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Gene-environment interaction for body size
and larval density in Drosophila
melanogaster: an investigation of effects on
development time, thorax length and adult
sex ratio
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We measured the effect of larval density on thorax length, development time, sex ratio and a
measure of total fitness, using strains of Drosophila melanogaster artificially selected for increased
thorax length, control lines otherwise cultured in an identical way, and the base stock from which
the lines had been derived. We used the addition experimental design (Mather & Caligari, 1981).
No genotype—environment interaction was observed when comparing the reduction in thorax
length of ‘large’ and ‘control’ lines with increasing larval density for any culture series, i.e. rank
ordering of genotypes and additive genetic variances remained the same in all the environments
tested. In contrast, the reduction in thorax length for the base stock as density increased was
proportionally smaller than that of the ‘large’ and ‘control’ lines. Development time increased more
rapidly with larval density in the ‘large’ lines than in the ‘controls’ or base stock. Sex ratio was un-
affected by larval density but thorax length and the development time of females were more affected
than those of males by increasing larval density. The estimate of total fitness showed clear evidence
of gene—environment interaction for the effect of body size on fitness, with genetically large indivi-
duals at an increasing disadvantage with increasing larval density.
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Introduction

Body size has major effects on fitness in many organ-
isms including Drosophila. In general, adult fitness
increases with body size in adult Drosophila, with
female fertility, male mating success and longevity all
affected (e.g. Alpatov, 1929; Robertson, 1957;
Tantawy & Vetukhiv, 1960; Tantawy & Rakha, 1964;
Partridge & Farquhar, 1981, 1983; Partridge et al.,
1987a, b; Wilkinson, 1987; Markow, 1988; Santos er
al., 1988, 1992b; Taylor & Kekic, 1988). In contrast,
artificial selection for increased thorax length in D.
melanogaster has been shown to cause a correlated
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drop in larval survival, at least at higher larval densities
(Santos et al, 1992a; Partridge & Fowler, 1993).
Observed body size in adult Drosophila may therefore
represent a compromise between conflicting effects of
genetic variation for the trait on the fitness of larvae
and adults.

The aim of this study was to examine the interaction
between the effects of artificial selection for increased
thorax length and changes in larval density. We previ-
ously showed that pre-adult survival of ‘large’ selected
lines decreased disproportionately to that of ‘control’
lines and of the base stock as larval density was
increased (Santos et al, 1992a; Partridge & Fowler,
1993). We here test for additional effects of
gene-environment interaction on pre-adult develop-
ment time, adult thorax length, adult sex ratio and an
estimate of total fitness.

Development time can affect fitness in Drosophila
both by its effect on pre-adult mortality and by deter-
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mining the age of first breeding. In many parts of its
geographical range, D. melanogaster breeds mainly
during periods of population expansion, when early
breeding and hence rapid larval development are
favoured (Cole, 1954; Lewontin, 1965). Any interac-
tion for development time between genetic variation
for body size and larval density would therefore result
in spatially or temporally variable selection on body
size.

We also examined the effect of increasing larval
density on the thorax length of ‘large’, ‘control’ and
base stock adults. The selection lines used in the expe-
riment were selected and initially measured under con-
ditions of relaxed larval competition (Partridge &
Fowler, 1993). Any interaction between selection
regime and larval density for thorax length would be
mirrored in effects on adult fitness because of the
strong association with body size.

Finally, we also examined the interaction between
genetic variation for body size and larval density on sex
ratio. D. melanogaster females are larger than males
and since ‘large’ selected lines suffered more of an
increase in larval mortality than did ‘controls’ as larval
density increased (Santos et al., 1992a; Partridge &
Fowler, 1993) the same might be expected to be true
for females as compared with males.

