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ABSTRACT

One of the possible effects of intraspecific hybridization is outbreeding depression, due to a
breakdown of coadapted gene complexes, which can lead to reduced fitness and decreased
developmental stability in hybrids. Alternatively, increased fitness and increased developmental
stability in hybrids (hybrid vigour) may be a result of hybridization, probably due to increased
heterozygosity. Developmental stability is assumed to be correlated with fitness and is com-
monly measured as fluctuating asymmetry or phenotypic variance. Drosophila mercatorum is
capable of reproducing sexually, but also parthenogenetically in the laboratory. When selecting
for parthenogenesis, the flies become homozygous in one generation; strong selection,
therefore, is acting on the genome of these flies for coadaptation among genes. Intraspecific
hybridization is therefore expected to have an impact when coadaptation is disrupted. Intra-
specific hybridization between a parthenogenetic and a sexually reproducing strain of Dros-
ophila mercatorum resulted in significant changes in fecundity as well as fluctuating asymmetry
and phenotypic variance for the number of sternopleural bristles and in the length of two wing
traits over three generations after hybridization. We found a ‘hybrid vigour effect’ in F1 females
with an increase in fecundity relative to their parental populations. The F2 and F3 females
showed increased fluctuating asymmetry in several traits and reduced fecundity compared
with the F1 females, probably due to a breakdown in coadapted gene complexes. The males
followed the same pattern of fluctuating asymmetry for bristles but there was no increase
in wing fluctuating asymmetry in the F2 and F3 generations. Trait differences in phenotypic
variance were found between wings and bristles. We found an increase in phenotypic variance in
the F1 generation for both sexes and all traits, which could be due to increased genetic variance
after hybridization. The phenotypic variance increased further in generations F2 and F3 for
bristle number. For the wings, phenotypic variance generally decreased in generations F2 and
F3 when compared with F1, which we attribute to canalization and selection on the wings.
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INTRODUCTION

Hybridization and developmental stability

In disturbed habitats, previously isolated populations may come in contact (Dowling and
Secor, 1997). If individuals from two such populations mate, there will be a hybridization of
the two gene pools in the progeny (Ross and Robertson, 1990). Hybridization most com-
monly refers to matings by individuals that differ taxonomically (interspecific hybridization)
but the term has also been applied to matings between individuals of populations that differ
genetically but which are not taxonomically distinguishable (intraspecific hybridization)
(Barton and Hewitt, 1985; Rhymner and Simberloff, 1996).

Because of habitat fragmentation, migration between populations of the same species
can become almost impossible, which can be a threat to many populations. Because
of differences in selection regimes and drift, small endangered populations may differ
genetically or become susceptible to inbreeding depression (Lynch, 1996). To avoid inbreed-
ing depression, conservationists have used translocation of animals between populations
and have introduced captive reared animals to solve this problem (Marshall and Spalton,
2000). However, it is important to examine the populations involved very carefully, both
genetically and demographically, before any translocation to avoid outbreeding depression
(Miller et al., 1999), which is a reduction in fitness due to mating of genetically divergent
individuals (Lynch, 1991).

Hybridization can lead to outbreeding depression within the affected populations
due to a breakdown in coadapted gene complexes (Dobzhansky, 1950). Dobzhansky
(1950) defined coadaptation as the balance between loci in the genome. Such coordination
within the genome protects the individual from developmental accidents, which can be
of environmental or genetic origin or both (Parsons, 1990). A breakdown in coadaptation
might be displayed by the individual as a decreased ability to develop an optimal phenotype
due to reduced developmental stability (Leary et al., 1985). Developmental stability refers
to the ability of an organism to buffer its developmental processes against environmental
and genetic disturbances to ensure common developmental outcomes under specified con-
ditions (Mitton, 1993). Two principal methods are commonly used to estimate develop-
mental stability. Some studies have used the phenotypic variance of different morphological
traits, where the estimate can be blurred by genetic variance and environmental variance.
Other studies have used fluctuating asymmetry, which is the difference in value between
paired bilateral traits. This dissimilarity in expression of a given character on the left and
the right side, observed in the case of fluctuating asymmetry, cannot be explained by either
genotype or environmental differences, since the development of bilateral characters in
an individual is ensured by the same genotype under identical environmental conditions
(Palmer and Strobeck, 1986). Fluctuating asymmetry tends to become elevated due to both
environmental stress, such as pollution (Dstbye et al., 1997) and extreme temperatures
(Imasheva et al, 1997), and genetic factors, including the loss of genetic variation
(Vollestad et al., 1999), the extent of protein heterozygosity (Leary et al, 1983; Mitton,
1993), hybridization (Ross and Robertson, 1990), episodes of directional selection (Markow
and Ricker, 1992) and mutations (Clarke and McKenzie, 1987). Much of the current inter-
est in fluctuating asymmetry stems from its potential as an indicator of fitness. Some studies
have found fluctuating asymmetry to be negatively correlated with fitness components,
whereas others have found a very weak correlation or no correlation (Mgller, 1999).
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A disruption of coadaptation has been observed by crossing individuals representing
differently coadapted genomes. This can be reflected in decreased fitness, increased pheno-
typic variance and increased fluctuating asymmetry (Graham and Felly, 1985). These effects
might be displayed immediately after hybridization in the F1 generation, due to very distinct
genomes of the hybridizing individuals (Markow and Ricker, 1991), and is therefore often
seen as a result of interspecific hybridization (Ross and Robertson, 1990). In other cases,
disruption of coadaptation might not be observed before the F2 generation. The strong
interruption of coadaptation in F2 is a result of recombination and segregation events
during meiosis in the F1 generation. This produces an F2 generation containing genomes
that are recombinations of the parental F1 genomes (Graham, 1992). The F2 genomes,
therefore, consist of genes with different evolutionary histories, which have not under-
gone selection for coadaptation together (Felley, 1980). The disruption of coadapted gene
complexes might, therefore, produce individuals that have lower fitness than either parental
type (Vetukiv, 1955, 1957).

