
Genetic variation and selection for condition  
in Drosophila melanogaster males 

Degree project in biology, 2007 
Examensarbete i biologi 20 p, 2007
Biology Education Center and Department of Animal Ecology, Uppsala University
Supervisor: Edward H. Morrow

Nicolas Rode



Introduction 
Evidence has shown that females are persistently choosy, even in species where there are no 
obvious direct benefits from that choice (Kirkpatrick & Ryan 1991; Andersson 1994). Trivers 
(1972) suggested that in species "where the male invests little or nothing beyond his sex cells, 
the female has only to decide which male offers the ideal genetic material for her offspring". 
This “good genes” hypothesis assumes that there are some indirect benefits for the female to 
be choosy. Selecting her mate with scrutiny allows her to pick up some “good genes” for her 
offspring and thus, to enhance her own fitness. However, this kind of behaviour is expected to 
lead to the fixation of these “good genes” in the population and result in zero heritability of 
fitness. So why are females choosy? Persistent female choice for fitness related traits, and the 
erosion of genetic variance of these traits is referred to as the “lek paradox” (Borgia 1979; 
Kirkpatrick & Ryan 1991; Andersson 1994). 

The “genic capture hypothesis” (Rowe & Houle 1996) tries to provide an answer to 
this paradox, explaining the maintenance of genetic variation in sexually selected traits (and 
life-history traits) by the condition-dependence of such traits and high genetic variation for 
condition. The former prediction has been widely investigated and sexually selected traits are 
known to be altered by nutrition (e.g. Andersson 1994; David et al. 2000). However, little is 
known about the genetic basis of condition (Tomkins et al. 2004; but see David et al. 2000). 
Rowe & Houle (1996) defined condition as “the pool from which resources are allocated to 
production or maintenance of traits that enhance fitness”. Condition itself cannot be 
measured, but traits accounting for physiological condition or energy reserves (i.e. estimates 
of relative “fatness”) are assumed to be the best proxy for condition (Jakob et al. 1996). 
However, because such estimates are difficult to measure, most of the studies of genetic 
variation for condition rely on indirect measurements of condition and the residuals of a linear 
regression of body mass on body size (morphological residuals index) is the most frequently 
used index (Jakob et al. 1996, Kotiaho 1999, Green 2001, Schulte-Hostedde 2005). 

Condition, as a quantitative trait, is assumed to be determined by many loci (Rowe & 
Houle 1996). The total phenotypic variance (VP) of such traits can be partitioned between the 
additive genetic variance (VA), containing the variance due to alleles under selection and a 
remainder (VR), containing the variance due to other genetic and environmental causes 
(Falconer 1989). Narrow-sense heritability (h² = VA / VP) is often used as a summary of this 
partitioning because of its role in the response to selection within populations. As stated 
above, most of the studies of additive genetic variance and heritability for condition use 
morphological residuals. For instance, Kotiaho et al. (2001) found 67% heritability for 
condition in males dung beetles (Onthophagus taurus) using the residual mass from a linear 
regression of log body mass on log pronotum size. However, using residual indices to study 
heritability can lead to misleading results (Green 2001). Heritability of a residual index might 
not reflect heritability of fat reserves but heritability of the size of this index relative to the 
overall structural size (especially when correlations between mass and the body size index are 
low, Green 2001). 

In this study, absolute fat and relative fat content (hereafter RFC) were used as a more 
direct measure of condition. The absolute fat is a global index representing the total amount of 
fat reserves stored (whatever the size of the individual), whereas the RFC is a relative index 
reflecting the proportion of fat in the body. Additive genetic variance for dry mass and 
condition, as well as relative adult fitness, were studied in male Drosophila melanogaster 
from a large outbred population using hemiclonal analysis. The net selection gradients 
currently operating on absolute fat and RFC in this population were also measured. According 
to the genic capture hypothesis, condition is expected to have high genetic variation and to be 
under positive selection. 
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Materials and Methods 
 
