To avoid purging,
we consider more biologically realistic levels of inbreeding,
ranging from unrelated to full sibling crosses (f =0.25).
Figure 1 shows the relative change in sex ratio due to
inbreeding on the X-chromosome that we expect to see
across the different levels of autosomal inbreeding in each
pedigree. Finally, because inbreeding depression is thought
to be more severe in stressful environments [23], we in-
vestigated the effect of inbreeding on mortality after ex-
treme cold exposure in male and female offspring from
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Figure 1 Predicted sex ratio. Predicted relationship between sex
ratio and autosomal inbreeding coefficient in the two pedigrees.
The high X-inbreeding pedigree is shown as black diamonds. The
low X-inbreeding pedigree is shown as white squares.

our two pedigrees to expose possibly hidden effects of in-
breeding not expressed in the relatively benign conditions
in the laboratory.

Results

The effect of inbreeding on sex ratio

In total our sex ratio assay recorded the sex of 31,779
offspring. We found a significant interaction between pedi-
gree (high or low X-inbreeding) and autosomal inbreeding
coefficient (x* = 5.652, df = 1, P = 0.017) as well as an ef-
fect of pedigree (x> = 8.552, df = 1, P = 0.003). The effect
of autosomal inbreeding coefficient was nonsignificant
(x> =2.826, df = 1, P = 0.093). Analysing the results from
each pedigree separately, we found that there was a sig-
nificant effect of autosomal inbreeding coefficient on
sex ratio in the high X-inbreeding pedigree (x*=7.047,
df =1, P=0.008). Figure 2 shows that the sex ratio became
increasingly male biased as the levels of inbreeding in-
creased. However, for the low X-inbreeding pedigree
there was no significant effect of inbreeding on sex ratio
(x*> =0.344, df = 1, P = 0.558).

Our direct test of inbreeding on the X-chromosome,
after controlling for autosomal inbreeding, showed no
significant effect on sex ratio beyond that which could
be attributed to autosomal inbreeding (F =2.52, df=1,
P =0.145). Simulations to assess the statistical power
of this test revealed that we could detect a significant
X-chromosome inbreeding effect in just 46% of cases when
there was a 10% change in sex ratio due to inbreeding
on the X-chromosome in full sib crosses. When the
linear effect of inbreeding on the X-chromosome was
increased to 20%, a significant X-chromosome inbreeding
effect was found in 96% of cases. A significant effect of
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Figure 2 Sex ratio. Variation in sex ratio between the two
pedigrees plotted against autosomal inbreeding coefficient. The
high X-inbreeding pedigree is shown as black diamonds with black
error bars. The low X-inbreeding pedigree is shown as white squares
with grey error bars. Data has not been corrected for block. Error
bars indicate 95% confidence intervals.

autosomal inbreeding was found in less than 6% of
simulations in either scenario after inbreeding on the
X-chromosome was taken into account.

Analysis of QAIC values indicated that a model includ-
ing block and inbreeding on the X-chromosome was most
supported by our data, with a QAIC weight twice as large
as that of the next best model (Table 1).

The effect of inbreeding on cold shock mortality

For female cold shock mortality we found a similar
pattern to that on sex ratio, with a significant pedigree
type by autosomal inbreeding coefficient interaction
(x> =9.079, df = 1, P = 0.003) as well as a significant effect
of pedigree type (x* = 4.368, df = 1, P = 0.037). There was a
marginally nonsignificant effect of autosomal inbreeding
coefficient (y*=3.561, df =1, P=0.059). Figure 3 shows
that the interaction between pedigree type and autosomal
inbreeding coefficient is similar to that found for sex ratio,
with female mortality increasing with increased inbreeding
in the high X-inbreeding pedigree, but no effect of in-
breeding on female mortality in the low X-inbreeding
pedigree. Analysing the high X-inbreeding and low X-
inbreeding pedigrees separately we found a significant
effect of inbreeding in the high X-inbreeding pedigree
()(2 =6.628, df =1, P =0.010), but no effect of inbreed-
ing in the low X-inbreeding pedigree (x* = 0.001, df = 1,
P =0.971). Directly testing for an effect of inbreeding on
the X-chromosome after accounting for autosomal in-
breeding, again, showed no significant effect (F = 2.107,
df=1, P=0.150). However, analysis of QAIC values indi-
cated that a model including block and inbreeding on the
X-chromosome was most supported by our data, with a
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Table 1 Results of the two separate AIC model selection analyses on quasibinomial models explaining variation in sex

ratio and female cold shock mortality respectively

Response Model Factors K QAIC QAIC weight Quasi log likelihood
Sex ratio 1 Block + X chromosome inbreeding 12 61521 0.52 -295.60