Another common observation is that progeny in the F1 generation after hybridization
exhibit enhanced fitness and decreased fluctuating asymmetry relative to their parents
(referred to as hybrid vigour), which generally is believed to originate from increased
heterozygosity (Ferguson et al., 1987).

Drosophila mercatorum is capable of reproducing sexually, but also parthenogenetically
in the laboratory. When selecting for parthenogenesis, the flies become homozygous in
just one generation, as they reproduce by pronuclear duplication (Templeton et al., 1976).
Therefore, strong selection is acting on the flies and only flies with a coadapted genome will
be able to establish a parthenogenetic strain that can persist in time. The parthenogenetic
flies are totally homozygous and, therefore, do not possess any recessive lethal or sublethal
alleles; therefore, it is impossible for any F1 hybrid to be homozygous for these alleles.
Performing intraspecific hybridization using this strain seemed a good way of maximizing
the effects of both hybrid vigour and a breakdown of coadaptation. We assessed the effects
by using estimators of individual developmental stability and fitness. We did this over three
generations after hybridization to determine if the possible impact of hybridization would
change over generations.

MATERIALS AND METHODS

Experimental design

We used two different strains of Drosophila mercatorum, a sexually reproducing out-
bred strain and a parthenogenetic strain Iv-23-olm isolated from the sexual population in
1990 (Kramer and Templeton, 2001). The parthenogenetic flies should be completely
homozygous because they reproduce by pronuclear duplication (Templeton et al., 1976).

In this experiment, we made the intraspecific hybridization by mixing a sexual male with a
parthenogenetic female. In each of 10 vials, we placed one parthenogenetic female and
one male and, when mated, the parthenogenetic females reproduced sexually. In this way,
we obtained 10 strains. The flies were kept at 25°C in vials containing instant Drosophila
medium (Carolina Biological Supply, Burlington, NC, USA) and were fed with live yeast.
They were allowed to lay eggs for 2 days in one vial before being moved to a new vial, which
was done four times. We moved the flies every second day to minimize any effects of
crowding and competition between the larvae. We only used progeny from mothers 4-8 days
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old to minimize any maternal effects, as both fluctuating asymmetry and phenotypic
variance in the progeny have been shown to increase with maternal age in Drosophila
(Parsons, 1962). The F2 and F3 generations were reared following the same procedure as the
F1 generation. The hybrid flies that were used to produce the next generation were taken at
random from separate strains to avoid any possibility of mating between related individuals.

In each generation, when the flies hatched, males and females were separated (as virgins).
After 7 days, about 70 males and 70 females from each of the 10 strains were chosen at
random and individually mated with flies from the other nine strains, giving around 700
matings in total. One female and one male were placed in a vial with a plastic spoon that
contained a small amount of medium covered with a layer of live yeast. Then egg laying
was allowed for 24 h before the flies were frozen at —18°C. We counted the number of eggs
laid by each female and the number of sternopleural bristles on the right and left side. The
wings were removed, mounted on a glass slide in a drop of lactic acid and a cover slip was
placed over them. The wings were measured using a camera attached to a dissecting micro-
scope, a Macintosch computer and the software package Object Image 1.62p2 (Vischer,
2000). We measured two wing traits (traits A and B) on each wing using three landmarks
(Fig. 1).

The fecundity of the parthenogenetic females when mated with the sexual males was
lower than that of the sexual females (results not shown). Probably because of the lower
propensity of parthenogenetic females to mate than sexual females (Templeton, 1983), this
resulted in fewer than the desired 700 matings of F1 flies (Table 1).