Hemiclones 

Body condition and fitness were measured from 15 different hemiclone lines. Males 
from each hemiclone line share in common a nearly complete haploid genome; that is 
chromosomes I (or X), II and III (the dot chromosome IV accounting for less than 1% of the 
genome is ignored). These 15 haploid genomes were randomly sampled from a large outbred 
population (LHM), which has been adapted to a competitive, moderate-density laboratory 
environment for over 350 generations. 
 The capture and amplification of haploid genomes (or haplotypes) relies on the lack of 
homologous recombination in D. melanogaster males and the use of DX-clone-generator 
females. These females carry a random Y from the LHM population, two fused X 
chromosomes [C(1)DX, y, f] and a homozygous-viable translocation of the two major 
autosomes [T(2;3) rdCg st in ri pP bwD; depicted by elongated rectangles in Fig. 1, top panel, 
left]. The double X chromosome and the two autosomal chromosomes respectively segregate 
as single linkage units, resulting in one copy of the paternal genome (i.e. the X and the two 
major autosomes) to cosegregate into his sons. 
 
High versus low larval-density treatments 
 For each of the 15 hemiclone lines, flies were reared under either high or low larval-
density conditions. For each line, 16 males carrying the target haplotype as well as the 
translocation of the two major autosomes were mated with 40 DX-LHM virgin females (with a 
compound X chromosome, but normal II and III autosomes randomly sampled from the LHM 
population, Fig.1 Step 3). After two days, these flies were flipped into 15 individual egg 
chambers and the females were allowed to oviposit onto small plates of medium supplied with 
fresh yeast (Day 0). After eighteen hours (Day 1), the adults were cleared and for each of the 
15 hemiclone lines, 800 eggs were counted using water-lubricated brushes and split randomly 
into two groups of 400 which were transferred into high or low food vials (10ml versus 1ml 
food, Fig.1 Step 4). Taking into account the fact that some of the karyotypes produced are 
inviable and the 10% mortality occurring in the larval stages in the LHM population, only 20 
males expressing the target haplotype were expected to emerge from these 400 eggs. 

In order to reduce mortality due to dehydration after eclosion in the low food vial 
treatment, the larvae were allowed to pupate on transparent film tubes that were inserted into 
the vials. After 7 days (i.e. when pupation was completed, day 8), the film tubes with the 
pupae attached were transferred to fresh vials. This was carried out for both treatments. 
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Figure 1: Hemiclone culturing 
Protocol used to sample, clone and express a single haplotype in different genetic backgrounds from the LHM 
base population of Drosophila melanogaster. Chromosome I (X), II and III are depicted as rectangles from the 
left to the right. The particular genotype of the DX-clone generator females (compound X (chevron symbol) and 
autosomal translocations (elongated rectangle spanning chromosomes II and III)) causes an entire haplotype to 
cosegregate from father to son each generation. 
Step 1: Haplotype capture by mating a wildtype male randomly sampled from the LHM population to a DX-clone 
generator female. 15 different wildtype males were used to create the 15 hemiclone lines. 
Step 2: Haplotype amplification by mating a male carrying the target haplotype to several DX-clone generator 
females. 
Step 3: Haplotype expression in different genetic backgrounds by mating 16 males carrying the target haplotype 
to 40 DX-LHM females with different genetic backgrounds randomly sampled from the LHM population. 
Step 4: Growth of the hemiclonal males descended from these matings in two different environments (low 
versus high larval density).  
Steps 3 and 4 were replicated twice for each of the 15 different hemiclone lines. 
 

On average 80 individuals eclosed from each vial. Only the hemiclonal males carrying 
the target haplotype with a LHM genetic background, free from any of the cytogenetic 
constructs previously used, were selected (males with the autosomal translocation express the 
dominant brown-eyed genetic marker bwD and are discarded). The number of males available 
was variable across hemiclones (from 8 to 29). The final steps of this protocol (steps 3 and 4) 
were replicated twice in order to express each of these 15 haplotypes in as many different 
genetic backgrounds as possible. In each hemiclone line, 5 hemiclonal males were saved for 
the fitness assay and wing length measurements, and the others were used to assess body 
condition. 
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Body condition measurements 
The condition indices (absolute fat and relative fat content) of males from the 15 

hemiclone lines reared under high or low larval densities were measured twice in two 
independent replicates. Hemiclonal males were anaesthetized with CO2, placed in 4 ml glass 
vials closed with screw caps and Teflon seals, before being frozen. After 48 hr of drying at 
60°C, dry mass was measured to the nearest 2 µg (repeatability = 0.97, Mettler Toledo AT20 
scale). The total lipids were then extracted by adding to each vial 2 ml of a 
dichloromethane/methanol (2:1) solvent; which was then horizontally agitated for 48 hr and 
repeated twice. After the fat extraction and 48 hr of drying at 60°C, fatless dry mass was 
determined. An average absolute fat content per fly was then calculated for each of the 15 
hemiclones as the difference between dry mass and fatless dry mass. The relative fat content 
(RFC) was calculated as the proportion of fat stored in the body by dividing the absolute fat 
by the dry mass. The absolute fat data were used directly, since absolute fat was uncorrelated 
to fatless dry mass within both treatments (high or low larval density, P > 0.6806). 
 