2 Block + autosomal inbreeding 12 616.55 0.26 -296.28

3 Block 1 616.94 022 -297.47
Female cold shock mortality 1 Block + X chromosome inbreeding 12 189.83 0.54 -82.92

2 Block + autosomal inbreeding 12 191.26 0.27 -83.63

3 Block 11 191.90 0.19 -84.95

Within each AIC selection analysis a lower QAIC value indicates a model with a better fit and the QAIC weight represent the relative likelihood of the model.

QAIC weight almost twice that of the next best model
(Table 1).

For male cold shock mortality, all of our analyses showed
no significant effect of pedigree type (F=0425, df=1, P=
0.514), inbreeding coefficient (F=0.169, df=1, P=0.681)
or their interaction (F = 0.203, df = 1, P = 0.652) (Figure 4).

Discussion

Our results show a male bias in adult sex ratio associ-
ated with increased inbreeding in our high X-inbreeding
pedigree and no evidence for a distortion in sex ratio in
our low X-inbreeding pedigree. These results partially
support the hypothesis that sex ratio distortions associated
with inbreeding may arise due to deleterious mutations
residing on the X-chromosome. However, as can be
seen in Figure 1, we expected to see a similar but
slightly weaker effect of inbreeding on sex ratio in the
low X-inbreeding pedigree. The difference observed
between the two pedigrees for full sibling crosses was
not predicted due to inbreeding on the X-chromosome
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Figure 3 Female mortality. Variation in female mortality between
the two pedigrees plotted against autosomal inbreeding coefficient.
The high X-inbreeding pedigree is shown as black diamonds with
black error bars. The low X-inbreeding pedigree is shown as white
squares with grey error bars. Data has not been corrected for block.
Error bars indicate 95% confidence intervals.

or on the autosomes. This is where we observed the
largest difference in sex ratios between the two pedi-
grees, yet for this cross, the level of inbreeding on both
the X-chromosome and on the autosomes was identi-
cal and cannot account for this difference. Our cold
shock mortality results are consistent with the sex ratio
distortion being driven by an increase in female mor-
tality. Female mortality increased with the level of in-
breeding in the high X-inbreeding pedigree but not in
the low X-inbreeding pedigree. Mortality rates after
cold shock were far lower in males and we did not see
a significant difference in male mortality between pedi-
grees. However, again, we found the largest difference
in female mortality for full sibling crosses where there
was no difference between the two pedigrees in either
autosomal or X chrosmosome inbreeding. We were also
unable to demonstrate directly that increased inbreeding
on the X-chromosome, and not the autosomes, was re-
sponsible for the skew in sex ratio and the increased cold
shock mortality we observed in females. Because autosomal
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Figure 4 Male mortality. Variation in male mortality between the
two pedigrees plotted against autosomal inbreeding coefficient. The
high X-inbreeding pedigree is shown as black diamonds with black
error bars. The low X-inbreeding pedigree is shown as white squares
with grey error bars. Data has not been corrected for block. Error
bars indicate 95% confidence intervals.
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and X-linked inbreeding were correlated in many of our
crosses, we lacked power to detect an effect of inbreeding
on the X-chromosome after accounting for autosomal in-
breeding. Our simulations indicated that for an effect size
of 10% difference in sex ratio between unrelated and full
sibling crosses, we would expect to detect a significant re-
sult in only 46% of cases. Our observed change in sex ratio
was closer to 5%. Using a greater number of crosses and a
larger difference in X-chromosome inbreeding between the
high and low X-inbreeding pedigrees may have increased
our power to detect a result. However, this would be diffi-
cult to achieve in a single generation. For example, whilst
parent offspring crosses could have generated greater levels
of inbreeding on the X-chromosome at autosomal inbreed-
ing of f = 0.25, this would have resulted in male and female
parents being of different ages between the two pedigrees.
Priest et al [24] found that increases in either maternal or
paternal age were associated with reduced fitness in the off-
spring of D. melanogaster, but that maternal age had the
stronger effect. Maternal age has also been found to be dir-
ectly associated with increased inbreeding depression in
other species, for example the seed beetle, Callosobruchus
maculatus [25].