Fig. 1. Winglandmarks used for measuring the two wing traits. A = length between the end of the fifth
longitudinal vein and link between the anterior cross vein and the fourth longitudinal vein. B = length
between the link between the anterior cross vein and the fourth longitudinal vein and the end of the
third longitudinal vein.
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Measurement error

Measurement error can cause extreme bias in studies of fluctuating asymmetry; therefore,
accurate estimates of measurement error are essential (Palmer, 1994). When sample sizes are
large, repeated measurements of the whole sample may not be practical, in which case
the effect of measurement error should be calculated from repeat measures of a subsample
of at least 30 individuals. To estimate measurement error in this study, a subsample
of 50 parthenogenetic flies chosen at random was measured two times. The second set of
measurements was made within 24 h, without reference to the first set, and all measure-
ments were recorded by the first author only. Between measurements of the sternopleural
bristles, the flies were frozen in Eppendorf tubes. The sternopleural bristles were measured
without error. For the wings, a two-way analysis of variance was conducted to test for the
significance of fluctuating asymmetry relative to measurement error (the difference between
two independent estimates of fluctuating asymmetry) following Palmer and Strobeck
(1986). We found that the wing traits were measured with high repeatability. The inter-
action mean square (MS) containing information about fluctuating asymmetry was tested
against error mean square (reflecting measurement error), which showed that fluctuating
asymmetry was significantly larger than measurement error in all cases (0.33 < interaction
MS < 1.16; 0.0001 < error MS < 0.04; d.f. =49, P <0.0001).

Statistical properties of fluctuating asymmetry

In the following statistical analysis, males and females in each generation were analysed
separately and, because of the large number of tests conducted, we applied the sequential
Bonferroni test (Rice, 1989).

Fluctuating asymmetry is characterized by a normal distribution of right-side minus
left-side (r—1) differences with a mean of zero (Palmer and Strobeck, 1986). Anti-
symmetry occurs when a significant difference exists between sides, but the larger side
is randomly distributed within a sample (Graham et al, 1993). Fluctuating asymmetry
distributions for the sternopleural bristles and for the two wing traits were inspected
graphically for normality and antisymmetry. No deviation from true fluctuating asym-
metry was found. However, in 11.1% of the fluctuating asymmetry distributions for the
sternopleural bristles and 94.4% of the wing traits investigated, we found leptokurtic
distributions.

We tested for directional asymmetry, which occurs when there is a consistent bias in a
more pronounced development of a character towards one side (Graham et al., 1993). If
directional asymmetry occurs, the mean (r — 1) character value has a normal distribution,
with a mean value deviating from zero. We tested for directional asymmetry using a one-
sample z-test, which tests for significant deviation of the mean value of (r —1) from zero.
No significant directional asymmetry was detected.

Measurement of fluctuating asymmetry

Asymmetry was estimated as the difference in value between each bilateral pair of traits
(r —1). Fluctuating asymmetry was calculated as an absolute value at the individual level
and as a mean value at the population level (Palmer and Strobeck, 1986).
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Statistical analysis

Dependence of fluctuating asymmetry on trait size

We tested for possible associations between trait size and fluctuating asymmetry because
these may affect the interpretation of directional asymmetry studies (Palmer, 1994). We
tested for the dependence of fluctuating asymmetry on trait size by linear regression,
polynomial regression and the Spearman rank correlation test.

Correlation of fluctuating asymmetry among traits and with the number of eggs

As individual fluctuating asymmetry values of the number of sternopleural bristles and
wing traits could be correlated, we tested for a correlation between fluctuating asymmetry
for the different traits at an individual level using linear regression analysis. The females
from the sexual strain, the F1, F2 and F3 generations were examined for correlations
between fluctuating asymmetry in each of the traits and number of eggs laid.

Furthermore, to quantify the effect of body size on fecundity, the females from the sexual
strain, the F1, F2 and F3 generations were pooled and examined for correlations between
trait B and the number of eggs laid. Trait B is correlated with thorax length in Drosophila,
which is used as a measure of body size (Robertson, 1959); therefore, we considered trait B
to be a reliable estimate of body size in this study.

Comparison of fluctuating asymmetry and phenotypic variance among generations

A one-way analysis of variance (ANOVA) was conducted to test for differences in mean
fluctuating asymmetry for the different traits among generations. Because fluctuating
asymmetry is half-normally distributed, comparisons between generations were also per-
formed using a non-parametric Kruskal-Wallis test (Zar, 1984). Multiple comparison tests
were performed using Scheffé’s F-test; this compares the differences between generations.

As a measure of phenotypic variance, we used the coefficient of variation. A two-tailed
test for differences between two coefficients of variation was conducted to determine
whether the coefficient of variation for the number of sternopleural bristles and that for
the length of the two wing traits, on the right wing, was significantly different among
generations.