Adult fitness assay 

The relative fitness of 5 adult males from each hemiclone line was assayed through a 
competition experiment. Adult male reproductive success was measured as the proportion of 
offspring sired by hemiclonal males relative to those sired by competitor males. This assay 
was replicated twice. The competitor males used were homozygous for a recessive brown-eye 
mutation (bw-). This genetic marker was introgressed into an LHM genetic background via 13 
rounds of backcrossing. Since the virgin females used in the experiment were also 
homozygous for the brown-eye marker, the offspring sired by the hemiclonal males were red-
eyed (bw-/bw+) whereas those sired by the competitor males were brown-eyed (bw-/bw-). 
Brown-eyed competitors have been widely used in hemiclonal analyses and the bw- marker 
has only a small effect on male fitness. The rearing schedule used for the competitor males 
closely matched the one of the hemiclonal males. The pairs were put together on the same day 
and two days later (Day 0), adults were flipped into fresh oviposition vials supplied with 10ml 
medium. After eighteen hours (Day 1), the individuals were cleared and the eggs were 
trimmed to 150-200 eggs per vial. This larval density is intermediate between the low and 
high larval-density treatments used to rear the hemiclonal males. The protocol for the 
competition experiment also closely matched the protocol that the LHM base population has 
become adapted to. After 11 days, (Day 12), 5 hemiclonal males were randomly chosen and 
placed in a vial, where they competed with 10 LHM-bw males to fertilize 15 LHM-bw virgin 
females. Since the ratio of hemiclonal males is 5:10, the reproductive success expected under 
random mating conditions is 33%. The vials were then kept horizontally for two days to 
provide space for social interactions. On day 13.5 (of the 14-day cycle of the LHM 
population), females were briefly (<5min) anaesthetised with CO2 and placed in individual 
test tubes. They were allowed to oviposit over a period of eighteen hours before being cleared 
(Day 1). After 11 days (Day 12), the offspring of the 15 females were counted for each 
hemiclone line. The deviation between actual and expected (33%) reproductive success was 
then calculated for each hemiclone line. According to the null hypothesis, there should be no 
variation in fitness, either across hemiclones, or between replicates. Thus, the relative fitness 
of each hemiclone was calculated by dividing its reproductive success deviation from 
expectation by the reproductive success deviation from expectation of the best performer. 
With this method, the relative fitness of every hemiclone is scaled by the best performing 
genotype (which has a relative fitness of 1). 
Wing length measurements 
 Genetic variation for wing length has been shown in a large number of studies. This 
morphological trait is therefore also expected to show genetic variation in the population 
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studied. The lengths of the right wing from the five hemiclonal males used in the competitive 
experiment were measured. Wings were cut off and taped onto a slide. Wing length was 
measured as the length of the longitudinal vein L3 from the intersection with the anterior 
cross vein to the wing margin (Fig.2). The straight line tool of the software ImageJ (Rasband 
2006) was used for all measurements and a 0.01 mm scale served as a reference. 
 

 
Figure 2: Wing length measurements of Drosophila melanogaster hemiclonal males 
Wing length was measured as the length of the longitudinal vein L3 from the intersection with the anterior cross 
vein to the tip of the wing. 
 