After accounting for a possible effect of autosomal in-
breeding, we were not able to demonstrate a further effect
of inbreeding on the X-chromosome. However, in a large
outbred population, deleterious recessive sex limited alleles
are expected to be present in relatively equal proportions
and are therefore not expected to lead to distortions in sex
ratio [4]. Our experimental population was established from
one hundred and fifty wild-caught, inseminated females
and was maintained at high population densities. This
should have captured and maintained a large amount of
genetic diversity. Whilst it is possible that some of this di-
versity was lost in the 11 months between the population
being established and the experiment being conducted, we
would still expect autosomal sex limited deleterious reces-
sives to have been present in relatively equal numbers, and
therefore not be responsible for the observed distortion in
sex ratio. The results of our AIC model selection analysis
also suggest that the skew in sex ratio and female cold
shock mortality was more consistent with inbreeding on
the X-chromosome than with autosomal inbreeding,
although neither model can explain the difference we
observed between the pedigrees. It is possible that some
other unexplained variable may have differed between the
pedigrees resulting in the difference in the response of sex
ratio to inbreeding.

Although theoretical work by Frankham and Wilcken
[4] predicts some directional distortion in sex ratio due to
inbreeding in D. melanogaster, neither they nor Kristensen
et al [18] found evidence of this. As outlined above, a pos-
sible explanation for their lack of findings is that several
generations of full sibling inbreeding resulted in purging
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of deleterious recessive alleles before sex ratio was
assayed. The population used by Frankham and Wilcken
[4] had also been maintained in lab culture for ten years
before their experiment. This may have resulted in loss of
genetic diversity and is also likely to have caused the flies
to become “laboratory adapted” to the food and environ-
ment. Inbreeding depression has been shown to be more
severe in stressful conditions [23] so the relatively benign
conditions in the laboratory may have contributed to a
weaker effect.

Our results, which suggest that in D. melanogaster
females may suffer greater inbreeding depression than
males, are somewhat in contrast to the findings of a recent
study by Enders and Nunney [26], who found male fitness
to be more sensitive to inbreeding depression than female
fitness. However, a likely explanation for this difference is
that Enders and Nunney [26] considered sexual selection in
their fitness measures, whereas we did not. Sexual selection
is likely to be stronger on males than females, so this is
likely to amplify the effects of inbreeding depression in
males. In their study, inbreeding depression was also scored
on different traits for males and females, mating success for
males and fecundity for females; our results are therefore
not directly comparable.

The distortion in sex ratio we observed for full sibling
crosses in our high X-inbreeding pedigree was greater
than the theoretical predictions for Drosophila made by
Frankham and Wilcken [4]. They suggest that directional
skews in sex ratio may result from a combination of dele-
terious recessive genes on the X-chromosome that are
expressed only in females or in both sexes. They expressed
their predictions for directional skews in sex ratio as the
sex ratio from full sibling inbreeding divided by the sex ra-
tio from outbred crosses. Their estimates varied depending
on the strength of selection against deleterious recessives,
but ranged to a maximum of 1.023 (inbred/outbred) for sex
linked deleterious recessives expressed in both sexes and
1.015 (inbred/outbred) due to sex linked deleterious reces-
sives expressed in females only. In our high X-inbreeding
pedigree we found a sex ratio associated with full sibling
crosses substantially higher at 1.190 (inbred/outbred).
Frankham and Wilcken’s [4] theoretical work suggests
that for invertebrates, autosomal loci are expected to lead
to skews in sex ratio of 1.073 (inbred/outbred) for those
expressed only in females and 0.932 (inbred/outbred)
for those expressed only in males. It is possible that the
X-linked effects in our study were greater than predicted
by Frankham and Wilcken [4] or that autosomal sex lim-
ited deleterious recessive alleles were contributing to this
result despite this population being likely to have retained
a reasonable amount of genetic diversity.