Comparison of mean and coefficient of variation for the number of eggs among
generations

A one-way ANOVA and a non-parametric Kruskal-Wallis test were conducted to test for
differences in the mean number of eggs among generations. We used log-transformed data
to homogenize variances (Zar, 1984). Multiple comparisons were performed using Scheffé’s
F-test to test for differences between generations. The conservative Scheffé’s F-test was
used to reduce the possibility of a Type 1 error. Type 1 error is typically associated with
investigations dealing with large amounts of data, as in the present study.

A two-tailed test for differences between two coefficients of variation was conducted to
test for significant changes in the coefficient of variation for the mean number of eggs laid
in each generation.

Comparison of mean values of traits among generations

Tests for significant changes in the mean value of the investigated traits were performed
using one-way ANOVA and the non-parametric Kruskal-Wallis test. Multiple comparison
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tests were performed using Scheffé’s F-test to compare the differences between the
generations.

RESULTS

Dependence of fluctuating asymmetry on trait size

For the number of sternopleural bristles and its fluctuating asymmetry, only the polynomial
regression analysis was found to be highly significant, showing a U-shaped relationship,
for both sexes in all generations.

Correlations between wing trait length and its fluctuating asymmetry were not so clear-
cut. We found significant differences both for the linear and the polynomial regression
analysis, but in all cases the latter was more significant, with higher r*-values. There was a
general pattern of a significant U-shaped relationship in 80% of the traits for the females
and in 87.5% of the traits for the males.

Correlation of fluctuating asymmetry among traits and with the number of eggs

We found no significant correlation between fluctuating asymmetry for the sternopleural
bristles and fluctuating asymmetry in the two wing traits for the females (0.001 <r < 0.119;
100 <n<759;0.1 < P<0.97) or the males (0.003 < r<0.17; 118 <n < 760; 0.16 < P < 0.93).
Highly significant correlations were found between wing traits; therefore, no average
fluctuating asymmetry over traits was measured.

We did not find any significant correlation between the number of eggs laid by each
female and fluctuating asymmetry for the sternopleural bristles, but we found highly sig-
nificant correlations between fluctuating asymmetry in trait B for the wings in the F2
generation (r = 0.243, n =750, P =0.0001). There was a highly significant positive relation-
ship between trait B and the number of eggs laid (r=0.1, n=2293, P=0.0001), " =0.01
indicating that body size accounted for 1% of the variation in fecundity.

Comparison of fluctuating asymmetry and phenotypic variance among generations

There were significant changes in mean fluctuating asymmetry of the number of sterno-
pleural bristles among generations (see Table 1), with a significant increase from the F1 to
the F3 generation, both for males and females (Table 1, Fig. 2a, Fig. 3a).

For the wing traits, the changes in mean fluctuating asymmetry among generations
showed a different pattern than that for the bristles. For the females (Table 1, Fig. 2b,c),
we found for both trait A and B a highly significant increase in fluctuating asymmetry in the
F2 generation when compared with the parental sexual and parthenogenetic populations
and the F1 generation, and a highly significant decrease in fluctuating asymmetry in the F3
generation when compared with the F2 generation (Table 1). For the males, the changes in
mean fluctuating asymmetry between generations were not of the same magnitude as for the
females (significant changes were only found in trait B; Table 1, Fig. 3c), with significant
highest fluctuating asymmetry found in the sexual population (Table 1, Fig. 3c). Using the
non-parametric test, significant changes were noted among generations for all wing traits
(Table 1).
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For the females, the smallest coefficient of variation was for the number of (r + 1) sterno-
pleural bristles in the parthenogenetic population, followed by a significant increase in the
F2 and F3 generations when compared with the parthenogenetic population (Fig. 4a). The
same trend was found for the males, with the smallest coefficient of variation in the sexual
population followed by a significant increase in the F2 and F3 generations relative to
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the sexual population (Fig. 5a). For the wings of females (measured on the right wing),
the smallest coefficient of variation for both wing traits was seen in the parthenogenetic
population (Fig. 4b,c). A significant increase from the parthenogenetic population to the
sexual population was found and a further significant increase in F2 (trait A) or in F1 (trait
B), and a decrease in F3 (trait A and B). The same trend was found for the males (Fig. 5b,c),
with an increase in the coefficient of variation in the F1 generation when compared with the
sexual population, followed by a significant decrease in F2 and F3 compared with F1 (see
Fig. 5b,c).

Comparison of mean numbers of eggs among generations

We found a highly significant difference in the mean numbers of eggs between generations
(Table 2, Fig. 6). The mean number of eggs laid in the F1 generation increased when
compared with the parental sexual generation, followed by a highly significant decrease
from the F1 to the F2 generation, and a further significant decrease from the F2 to the F3
generation.