Measuring genetic variation 
To meet the assumption of the mixed-model analysis of variance used, the homoscedasticity 
of the dependent variables (dry mass, absolute fat, RFC, adult relative fitness and wing 
length) was checked between treatments and the normality of the variable distributions was 
checked within each treatment. The values from 5 different hemiclones were excluded from 
the dataset (values concerning 24 flies out of the 750 used in the two replicates). 
 Genetic variation for dry mass, absolute fat, RFC, adult relative fitness and wing 
length was analysed in a mixed model with the treatment (high versus low larval density) as a 
fixed effect. The hemiclone line, the replicate nested within the hemiclone line and the 
hemiclone line by treatment interaction were modelled as random effects. The number of flies 
used in measuring each variable was used as a weight in the model. Additive genetic variance 
among hemiclones can be determined by partitioning the phenotypic variation for the main 
traits studied (here dry mass, absolute fat, RFC, adult relative fitness and wing length) among 
and between hemiclones. Knowing the additive genetic variance for a trait among hemiclones 
allows an approximation of the heritability for this trait. Since individuals within a hemiclone 
share a haploid genome in common, the additive genetic variation for a trait measured among 
hemiclones accounts for half of the total additive genetic variation for the trait. Thus, the 
heritability of the trait in the base population can be approximated by dividing the total 
additive genetic variation (i.e. two times the additive genetic variation among hemiclones) by 
the total phenotypic variation. 
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A REduced Maximum Likelihood (REML) method was used to analyse the data. This 
method has already been used to calculate additive genetic variances among hemiclones and 
heritability and has been shown to give a better estimate of the variance components, 
especially in cases of unbalanced sample sizes. All data were analysed with JMP 6.0.0 (SAS 
Institute Inc. 2005) and the threshold significance value was 5% (P < 0.05). 

 
Measuring net selection gradient on condition traits 
Because the assumptions of the ANCOVA were not met (no collinearity between the 
covariate and the factor), the selection gradients acting on absolute fat and RFC were 
investigated with an RMA linear regression within each treatment (RMA for Java v. 1.19, 
Bohonak & van der Linde 2004). For each of the 15 hemiclones, weighted means of absolute 
fat and RFC in addition to relative reproductive success were calculated over the two 
replicates. The relative fitness was then determined as described previously. The 
homoscedasticity of relative fitness was checked between treatments and the normality of the 
variable distribution was checked within each treatment. For each treatment (high and low 
larval density), relative adult fitness was regressed on absolute fat and RFC. 
 
Results 
Genetic variation for dry mass, absolute fat, RFC, relative fitness and wing length  
 Total phenotypic variation for dry mass, absolute fat, RFC, relative fitness and wing 
length was decomposed between the random effects of hemiclone line, replicate (nested 
within hemiclone line) and the interaction between hemiclone line and treatment. The 
variance components (i.e. the additive genetic variances) calculated among the 15 hemiclones 
for dry mass, absolute fat, RFC, relative fitness and wing length were not significantly 
different from zero (Table 1). Some variance components were negative (for dry mass and 
fitness), but negative variances cannot occur by definition and so these also correspond to a 
variance of zero (Brown & Mosteller 1991). All the confidence intervals had negative lower 
limits and thus the null hypothesis of no variance among hemiclone could not be excluded 
(Table 1). Thus, heritability could not be calculated using the contribution of the hemiclone 
line effect to the total phenotypic variation. No additive genetic variation and no heritability 
were found for the traits of interest. 

The variance components of the replicate[hemiclone line] and hemiclone 
line*treatment effects estimated for dry mass, absolute fat, RFC, wing length and relative 
fitness were not different from zero either. This means that the variances between and within 
replicates were similar and that the gradient of the reaction norms between the two larval-
density treatments were the same across hemiclones. 
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Table 1: Decomposition of the phenotypic variation for dry mass, absolute fat, RFC, relative fitness and 
wing length of Drosophila melanogaster 
Variation in dry mass, absolute fat, RFC, relative fitness and wing length were analysed with the factors 
hemiclone line, replicate[hemiclone line] and hemiclone line*treatment as random effects and treatment as a 
fixed effect. For each effect, the estimated variance component, its standard error (SE), its contribution to the 
total variance (% Total) and the approximate 95% lower limit of the confidence interval are presented. The lower 
limits of the confident interval being negative, none of the random effects was significantly different from zero 
(ns=non significant) for the traits of interest. 
 