Although greater than expected, the distortion in sex ra-
tio for D. melanogaster was still modest. Assuming that
inbreeding on the X-chromosome was driving our results,
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it should be kept in mind that this species is expected to
show a greater effect than most due to a large proportion
of its genome being located on the X-chromosome. None-
theless, because distortions in sex ratio are expected to
lead to male biased sex ratios in placental mammals and
many insects [4], this would make them more prone to
extinction than would purely random distortions in sex
ratio. Therefore, the ubiquity of directional distortions in
sex ratio warrants further investigation.

Conclusions

The increased female mortality and male biased sex
ratios observed with increased inbreeding in our high
X-inbreeding pedigree are consistent with a directional
distortion in sex ratio caused by inbreeding on the
X-chromosome. However, we were unable to unequivocally
rule out inbreeding on the autosomes as a potential
contributor to this effect. The marked differences observed
between the high and low X-inbreeding pedigrees were not
predicted due to inbreeding on the X-chromosome or the
autosomes. Nevertheless, the observed results were at least
consistent with predictions based on X-chromosome
inbreeding. Our results suggest that directional distor-
tions in sex ratio may arise following inbreeding on the
X-chromosome and highlight the need for further re-
search on this topic.

Methods

Generation of experimental flies

The Drosophila stock used in our experiments was
established from 151 wild-caught females collected from
a single site in Margaret River (located on the south west
coast of Western Australia, 33.95 °S, 115.07 °E) in May
2009 and maintained in the laboratory for approximately
11 months (approximately 24 generations with effective
population sizes > 200) prior to use in this experiment. The
population was maintained with overlapping generations
in a single 9 L container on standard agar-maize-yeast
medium at 25°C with a 12/12 h light/dark cycle.

From this stock population we used two different pedi-
grees, each of which generated inbreeding levels equal to
crosses between: full siblings (f = 1/4), double 1** cousins
(f =1/8), 1** cousins (f =1/16), 2" cousins (f = 1/64)
and unrelated individuals (f = 0). Although each pedigree
generated identical levels of inbreeding on the autosomes,
by altering the sex of the individuals chosen to continue
each step in the pedigree, one pedigree was set up to maxi-
mise inbreeding on the X-chromosome while the other
was set up to minimise inbreeding on the X-chromosome
(Figure 5). These will be referred to as the high X-
inbreeding and the low X-inbreeding pedigrees respect-
ively. Inbreeding on the X-chromosome was calculated
following Crow and Kimura [27] and is listed for each
cross within each pedigree in Figure 5. It should be noted
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that while the low X-inbreeding pedigree aimed to minim-
ise inbreeding on the X-chromosome, this was not always
possible and in the case of double first cousin and full sib-
ling crosses, inbreeding on the X-chromosome could not
be avoided (see Figure 5). For each level of autosomal in-
breeding within each pedigree we also calculated the rela-
tive differences in sex ratio expected due to the differences
in X-chromosome inbreeding (Figure 1).