Comparison of mean values of traits among generations

The changes in the mean number of bristles between generations were similar for both
males and females (Table 2), with the highest mean value in the F1 generation, a significant
decrease in the F2 generation followed by a significant increase in the F3 generation
compared with the F2 generation.
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The mean length of the two wing traits (right wing) in the parthenogenetic females was
significantly greater than that for the sexual population and the three hybrid generations
(Table 2). The changes in mean length were similar for both traits with a decrease in mean
length in the F1 generation when compared with both the parental populations, although
it was not significant. We found a significant decrease in the F2 compared with the F1
generation and a significant increase in the F3 compared with the F2 generation (Table 2).
For the males, we found significant changes among generations; however, no significant
pairwise comparisons using Scheffé’s F-test were found (Table 2).

DISCUSSION

Metric and meristic traits

In this study, we assessed fluctuating asymmetry of the number of sternopleural bristles
(meristic trait) and of the wings (metric trait). The underlying genetic mechanisms control-
ling these two systems are very different (Woods et al., 1999). We found deviations from
normality in the investigated traits, seen as a leptokurtic distribution of fluctuating
asymmetry.

For the sternopleural bristles, the leptokurtic distribution could have been produced by
chance, as it was only found in the F3 generation and only in males. For the wings, however,
the leptokurtic distribution was probably due to selection on the wing traits, which results
from a lot of individuals having very low fluctuating asymmetry. The wings are believed to
be a fitness-related trait and, therefore, the development of the wings might be subject to
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Fig. 6. Changes in the mean number of eggs per female among the parental sexual population and the
F1, F2 and F3 generations (see Table 2 for significant changes). Error bars represent the standard
error.

stabilizing selection for an optimal function that can only be achieved by ensuring similar
developmental patterns in both wings.

Effects of intraspecific hybridization on fecundity, fluctuating asymmetry
and phenotypic variance

The changes in mean fluctuating asymmetry and phenotypic variance differed depending on
the trait investigated, bristles or wing traits. However, as previously discussed, the discrep-
ancy in the results could be due to differences in stabilizing selection and canalization acting
upon the traits. Furthermore, we found differences between the sexes for the effects of
hybridization on changes in mean fluctuating asymmetry for the wings.

Developmental instability results when developmental noise or stress affects the buffering
capacity of the processes that provide developmental stability (Lens et al, 2000). Pheno-
typic variance reflects developmental instability, but is influenced by other factors: 6°p =
ng +6’e + (G X E) + cov(GE) + DI (Pertoldi ez al., 2001a), where 02g is the genetic variance,
o’e is the environmental variance, (G x E) is the genotype x environment interaction,
cov(GE) is the covariance between genotypic and environmental sources of variance and DI
is developmental instability. The interaction term expresses the extent to which genotypic
variants differ in their sensitivity to environmental effects. The covariance between geno-
typic and environmental sources of variance is the source of experimental error (for
instance, when the fastest growing animals are given the best diet). In the parthenogenetic
flies, genetic variance is zero (czg:O); if there is no environmental variance (c’e = 0),
phenotypic variance in the parthenogenetic strain should mainly reflect developmental
instability. Phenotypic variance in the parthenogenetic flies is expected to be low under
optimal environmental conditions, because there is no genetic variance and developmental
instability is low (Pertoldi ez al., 2001b). This is also in agreement with the result that the
parthenogenetic flies always had the smallest coefficient of variation for all traits, when
compared with the other generations (Fig 4). When considering phenotypic variance in
sexually reproducing populations, the results are influenced by both genetic and environ-
mental variance. In this study, we tried to minimize environmental variance; by doing
sc;, we can ignore this variance (o’e = 0), which simplifies the previous equation to o’p =
c'g+ DL
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That there was a (non-significant) decrease in fluctuating asymmetry in the F1 generation
for all traits investigated for both sexes, and a highly significant increase in fecundity, when
compared with the sexual population, indicates a hybrid vigour ‘effect’ in the F1 generation.
This could be due to the complete homozygosity of the parthenogenetic flies. These
flies do not possess any recessive sublethal or recessive lethal alleles. As parthenogenetic
flies reproduce by pronuclear duplication (Templeton et al, 1976), any mutation creating
such alleles would make the progeny homozygous for the new alleles and they would be
expressed immediately. It is therefore impossible for an individual in the F1 generation to
be homozygous for any sublethal alleles.

The reduced fecundity in the F2 and F3 generations for females and increased fluctuating
asymmetry of sternopleural bristles for both males and females, in these two generations
(relative to the F1 generation), and increased wing fluctuating asymmetry in the F2 genera-
tion for females (relative to the parental populations and F1), could be due to a breakdown
in coadapted gene complexes under the meiosis in the F1 flies. The increase in fluctuating
asymmetry in bristles from generations F1 to F3 probably reflects the fact that the break-
down of the coadapted genome is not fully expressed before the F3 generation. That there is
no crossing over in Drosophila males does not make it possible for two recombinant alleles
to be joined in the same individual before the F3 generation. Furthermore, there is a
possibility, in the F2 and F3 generations, for two sublethal alleles to become homozygous in
an individual and this might have some effect on fluctuating asymmetry and fecundity.
However, the main effect, reducing fecundity and increasing fluctuating asymmetry, must be
due to a breakdown in coadapted gene complexes, because for the sexual population the
fecundity is higher, although not significantly so, and fluctuating asymmetry for the wing
traits is significantly lower when compared with the F2 generation for the females. We can
consider the effect of body size on fecundity minimal as the relationship between trait B and
fecundity accounted for only 1% of the total variability.