Random Effects 
Variance 

Component SE % Total 95% Lower  Significance 
DRY MASS 
Hemiclone line 0.000016 0.000010 4.367 -0.000004 ns 

Replicate[Hemiclone line] 0.000003 0.000008 0.875 -0.000013 ns 

Hemiclone line*Treatment -0.000002 0.000007 -0.513 -0.000016 ns 
Residual 0.000353 0.000143 95.270 0.000183  
Total 0.000371  100.000   
      
ABSOLUTE FAT 
Hemiclone line -0.000040 0.000041 -3.707 -0.000123 ns 

Replicate[Hemiclone line] 0.000130 0.000068 11.137 -0.000004 ns 

Hemiclone line*Treatment -0.000001 0.000023 -0.071 -0.000046 ns 
Residual 0.001084 0.000399 92.641 0.000590  
Total 0.001170  100.000   
      
RFC 
Hemiclone line 0.000230 0.000223 2.245 -0.000208 ns 

Replicate[Hemiclone line] 0.000163 0.000287 1.591 -0.000399 ns 

Hemiclone line*Treatment -0.000108 0.000256 -1.060 -0.000609 ns 
Residual 0.009940 0.004967 97.223 0.004537  
Total 0.010224  100.000   
      
RELATIVE FITNESS 
Hemiclone line -0.001020 0.018575 -0.002 -0.037427 ns 

Replicate[Hemiclone line] 0.002693 0.026493 0.005 -0.049233 ns 

Hemiclone line*Treatment 0.004386 0.024364 0.009 -0.043368 ns 
Residual 51.200119 19.000068 99.988 27.707533  
Total 51.206179  100.000   
      
WING LENGTH 
Hemiclone line 0.000467 0.000246 29.232 -0.000016 ns 
Replicate[Hemiclone line] 0.000132 0.000084 8.253 -0.000034 ns 
Hemiclone line*Treatment 0.000096 0.000073 6.008 -0.000047 ns 
Residual 0.000903 0.000084 56.508 0.000759  
Total 0.001598   100.000     
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Effect of the larval density on dry mass, absolute fat, RFC and on relative fitness 
Hemiclonal males reared in the high larval-density environment had an average decrease of 
their dry mass (-37%, Fig 3A) and their absolute fat (-24%, Fig 3B) compared to males reared 
in the low larval-density environment. These differences were highly significant for both traits 
(dry mass F[1, 13.13] = 1047.841, P < 0.0001, absolute fat F[1,14.24] = 117.0224, P < 0.0001). 
Because the dry mass and absolute fat decreases were unbalanced (i.e. the dry mass decreased 
more dramatically than the absolute fat), the RFC, which was calculated as the ratio of these 
traits, underwent a significant increase (+20%, F[1, 9.54] = 60.6697, P < 0.0001, Fig 3C) in the 
males reared in high larval-density conditions compared to the others. 
 The average relative reproductive success was also significantly lower in the high 
larval-density treatment (-15%, F[1, 14.8] = 21.9432, P = 0.0003, Fig 3D). This means that the 
competitive environment experienced by the males during the larval stages had a great 
influence on their fitness as adults. 
 

 
Figure 3: Effects of the larval density on different traits in Drosophila melanogaster 
Males from 15 different hemiclones were reared in two different larval environments (high versus low larval 
density). The dry mass, absolute fat, relative fat content (RFC) and relative fitness of these offspring were 
measured. The least square means from the REML analyses are shown in A) dry mass, B) absolute fat and C) 
RFC. The relative reproductive success (D) were also calculated for both treatments. An average decrease of the 
dry mass (-37%), absolute fat (-24%) and relative fitness (-15%) and an increase of the RFC (+20%) were found 
(all P < 0.0003 for the treatment effect). Error bars denote the standard errors. 
 
Selection gradient on absolute fat and RFC 
Relative fitness was negatively correlated to the absolute fat within each treatment (low larval 
density slope of the selection gradient = -41.15 ±11.96, CI = [-64.83;-17.46], R² = 0.08; high 
larval density slope = -89.94 ±22.46, CI = [-138.51;-41.28], R²= 0.19, Fig 4A). However, 
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since the confidence intervals were overlapping, there was no significant absolute 
fat*treatment interaction i.e. the slope of the low density-treatment line is not significantly 
different from the slope of the high density-treatment line. 
 Similarly, relative fitness was negatively correlated to RFC within each treatment (low 
larval density slope = -12.41 ±3.27, CI = [-19.48;-5.35], R²= 0.10; high larval density slope = 
-12.24 ±3.22, CI = [-19.19;-5.29], R²= 0.10, Fig 4B). Again, the confidence intervals were 
overlapping, so there was no significant absolute fat*treatment interaction. 