To conduct each cross, flies were housed in individual
50 ml vials on 10 ml agar-maize-yeast medium, seeded
with 5 mg of live yeast. All virgin flies used in the ex-
periment were collected within seven hours of emerging
(before they reached sexual maturity [28]) under brief
CO, exposure, and sorted into single sex vials. Virgins
were kept for three days prior to use, and these vials
were checked for larvae production. Unrelated individuals
used in the pedigree where collected by placing vials
directly into the mass population cage overnight, and
collecting virgin males and females from these vials after
11-12 days. Our experimental design was replicated in 10
separate blocks, each established one day apart. Within
each block we generated one high X-inbreeding and one
low X-inbreeding pedigree. The pedigrees within a block
shared a number of individuals in common. Both were
established from the same founding pair of individuals as
shown in Figure 5. Another pair of individuals was also
shared in common between the blocks used in the second
generation in the pedigrees as noted in Figure 5. Males for
the unrelated cross for both pedigrees were also sourced
from the same family. For each step in the pedigree, males
and females were paired in individual vials and allowed to
lay eggs for 48 hrs before being transferred to a second
laying vial and then discarded after another 48 hrs. Virgin
males and females were collected from these two vials
after 11 — 12 days as required to establish the next
crosses for the pedigree. To ensure that the pedigree
was complete even if some crosses failed to produce off-
spring, four replicates of each step were established and
of these, one was chosen at random to continue the
pedigree. Each pedigree produced females from a single
family (which will be referred to as focal females) that
could then be crossed to males of the five different
levels of relatedness to them as listed above. For each
pedigree, 25 virgin focal females were collected and five
replicate crosses of each of the five levels of inbreeding
were made. The unrelated males used for this final cross
were collected from a vial set up as a replicate of a “full
sibling” vial from another block. In this way these unre-
lated males had gone through the exact same handling as
the full sibling males. In total, across all 10 blocks we pro-
duced 500 crosses, the offspring of which were collected
to measure sex ratio and cold shock mortality. To collect
these offspring each cross was allowed to lay eggs sequen-
tially on three laying vials, spending forty-eight hours on
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Figure 5 Pedigree crossing design. All individuals without origins within the pedigrees were sourced from the mass population. Females
indicate the focal female group in each pedigree, with which males were crossed to produce the desired levels of inbreeding.
The blue, green and brown colourings trace the inheritance of X-chromosomes that may be shared between the focal females and their mates.
Same pair indicates that this same pair of individuals was shared in common between the two pedigrees.

each vial. Offspring from the first two vials were collected
for the cold shock mortality assay on days 11 and 12 from
when the initial cross was established. The offspring from
vial three were collected and sexed sixteen days from
when females were allowed to commence laying in this
vial. To ensure that inbreeding was not distorting sex ratio
by delaying development time, which might lead to fewer
offspring of one sex emerging before the 16 day collection
cut-off, we collected and sexed all offspring from each full
sibling cross every day for twenty-one days in two of our
blocks. Out of a total of 1212 individuals emerging from
these vials, just 22 (1.8%) emerged more than sixteen days
after laying commenced. Of these, 8 were female and 14
were male, suggesting that excluding such individuals from
our sample is unlikely to generate male biased sex ratios.

Cold shock mortality

All flies used in this assay were between two and three
days old at the time of cold exposure. One replicate of
each cross within each pedigree was chosen at random
to source offspring for the assay of cold shock mortality.
Twenty offspring of each sex from each cross were sorted
into single sex laying vials under brief CO, exposure the
day before the assay. Cold shock mortality was assessed
using the protocols established in previous studies e.g.
[29,30]. On the day of the assay each group of 20 flies was
transferred to a separate empty glass vial, and the vial par-
tially submerged in a salt water/ice bath at —2°C for three
hours. Immediately after cold exposure each group of 20
flies was transferred back to a room temperature laying vial
and returned to the controlled temperature room at 25°C.

We recorded the number of live and dead flies in each vial
five days after cold exposure.

Statistical analyses
All statistical analyses were carried out in the statistical
package R [31]. For sex ratio data, the five replicates of
each level of relatedness within each pedigree in each
block were pooled prior to analysis by summing the
number of adult offspring of each sex. In the rare case
where less than two of the five replicates produced viable
offspring, all replicates were excluded from the analysis.
Analyses of sex ratio, male cold shock mortality and fe-
male cold shock mortality were carried out separately.
First, to test whether sex ratio was affected by in-
breeding differently in the two pedigrees, data were fit-
ted with a binomial generalized linear model using the
“glm” function of the “stats” package. For sex ratio we
used the number of male offspring as the number of
successes and the number of female offspring as the
number of failures. Mortality after cold shock was ana-
lysed in a similar manner, using the numbers of live
and dead flies after the assay. In all cases response vari-
ables were overdispersed, so we fitted the models using
quasibinomial error distributions. For each trait, we in-
cluded the predictor variables block, autosomal inbreeding
(f), pedigree type and the interaction between autosomal
inbreeding and pedigree type. P-values were obtained
using the “Anova” function of the “car” package [32]
with type II sums of squares (main effects tested without
removing variation attributed to interaction terms). Where
there was a significant interaction, we separated the data
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into pedigree type and carried out new analyses with block
and autosomal inbreeding as the predictor variables only.