In this experiment we altered larval density using the
so-called addition design (Mather & Caligari, 1981). In
contrast with the substitution or replacement design
where density is kept constant in mixed cultures (de
Wit, 1960; Mather & Caligari, 1981), density varies
through the experimental series in the addition design.
Although the effect of competition would probably be
similar in both cases (de Miranda & Eggleston, 1987),
the addition design conforms with the natural situation,
as the crowding conditions experienced by Drosophila
larvae are different among individual breeding sites
(e.g. Grimaldi & Jaenike, 1984). There is increasing
evidence that intra- and interspecific competition are
important ingredients of larval life under field condi-
tions (Atkinson, 1979, 1985; Grimaldi & Jaenike,
1984; Prout & Barker, 1989), so that laboratory
studies of the effects of larval density are important for
understanding ecological variation in selection for
body size in Drosophila.

Gene-environment interaction for the effect of a
trait on fitness could result in both local population
differentiation and the maintenance of genetic varia-
tion for the trait. Gillespie & Turelli (1989) have
stressed the importance of genotype-environment
interaction for maintaining genetic variation in quanti-
tative characters which, in turn, has an important bear-
ing on estimates of natural heritabilities of body size in
Drosophila because they involve the trait’s expression
across environments (Riska er al., 1989).

Materials and methods

Five different strains of Drosophila melanogaster, three
wild-type and two eye colour mutants, were used (see
Santos ef al. (1992a) for details). Briefly, two of the
wild-type strains were, respectively, the poly-hybrid of
four laboratory lines selected for increasing thorax
length (L) and the poly-hybrid of four lines that served
as the controls for the selection programme (C) (see
Wilkinson et al. (1990) and Partridge & Fowler (1993)
for further details of the selection lines). All these lines
were derived about 10 years ago from the outbred base
stock Dahomey (D), the third wild-type strain used.
This stock was also used to provide the eye mutant
strains sparkling poliert (spapol; 4) and scarlet (st;
3-44.0).

Competitive interactions were analysed by com-
parison of the linear regression slopes of mono- and
duocultures following the addition design of Mather &
Caligari (1981). Competition took place in 2.5
cm X 7.5 cm glass vials, each containing 3 ml 2.5 per
cent agar gel as a non-nutritive base and 3 ml of food
medium added after the agar cooled (Santos er al.,
1992a). Competition was started by seeding a refer-
ence number of 30 first instar larvae (age range of up to
2 h after hatching) of the indicator strain and then
adding 30, 60, 120 and 210 larvae of the indicator
(monocultures) or eye mutant (duocultures) strains.
The competitive ability of the mutant strains had been
estimated previously (Santos er al., 1992a).

For 10 days following the emergence of the first
adults, flies were collected twice daily (08.00-11.00 h
and 19.00-23.00 h) and kept in small vials at —20°C
for analysis during the month after emergence. The
mean thorax length, larva~adult development time and
sex ratio of the emerging wild-type adults were
measured. Adult thorax length was measured to the
nearest 0.02 mm with a binocular microscope fitted
with an ocular micrometer, from the anterior margin of
the thorax to the posterior tip of the scutellum, as
viewed from the side. Up to three females and three
males per collection were measured for thorax length.
The average thorax lengths of the females and males
from a culture were calculated weighting the mean of
each collection by the number of flies of each sex
scored in that collection. Larva-to-adult development
time was estimated as the average number of h from
culture initiation to adult emergence, where all
females and males counted at a particular scoring were
taken as having emerged at the midpoint in time
between that scoring and the previous one.

Full statistical details of the analyses are given in
Santos er al. (1992a). Throughout the whole experi-
ment, no more than six entries of 312 were lost. In one
vial, no wild-type flies were raised and only males or
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females were scored in five vials. In all cases but two
(13 per cent), the linear model was found to be ade-
quate.