 
Figure 4: Selection gradients on absolute fat and RFC in Drosophila melanogaster males reared in high (closed 
symbols, solid line) and low (open symbols, broken line) larval densities (RMA linear regressions). A) Negative 
selection gradient on absolute fat (low larval density slope = -41.15 ±11.96, CI = [-64.83;-17.46], R²= 0.08, high 
larval density slope = -89.94 ±22.46, CI = [-138.51;-41.28], R²= 0.19). B) Negative selection gradient on RFC 
(low larval density slope = -12.41 ±3.27, CI = [-19.48;-5.35], R²= 0.10, high larval density slope = -12.24 ±3.22, 
CI = [-19.19;-5.29], R²= 0.10) 
 
Discussion 
 
The results did not demonstrate either genetic variation or heritability for dry mass, absolute 
fat, RFC or relative adult fitness across the 15 hemiclone lines studied. However, the larval 
density encountered during development had strong significant effects on all traits. Dry mass, 
absolute fat, and relative adult fitness decreased, whereas RFC increased across treatments. 
Surprisingly, negative selection gradients on absolute fat and RFC were also found. 
 
Genetic variation 
Because morphological residual indices can carry confounding effects (Green 2001), absolute 
fat and RFC were used as condition indices. Absolute fat was found to be uncorrelated to 
fatless dry mass within treatments, as in other Drosophila studies (Wang et al 2005). 
According to the genic capture hypothesis (Rowe & Houle 1996), body condition indices are 
predicted to have high additive genetic variance. However, since the variance components 
estimated for dry mass, absolute fat and RFC were not significantly different from zero; no 
additive genetic variance was found either for dry mass or for the condition indices used 
(absolute fat and RFC). These results are quite puzzling, considering that physiological traits 
in Drosophila generally have levels of heritability (in the narrow sense) ranging from 10 to 
70% (Roff & Mousseau 1987). Moreover, in their review, Roff & Mousseau (1987) found 
that physiological traits closely match morphological traits with respect to heritability. 
Heritabilities for dry mass, absolute fat and RFC should therefore match the mean value of the 
heritabilities of morphological traits (31.9% ±1.35, reviewing 67 Drosophila studies, Roff & 
Mousseau 1987). Moreover, substantial additive genetic variation for triglyceride content has 
been shown in D. melanogaster using mixed isofemale lines (Clark 1990). The author 
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estimated variance components using three different ways (an analysis of variance on 
offspring alone, parent-offspring regressions and a maximum likelihood method). The 
heritabilities found ranged from 7.9% to 37% and from 4.3% to 38% depending on the 
medium used to rear the flies. According to these previous results, zero heritability for 
absolute fat and RFC in D. melanogaster seems to be unlikely. However, results from Clark 
(1990) show that trait heritabilities are not universal but can vary with the environment. 
Actually, trait heritability reflects the proportion of additive genetic variance in one 
population, in a certain environment, at a certain time (Conner & Hartl 2004). 

Two processes could explain the absence of genetic variation observed: unknown 
individual variation within each hemiclone line; or the small number of hemiclone lines used 
(15). On the one hand, the fat measurements were calculated from an average across all flies 
per hemiclone per treatment, thereby eliminating any knowledge about inter-individual 
variation in fat content. On the other hand, genetic variation was only investigated for 15 
hemiclone lines. This sample may be too small to show the genetic variation of the base 
population. Data of wing lengths may clarify this problem, since many studies have 
demonstrated large genetic variation for wing length (for a review see Roff & Mousseau 
1987). For instance, Imasheva et al. (1999) found genetic variation the length of the L3 vein 
across 30 isofemale lines. In this study, although the hemiclone line effect accounted for 29% 
of the total phenotypic variation, this effect was not statistically significant. Thus, it is most 
likely that the power of the analysis was affected by studying only fifteen hemiclones. For 
future hemiclonal analyses using direct body condition indices, more haploid genomes 
probably need to be assayed. 
 Additive genetic variation and heritability for relative fitness was investigated through 
a competitive experiment. Both were found to be not significantly different from zero. Fitness 
variation between genotypes has been previously studied with a hemiclonal analysis 
(Chippindale et al. 2001) and genotype was found to be a powerful predictor of total male 
fitness. Furthermore, substantial genetic variation for net fitness was found among a sample of 
102 genomic haplotypes (standard deviation among genotypes = 0.111, Rice & Chippindale 
2001). In contrast, Friberg et al. (2005) found low male adult net fitness heritabilities (1.6% 
and 1.5% in two types of competitive assays, see Friberg et al. 2005). Since fitness is 
constantly under directional selection, genetic variation and adult fitness heritability are 
expected to be low (Rowe & Houle 1996). Taken together, these experiments provide mixed 
results and it is not clear whether there is large or small additive genetic variation for fitness 
or whether again the power of the current experiment was too low. 