Next, we tested directly for an effect of inbreeding on
the X-chromosome after controlling for possible effects
of autosomal inbreeding. We analysed the results from
both pedigrees simultaneously using a model with pre-
dictor variables added in the order block, autosomal in-
breeding and X-chromosome inbreeding. Significance
testing was carried out using the “anova” command in
the “stats” package, which fits model terms sequentially
(type I sums of squares). Because the level of autosomal
inbreeding and X-chromosome inbreeding were positively
correlated (r = 0.94), we may have lacked power to detect
an effect of X-chromosome inbreeding after controlling
for autosomal inbreeding. In order to test our power to
detect such a result, we used simulations to create data
sets with a linear distortion in sex ratio for all crosses at a
rate equivalent to a 10% difference in sex ratio between
unrelated and full sibling crosses driven by inbreeding on
the X-chromosome and a variance in sex ratio equal to
that which we observed in our actual data. We created
1000 such simulated data sets and calculated the propor-
tion of these where we were able to detect a significant ef-
fect using the sample sizes in our study.

Finally, where our initial analysis indicated a significant
interaction between inbreeding and pedigree type, we used
AIC selection to assess whether any effect was better
explained by inbreeding on the X-chromosome or by
autosomal inbreeding. AIC selection is useful in allow-
ing for selection between models but does not give any
information on goodness-of-fit of the models in question
[33]. We used the “aictab” command of the AICcmodavg
package [34] to calculate Quasi AIC and Quasi Akaike
weights for the binomial models fitted to data from both
pedigrees. We included three models for comparison, one
with block and X-chromosome inbreeding as factors, one
with block and autosomal inbreeding as factors and one
with only block as a factor. We used the same overdisper-
sion parameter for each model, calculated from the auto-
somal inbreeding model using the “c_hat” command of
the “AICcmodavg” package.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

SPR participated in the design of the study, performed the majority of the
laboratory work, performed the statistical analysis and drafted the
manuscript. WK participated in the design of the study, assisted in statistical
analysis and helped to draft the manuscript. LWS participated in the design
of the study, assisted with laboratory work, assisted in statistical analysis and
helped to draft the manuscript. All authors read and approved the final
manuscript.

Acknowledgments
This study was funded by an Australian Research Council Discovery-Project
grant to LWS (DP0771680) and the University of Western Australia.

Page 8 of 9

Received: 16 December 2013 Accepted: 25 February 2014
Published: 17 March 2014

References

1. Frankham R: Conservation genetics. Annu Rev Genet 1995, 29:305-327.

2. Campos Rosado JM, Robertson A: The genetic control of sex ratio.

J Theor Biol 1966, 13:324-329.

3. Senner JW: Inbreeding depression and the survival of zoo populations. In
Conservation Biology: An Evolutionary-Ecological Perspective. Edited by Soule
ME, Wilcox B. Sunderland, Massachusetts: Sinauer Associates; 1980:209-224.

4. Frankham R, Wilcken J: Does inbreeding distort sex-ratios? Conserv Genet
2006, 7(6):879-893.

5. Charlesworth B: Effective population size and patterns of molecular
evolution and variation. Nat Rev Genet 2009, 10(3):195-205.

6. Bessa-Gomes C, Legendre S, Clobert J: Allee effects, mating systems
and the extinction risk in populations with two sexes. £col Lett 2004,
7(9):802-812.

7. Le Galliard JF, Fitze PS, Ferriere R, Clobert J: Sex ratio bias, male
aggression, and population collapse in lizards. Proc Natl Acad Sci USA
2005, 102(50):18231-18236.

8. Marchesan M: Operational sex ratio and breeding strategies in the Feral
Pigeon Columba livia. Ardea 2002, 90(2):249-257.

9. Clutton-Brock T, Parker GA: Sexual coercion in animal societies.

Anim Behav 1995, 49(5):1345-1365.

10.  Cline TW: Two closely linked mutations in Drosophila melanogaster that
are lethal to opposite sexes and interact with daughterless.
Genetics 1978, 90(4):683-697.

11.  Lindsley DL, Zimm GG: The Genome of Drosophila Melanogaster. San Diego:
Academic Press; 1992.

12. Mank JE: The W, X, Y and Z of sex-chromosome dosage compensation.
Trends Genet 2009, 25(5):226-233.

13. Migeon BR: Non-random X chromosome inactivation in mammalian cells.
Cytogenet Cell Genet 1998, 80(1-4):142-148.

14.  Gallo AJ: Genetic load of the X-chromosome in natural populations of
Drosophila melanogaster. Genetica 1978, 49(2-3):153-157.