The increase in phenotypic variance in both sexes, for the sternopleural bristles, from
the F1 to the F3 generation could be due to a disruption of genetic canalization processes
that normally depress additive genetic variation by epistatic modifiers (Debat and David,
2001), or an increased contribution of developmental instability to phenotypic variance, or
a combination of the two. Characters of greater functional significance to the organism are
subject to stronger selection for canalization and, therefore, reduced phenotypic variance
(Palmer and Strobeck, 1986; Woods et al., 1999). Sternopleural bristles are generally not
regarded as a fitness-related trait and we do not, therefore, expect the sternopleural bristles
to be a very canalized trait. Therefore, the main reason for the increase in the coefficient
of variation from F1 to F2 and F3 must be attributed to an increased contribution from
developmental instability to phenotypic variance, reflected in the increase in fluctuating
asymmetry.

For the wings, the pattern seen for phenotypic variance was different. The increase in the
coefficient of variation for generation F1 (Fig. 4b,c, Fig. 5b,c) compared with the sexual
population appeared, in three of four cases, to arise from an increase in genetic variance
after hybridization, as fluctuating asymmetry decreased in F1 and an increase in environ-
mental variance appears unlikely. The wing traits are generally believed to be closely related
to fitness and, therefore, the development of the wings may be influenced by genetic canali-
zation processes. Therefore, another explanation may be disruption of genetic canalization
processes, operating in the parental populations reflected in an increase in phenotypic
variance in the hybrids (Blows and Sokolowski, 1995). It was only in the females that an
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increased contribution from developmental instability could have increased phenotypic
variance in generation F2. However, phenotypic variance decreased (relative to F1) for trait
B and there was no significant increase from generation F1 to generation F2 for trait A, so
the contribution of developmental instability must have been lower (or not significantly
higher) than the effect of decreased genetic variance. This decrease in genetic variance
might be due to selection on the additive genetic variation, which is a component of genetic
variation.

We expect the breakdown of coadapted gene complexes to be equal for males and
females. However, the effect of the breakdown appears to differ between the sexes. For the
sternopleural bristles, a trait expected not to be under strong selection, we found the same
result. For the wing traits, on the other hand, a difference was found between the sexes, with
lower developmental stability in the wings of the females.

Much theory assumes that the fluctuating asymmetry of a trait is the result of an
organism-wide propensity for developmental imprecision (Lerner, 1954), due to underlying
stress factors displayed in the extent of fluctuating asymmetry. In this study, we found no
correlation between the fluctuating asymmetry of wing traits and that for the number of
sternopleural bristles. There may be several explanations for this. Different traits have trait-
specific developmental windows, in which the developmental stability of a trait is more
vulnerable to stress factors, because the development of distinct traits is probably controlled
by different gene complexes (Parsons, 1990). A stress factor may also be specific to particu-
lar metabolic pathways and may not affect the fluctuating asymmetry of all traits (Parsons,
1990). Furthermore, different traits are exposed to different degrees of stabilizing selection
and canalization that tends to decrease fluctuating asymmetry (Palmer and Strobeck, 1986).
This implies that strong fluctuating asymmetry in one trait does not necessarily mean a
strong fluctuating asymmetry in other traits in the same individual or population. There-
fore, one should be careful when using the fluctuating asymmetry of one trait as a measure
of individual fitness and developmental stability for the whole individual. If strong
stabilizing selection acts on a trait, the most asymmetrical individuals may be removed
during development, and the measured fluctuating asymmetry will not show the real effect
on developmental stability in the given trait. Therefore, the choice of trait investigated
for fluctuating asymmetry must be considered carefully, as selection could obscure and
confound the result.

Mean length of traits

If the genetic factors that control the development of the wings and the bristles only are
under additive genetic control, then hybrid progenies are expected to exhibit intermediate
values between their parents. This, however, was not observed for the females for any
of the traits (Table 2). Therefore, epistatic and dominant interactions also appear to be
involved in the development of the traits (Blows and Sokolowski, 1995).