In addition, in their competition experiment to assess adult male fitness, Chippindale 
et al. (2001) used 125 hemiclonal males in each of their 35 different hemiclone lines, whereas 
I was only able to investigate the fitness of 5 hemiclonal males (with the same 2:1 ratio used 
by Chippindale et al.) in 15 hemiclone lines. Moreover, for each hemiclone, Chippindale et al. 
(2001) counted the offspring of 40 females, whereas only 15 were assayed in this experiment. 
This might explain why the experiment failed to detect any genetic variation and heritability 
for relative adult male fitness. More hemiclone lines and more males within each line (to 
average adult hemiclone fitness across many different genetic backgrounds) would be needed 
for future experiments. 
 
Larval-density effect 
 In this study, there was a significant effect of the larval density experienced by the 
males on dry mass (-37%), absolute fat (-24%) and RFC (+20). However, no hemiclone line 
by environment interaction was found. This is easily understandable, since there was no 
genetic variation for these traits (cf Genetic variation), the reaction norms of the different 
genotypes between the two environments were therefore parallel. Similarly, relative fitness of 
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males was greatly affected (-15%) by the larval density experienced during development. 
Many laboratory studies in Drosophila have already shown larval-dependent effect on relative 
fitness (e.g. Dobzhansky & Spassky 1944; Lewontin 1955; Birch 1955; Lewontin & Matsuo 
1963; Clark & Feldman 1981). 

Since producing eggs is costly, many studies have focused on the predicted trade-off 
in the allocation between maintenance versus reproduction in Drosophila females. In 
numerous studies, lines selected for an increase in lifespan result in an increase in starvation 
resistance and a decrease in early reproductive success (e.g. Service 1987). Positive 
phenotypic (Zwaan et al. 1991; Chippindale et al. 1993) and genetic (Djawdan et al. 1998; 
Hoffmann & Harshman 1999) correlations have been found between starvation resistance and 
RFC. However little is known about this pattern in males (Zwaan et al. 1991). The increased 
RFC (+20%) and decreased relative adult male fitness (-15%) measured in the high larval 
density treatment are consistent with the pattern previously described in females. For the other 
condition index, absolute fat, the opposite pattern was observed (-24%). Because dry mass 
and absolute fat decreased differently in the harsher environment (-37% versus 24%), the ratio 
of both (i.e. RFC) increased in the harsher environment. Even if this phenomenon is well 
known and previously described (e.g. Service 1987), it is quite counter-intuitive. The results 
indicate that condition indices which seemed initially to faithfully reflect body condition can 
behave in opposite ways. Thus, the relationship between fat content and global condition of 
an individual may not be as straightforward as previously thought. 
 These results also give some insights into the question of the evolution of heritability 
in harsh environments. Opposing views, i.e. either an increase or a decrease of heritability in 
stressful environments, are bolstered by different hypotheses. Heritability was primarily 
thought to decrease under stressful conditions (Blum 1988), due to an increase of the 
phenotypic variation (VP). However, more recent studies investigating the effect of 
temperature extremes and nutrition in Drosophila, tend to show the opposite trend. Stressful 
environments tend to slightly increase the heritability of both traits, particularly when 
combined with poor nutrition (Hoffmann and Merilä 1999). In this study, no difference of 
phenotypic variance was found between males reared in high and low larval densities. 
Assuming that the absolute fat and RFC heritabilities will follow the trend of the 
morphological heritabilities (i.e. to increase in a stressful environment), these changes would 
be due to an increase of the additive genetic variance (VA). 
 