15. Drescher W: The sex limited genetic load in natural populations of
Drosophila melanogaster. Am Nat 1964, 98(900):167-171.

16. Kerr WE, Kerr LS: Concealed variability in the X-chromosome of
Drosophila melanogaster. Am Nat 1952, 86(831):405-408.

17. Eanes WF, Hey J, Houle D: Homozygous and hemizygous viability
variation on the X-chromosome of Drosophila melanogaster. Genetics
1985, 111(4):831-844.

18.  Kristensen TN, Barker JSF, Pedersen KS, Loeschcke V: Extreme temperatures
increase the deleterious consequences of inbreeding under laboratory
and semi-natural conditions. Proc R Soc B 2008, 275(1646):2055-2061.

19. Templeton AR, Read B: Factors eliminating inbreeding depression in
a captive herd of speke’s gazelle (Gazella spekei). Zoo Biol 1984,
3(3):177-199.

20. Bijlsma R, Bundgaard J, Van Putten WF: Environmental dependence of
inbreeding depression and purging in Drosophila melanogaster. J Evol
Biol 1999, 12(6):1125-1137.

21, Connor JL, Belucci MJ: Natural selection resisting inbreeding depression
in captive wild housemice (Mus musculus). Evolution 1979, 33(3):929-940.

22. Wright S: Sysems of mating I. The biometric relations between parent
and offspring. Genetics 1921, 6(2):111-123.

23.  Miller PS: Is inbreeding depression more severe in a stressful
environment. Zoo Biol 1994, 13(3):195-208.

24.  Priest NK, Mackowiak B, Promislow DEL: The role of parental age effects
on the evolution of aging. Evolution 2002, 56(5):927-935.

25. Fox CW, Reed DH: Inbreeding depression increases with maternal age in
a seed-feeding beetle. £vol Ecol Res 2010, 12(8):961-972.

26. Enders LS, Nunney L: Sex-specific effects of inbreeding in wild-caught
Drosophila melanogaster under benign and stressful conditions. J Evol
Biol 2010, 23(11):2309-2323.

27.  Crow JF, Kimura M: An Introduction to Population Genetics Theory. New York:
Harper and Row; 1970.

28.  Goldstein LSB, Fyrberg EA: Drosophila Melanogaster: Practical Uses in Cell and
Molecular Biology, Volume 44. San Diego: Academic Press; 1994.

29. Hoffmann AA, Anderson A, Hallas R: Opposing clines for high and low
temperature resistance in Drosophila melanogaster. Ecol Lett 2002,
5(5):614-618.



Robinson et al. BMC Evolutionary Biology 2014, 14:51
http://www.biomedcentral.com/1471-2148/14/51

30.

31

32.

33.

34.

Jensen D, Overgaard J, Serensen JG: The influence of developmental
stage on cold shock resistance and ability to cold-harden in Drosophila
melanogaster. J Insect Physiol 2007, 53(2):179-186.

R Core Team: R: A Language and Environment for Statistical Computing
(Version 2.14.0). Vienna, Austria: R Foundation for Statistical Computing;
2011. http//www.R-project.org/.

Fox J, Weisberg S: An R Companion to Applied Regression. 2nd edition.
Thousand Oaks CA: Sage; 2011.

Burnham KP, Anderson DR: Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. New York: Springer; 2002.
Mazerolle MJ: AlCcmodavg: Model Selection and Multimodel Inference based
on (QAIC(c) (Version 1.24). 2011.

doi:10.1186/1471-2148-14-51

Cite this article as: Robinson et al.: Sex-biased mortality associated with
inbreeding in Drosophila melanogaster. BMC Evolutionary Biology

2014 14:51.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://www.R-project.org/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The effect of inbreeding on sex ratio
	The effect of inbreeding on cold shock mortality

	Discussion
	Conclusions
	Methods
	Generation of experimental flies
	Cold shock mortality
	Statistical analyses

	Competing interests
	Authors’ contributions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