Results

Thorax length

Mean thorax length for females and males at each
density and culture are set out in Table 1. For statistical
analyses, each observed value was converted to natural
logarithms to make the variances independent of the
mean and to remove or reduce non-additive interac-
tions. The male and female thorax lengths were sub-
jected to analyses of variance to test whether a linear
model was an adequate fit. The residual variation
around the regression lines was higher than the error
variance in only one of six comparisons (and that was
significant only at the 5 per cent level) so that it is
reasonable to assume a linear response between thorax
length and density.

The estimates of the parameters obtained for the
three wild-type strains are given in Tables 2 and 3. It is
clear that increasing the number of larvae significantly
reduced the thorax length of the adults and the gradient

Table 1 Thorax length (in mm) of wild-type females (above)
and males (below)

of the female regression for all culture series and
strains was greater than that of males. This means that
as density increased from 30 to 240 larvae, the sex
difference in thorax length decreased, a result consist-
ent with other data for Drosophila (Ashburner &
Thompson, 1978).

As shown in Santos et al. (1992a), comparisons
between the various partial regression coefficients for
the three wild-type strains allow us to infer the effects
that selection for increasing thorax length and/or past
selective experience in uncrowded conditions has had
on thorax length.

Several things are evident from the results. Firstly,
inter-genotypic effects on thorax length (B, values)
were stronger than intra-genotypic ones ( B, values) for
the L and C strains and no differences between mono-
and duocultures with spapol were detected for the D
strain. In all cases, st larvae were the strongest inter-
genotypic competitors. Secondly, the outcome of duo-
cultures could not be predicted from that of
monocultures as intra-genotypic effects for the
Dahomey strain were stronger than those observed for
L and C strains. Thirdly, at the optimum density of 30
larvae per vial, flies from the L strain were larger than
flies from C and D. This was an obvious expectation as
L flies were derived from four lines artificially selected
for increasing thorax length for more than 200 genera-
tions. On the other hand, the significantly larger body
size of flies from the Dahomey base stock compared

Density
Table 2 Estimates of the parameters ( £ S.E.) for the
Culture 30 60 90 150 240 variable female thorax length (in In mm)
L/— 1161 1150 1.116 1082  1.064 Strain B, B., Baspa B
0966  0.996 0.954 0.947 0.928
L/spa 1.126"  1.068 0.995 0.957% L 0.136731 —0.000389 - 0.000966 —0.001288
0.986 0.931 0.8671 0.833 +0.006830 £0.000073 £0.000076 £0.000080
L/st 1.103 1.067 0.9667 0.8841 C 0.039898 —0.000406 -0.000981 —0.001219
0.952 0.9927 08337 0.787% +0.005642 £0.000061 +0.000062 F0.000061
cf- 1.061 1.039 0.996 0.992 0.961 D 0.066442 -0.000629 —0.000556 —0.001070
0919 0910 0.881 0.875 0.846 +0.005205 +0.000056 +0.000056 =0.000056
C/spa 0.999 1.006 0.9247  0.844
0.889 0.873 0.823 0.760
C/st 1.008 0.943 0.889 0.817 .
0.8821  (.843 0.782 0.743 Table 3 Estimates of the parameters ( + S.E.) for the
variable male thorax length (in In mm)
D/- 1.092  1.041 1.034 0.984 0.941
0942 0902 0.907 0.866 0.838 o~
D/spa 1058  1.033 0989 0957 Strain Ao P e P
0.929 0906 0877  0.850 L -0.011318 —0.000330 —0.000885 —0.001193
Dst 1034 0988 0934  0.861 +0.007671 +0.000083 +0.000083 £0.000090
0501 0879 0837 0977 C -0.094207 —0.000358 —0.000849 —0.001058
+0.006311 +0.000068 +0.000068 £0.000068
Each figure is the average of eight replicates. D —0.072930 —0.000522 —0.000439 —0.000869

17 replicates.
16 replicates.