CONCLUSIONS

It is generally believed that developmental stability in hybrid populations is theoretically
related to the genetic distance between hybridizing populations, and results from a balance
between the stabilizing effect due to increased heterozygosity and the disruptive effect
caused by the breakdown in coadaptation (Markow and Ricker, 1991). Several studies did
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not find any correlation between developmental stability, reduced fitness and hybridization
(Ferguson et al., 1987). The lack of any reducing effect on developmental stability and
fitness has led to the conclusion that, in such hybridizations, the divergence between the
genomes in the parental populations and the breakdown in coadaptation have less of
an effect than increased heterozygosity. But it is very important to note that most of these
studies only considered the F1 generation (Ferguson et al, 1987; Lu and Bernatchez,
1999). This may give misleading results, because it is not until meiosis in the F1 generation
that the real disruption to the coadapted gene complexes occurs. Future research should
follow several generations after hybridization, before making any conclusions about the
effect on developmental stability and fitness.

ACKNOWLEDGEMENTS

We are grateful to Alan R. Templeton for providing us with the parthenogenetic Drosophila mercato-
rum strain Iv-23-olm and to Ary Hoffmann, Dave Parker, John Jaenike and an anonymous reviewer
for helpful comments on the manuscript. The study was supported in part by grant #21-01-0526 from
the Danish Natural Science Council to V.L. and C.P. V.S. thanks Consiglio Nazionale delle Ricerche
for support. V.L. wishes to thank the Institute of Advanced Study and the Centre for Environmental
Stress and Adaptation Research at La Trobe University for their hospitality during his stay, when the
final version of the manuscript was written.

REFERENCES

Barton, N.H. and Hewitt, G.M. 1985. Analysis of hybrid zones. Ann. Rev. Ecol. Syst., 16: 113-148.

Blows, M.W. and Sokolowski, M.B. 1995. The expression of additive and nonadditive genetic vari-
ation under stress. Genetics, 140: 1149-1159.

Clarke, G.M. and McKenzie, J.A. 1987. Developmental stability of insecticide resistant phenotypes
in blowfly: a result of canalising natural selection. Nature, 325: 345-346.

Debat, V. and David, P. 2001. Mapping phenotypes: canalization, plasticity and developmental
stability. TREE, 16: 555-561.

Dobzhansky, T. 1950. Genetics of natural populations. XIX. Origin of heterosis through natural
selection in populations of Drosophila pseudoobscura. Genetics, 35: 288-302.

Dowling, T.E. and Secor, C.L. 1997. The role of hybridisation and introgression in the diversification
of animals. Ann. Rev. Ecol. Syst., 28: 593-619.

Felley, J. 1980. Analysis of morphology and asymmetry in Bluegill Sunfish (Lepomis macrochirus) in
the Southeastern United States. Copeia, 1: 18-29.

Ferguson, M.M., Danzmann, R.G. and Allendorf, EW. 1987. Developmental stability of hybrids
between two taxa of salmonid fishes with moderate structural gene divergence. Can. J. Zool.,
66: 1389-1395.

Graham, JH. 1992. Genomic coadaptation and developmental stability in hybrid zones. Acta Zool.
Fenn., 191: 121-131.

Graham, J.H. and Felly, J.D. 1985. Genomic coadaptation and developmental stability within intro-
gressed populations of Enneacanthus glorius and E. obesus (Pisces, Centrarchidae). Evolution,
39: 104-114.

Graham, JH., Freeman, D.C. and Emlen, JM. 1993). Antisymmetry, directional asymmetry, and
dynamic morphogenesis. Genetica, 89: 121-137.

Imasheva, A.G., Loeschcke, V., Zhivotovsky, L.A. and Lazebny, O.E. 1997. Effects of extreme
temperatures on phenotypic variation and developmental stability in Drosophila melanogaster
and Drosophila buzzatii. Biol. J. Linn. Soc., 61: 117-126.



620 Andersen et al.

Kramer, M.G. and Templeton, A.R. 2001. Life-history changes that accompany the transition from
sexual to parthenogenetic reproduction in Drosophila mercatorum. Evolution, 55: 748-761.

Leary, R.F.,, Allendorf, EW. and Knudsen, K.L. 1983. Developmental stability and enzyme
heterozygosity in Rainbow trout. Nature, 301: 71-72.

Leary, R.F., Allendorf, EW. and Knudsen, K.L. 1985. Developmental instability and high meristic
counts in interspecific hybrids of salmonid fishes. Evolution, 39: 1318-1326.

Lens, L., Van Dongen, S., Galbusera, P, Schenck, T., Matthysen, E. and Van De Casteele,
T. 2000. Developmental instability and inbreeding in natural bird populations exposed to
different levels of habitat disturbance. J. Evol. Biol., 13: 889-896.

Lerner, LM. 1954. Genetic Homeostasis. London: Oliver & Boyd.

Lu, G. and Bernatchez, L. 1999. A study of fluctuating asymmetry in hybrids of dwarf and normal
whitefish ecotypes (Coregonus clupeaformis) from different glacial races. Heredity, 83: 742-747.

Lynch, M. 1991. The genetic interpretation of inbreeding depression and outbreeding depression.
Evolution, 45: 622-629.