Net selection gradient on absolute fat and RFC 
According to the genic capture hypothesis (Rowe & Houle 1996), condition-dependent traits 
are positively selected. Thus, the net selection gradients on the body condition indices used 
(absolute fat and RFC) were assumed to be positive. In males, studies on fat reserves have 
mainly focused on fitness-related traits rather than reproductive success itself. For example, 
Siva-Jothy & Plaistow (1999) found that, in a Damselfly species (Calopteryx splendens 
xanthostoma), males infected with gut parasites had a lower lipid content and had lower 
reproductive success. They suggested that parasite infections could reduce male fitness by 
reducing their fat reserves and hence their ability to fight for and secure a territory. In another 
study, Ortonen (1995), found in dung fly (Scathophaga stercoraria), that among males 
copulating with females, males on cow pats differed significantly from those in the 
surrounding grass by having more lipids. 

In the present study, the absolute fat and RFC were significantly correlated to male 
relative fitness. Surprisingly, this correlation was found to be negative. A negative 
relationship between RFC and relative fitness was already apparent in these measures across 
the experimental treatments (cf Larval-density effect) since under highly competitive larval 
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environments RFC was high but fitness was low. However, the same effect on absolute fat 
within treatments is surprising. 

In the physiological literature, two hypotheses predict opposite relationships between 
body size and fitness. On the one hand, the “absolute energy demand hypothesis” assumes 
that a large body size needs more energy to be sustained, causing a lower reproductive 
success especially in a low food environment. On the other hand, the “relative efficiency 
hypothesis” predicts that a large body size allows an efficient use of energy (because 
metabolic rate decreases with body size) and thus a higher reproductive success (Reim et al. 
2006). Similarly, even if fat content is assumed to be a good index of condition and is thus 
correlated with relative fitness, fat stores may carry additional costs (e.g. in terms of greater 
wing load, McNamara & Houston, 1990; Witter & Cuthill, 1993, Blanckenhorn & Hosken 
2003). 

Fat content has been found to be positively correlated with starvation resistance 
(Chippendale et al. 1996) and viability (Clark 1989) in D. melanogaster. Moreover, 
Chippendale et al. (1996) found that the acquisition of lipids during larval development had a 
major role in the evolution of adult starvation resistance. Fat (i.e. triglycerides) is a long-term 
energy store in insects as opposed to glucose and glycogen which are short-term energy stores 
(Stoks et al. 2006). Fat stores are apparently larger than glycogen stores in D. melanogaster 
(about 5% versus 2% of the live weight, Clark & Keith 1988). However, it seems to be 
accepted that aerobic metabolism of carbohydrates (i.e. glucose and glycogen) is the principal 
source of energy for flight in D. melanogaster (Götz 1987). Neither fat (Wigglesworth 1949), 
nor protein (Chadwick 1947) are significant energy sources for flight. Thus, fat reserves seem 
to be important for lifespan, but not for flight. 

The adult competition period used to keep the population studied (LHM) is relatively 
short (2 days) compared to populations kept in cages. Since all the matings occurred within 
these two days in the population, versus sometimes more than 6 weeks in the wild - the mean 
life span is about 45-60 days at 25°C under optimal conditions, Ashburner et al. 2005, the 
selective pressures on lifespan (and thus fat content) might be low in this population. Thus, 
any cost of fat stores in terms of wing loading might explain the negative selection gradient 
observed. Furthermore, the lifetime selection gradient acting on fat content has not been 
measured in this study. Positive selection of larval fat reserves in this population is possible 
and even likely, since lipids are known to be important during larval development in 
Drosophila, especially during pupation (Chapman 2004, p136. Fig. 6.5.). In the LHM 
population, the fat stores could be positively selected during the larval stages, and then be 
counter-selected during adulthood, because of the costs of these reserves previously 
described. This balancing selection across life history stages could maintain genetic variation 
for fat reserves, even if this study failed to find any. 

These results challenge the universal use of fat reserves as a body condition index. As 
shown with this study, a condition index can depend of the physiology of a species and can 
differ according to the selective pressures acting on the individuals. Hence, optimal condition 
indices might vary between species, between populations within the same species, or even at 
different life history stages. 

 
Conclusion 
Genetic variation in absolute fat, relative fat content and adult fitness were investigated in 
Drosophila melanogaster males, using hemiclonal analysis. There was no evidence of genetic 
variation for any of these traits which is most likely due to the small number of haplotypes 
examined. However, a negative selection gradient acting on fat content was detectable. This 
gradient might be due to the low selective pressure on lifespan in the population used. These 
findings challenge the use of fat content as a universal index of condition. 
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