Lynch, M. 1996. A quantitative genetic perspective on conservation issues. In Conservation Genetics:
Case Histories from Nature (J.C. Avise and J.L. Hamrick, eds), pp. 471-501. New York:
Chapman & Hall.

Markow, T.A. and Ricker, J.P. 1991. Developmental stability in hybrids between the sibling species
pair, Drosophila melanogaster and Drosophila simulans. Genetica, 84: 115-121.

Markow, T. and Ricker, J. 1992. Male size, developmental stability, and mating success in natural
populations of three Drosophila species. Heredity, 69: 122-127.

Marshall, T.C. and Spalton, JA. 2000. Simultaneous inbreeding and outbreeding depression in
reintroduced Arabian oryx. Anim. Conserv., 3: 241-248.

Miller, B., Ralls, K., Reading, R.P, Scott, JM. and Estes, J. 1999. Biological and technical
considerations of carnivore translocation: a review. Anim. Conserv., 2: 59—68.

Mitton, J.B. 1993. Enzyme heterozygosity, metabolism, and developmental stability. Genetica, 89:
47-65.

Moller, A.P. 1999. Developmental stability is related to fitness. Am. Nat., 153: 556-560.

Ostbye, K., Oxenevad, S.A. and Vellestad, L.A. 1997. Developmental stability in perch (Perca
fluviatilis) in acidic aluminium-rich lakes. Can. J Zool., 75: 919-928.

Palmer, A.R. 1994. Fluctuating asymmetry analyses: a primer. In Developmental Instability: Its
Origins and Evolutionary Implications. (T.A. Markov, ed.), pp. 335-364. Dordrecht: Kluwer.
Palmer, A.R. and Strobeck, C. 1986. Fluctuating asymmetry: measurement, analysis, patterns.

Ann. Rev. Ecol. Syst., 17: 391-421.

Parsons, PA. 1962. Maternal age and developmental variability. J. Exp. Biol., 39: 251-260.

Parsons, PA. 1990. Fluctuating asymmetry: an epigenetic measure of stress. Biol. Rev., 65: 131-145.

Pertoldi, C., Kristensen, T.N. and Loeschcke, V. 2001a. A new method for estimating environmental
variability for parthenogenetic organisms, and the use of fluctuating asymmetry as an indicator
of developmental instability. J. Theor. Biol., 210: 407-410.

Pertoldi, C., Scali, V. and Loeschcke, V. 2001b. Developmental instability in sexual reproducing
and parthenogenetic populations of Bacillus rossius rossius and Bacillus rossius redtenbacheri.
Evol. Ecol. Res., 3: 449-463.

Rhymner, J.M. and Simberloff, D. 1996. Extinction by hybridisation and introgression. Annu. Rev.
Ecol. Syst., 27: 83-109.

Rice, W.R. 1989. Analysing tables of statistical tests. Evolution, 43: 223-225.

Robertson, EW. 1959. Studies in quantitative inheritance. XII. Cell size and number in relation to
genetic and environmental variation of body size in Drosophila. Genetics, 44: 869-896.

Ross, K.G. and Robertson, J.L. 1990. Developmental stability, heterozygosity, and fitness in two
introduced fire ants (Solenopsis invicta and S. richteri) and their hybrid. Heredity, 64: 93-103.
Templeton, A.R. 1983. Natural and experimental parthenogenesis. In The Genetics and Biology of

Drosophila, Vol. 3c, pp. 343-395. London: Academic Press.



Hybridization, developmental stability and fitness 621

Templeton, A.R., Carson, H.L. and Sing, C.F. 1976. The population genetics of parthenogenetic
strains of Drosophila mercatorum. 11. The capacity for parthenogenesis in a natural, bisexual
population. Genetics, 82: 527-542.

Vetukiv, M. 1955. Fecundity of hybrids between geographic populations of Drosophila pseudo-
obscura. Evolution, 10: 139-146.

Vetukiv, M. 1957. Longevity of hybrids between geographic populations of Drosophila pseudo-
obscura. Evolution, 11: 348-360.

Vischer, N.O.E. 2000. University of Amsterdam. Program available at: ftp://codon.nih.gov/pub/nih-
image/nih-image161 docs.hgqx

Vollestad, L.A., Hindar, K. and Meller, A.P. 1999. A meta-analysis of fluctuating asymmetry in
relation to heterozygosity. Heredity, 83: 206-218.

Woods, R.E., Sgr6, C.M., Hercus, M.J. and Hoffmann, A.A. 1999. The association between
fluctuating asymmetry, trait variability, trait heritability and stress: a multiply replicated experi-
ment on combined stresses in Drosophila melanogaster. Evolution, 53: 493-505.

Zar, JH. 1984. Biostatistical Analysis. Englewood Cliffs, NJ: Prentice-Hall.