+0.004761 *0.000052 £0.000052 £0.000052
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with that of the C flies suggests that some other effect
of the selection regime reduced thorax length. Fourthly,
changes in thorax length with changes in density were
the same for the L and C strains in all culture series.
This means that no genotype-environment interaction
was present and differences in body size between
genetically large flies and their corresponding controls
remained constant through densities. However, this
was not true for L vs. D and C vs. D comparisons,
where the reduction in body size with increasing larval
density was greater for the selection lines.

Larva-to-adult developmental period

The mean development times for each culture series
are shown in Table 4. In general, the three indicator
genotypes exhibited the typical pattern of D. melano-
gaster, with females emerging earlier than males. There
was a positive correlation between means and
variances as density increased from 30 to 240 larvae
for all indicator genotypes. Therefore, all values were
converted to common logarithms for statistical ana-
lyses.

The male and female development times were sub-
jected to analyses of variance that tested the goodness

Table 4 Larva-adult development time (in h) of wild-type
females (above) and males (below)

Density
Culture 30 60 90 150 240
L/— 235 239 244 252 259
239 243 248 255 264
L/spa 2367 250 267 3151
242 249 2687 305
L/st 252 265 3417 341%
252 2611 3347 3457
Cf— 221 229 242 237 251
224 230 247 240 259
C/spa 244 231 2561 277
246 238 250 280
C/st 234 251 271 309
237 257 285 303
D/ - 216 223 227 250 271
225 227 231 252 272
D/spa 221 225 231 255
225 232 236 256
D/st 228 236 262 300
233 235 268 307

Each figure is the average of eight replicates.
7 replicates.
6 replicates.

of fit of a linear model. The residual variation was
higher than the error variance in only one of six com-
parisons (and in that case was significant only at the 5
per cent level) so that it was reasonable to assume a
linear response between development time and density.
The parameter estimates are set out in Tables 5 and 6.
It is obvious from these tables that increasing the
number of larvae significantly increased development
time and, as density increased, the development time of
females was, in general, proportionally increased more
than that of males.

There are several conclusions from a comparison of
the f values. At the reference density of 30 larvae, the
L strain had the longest estimated development time
whereas the Dahomey stock had the shortest (Tables 5
and 6). The difference between L and C was not statis-
tically significant for males, although the magnitude of
the difference was comparable for the sexes (Table 4).
In addition, from the mean values observed in Table 4,
it is clear that differences between C and D at the refer-
ence density were slight, so that statistical significance
detected when comparing the B, estimates may be
somewhat surprising. Least squares estimation mini-
mizes the residual variation in the whole data set and
some disparity between observed and estimated differ-
ences at the y-intercept (i.e. at the reference density)
may appear. Hence, the conclusion that L strain flies
had a longer developmental period than their corre-
sponding controls seems sound but some caution is
needed when comparing C and D strains.

Table 5 Estimates of the parameters ( + S.E.) for the
variable female development time (in log h)

Strain AB() )Bm IBdspa ﬂdn

7 2.370436  0.000212  0.000550  0.000917
+0.005783 £0.000062 £0.000064 =0.000068

C 2.354302  0.000217 0.000412 0.000641
+£0.005395 +0.000058 *0.000059 *0.000058

D 2.333174  0.000480 0.000319  0.000685

+0.003883 £0.000042 +£0.000042 +0.000042

Table 6 Estimates of the parameters ( + S.E.) for the
variable male development time (in log h)

Straiﬂ ﬂ(l ﬂm ﬁdj}m ﬂdw

i 2375174  0.000230  0.000478  0.000881
+£0.005364 +0.000058 *0.000058 +0.000063

€ 2362325 0.000225 0.000371 0.000612

+0.005353 £0.000058 +£0.000058 £0.000058
D 2.343489  0.000434 0.000284  0.000666
+0.005301 *=0.000058 =0.000058 +0.000058
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Within indicator genotypes, the performance of the
characters thorax length and development time with
density for mono- and duocultures were very similar.
The main disagreement arose from the duoculture
slope comparisons where a difference between eleva-
tions for the L and C strains was observed. Increasing
the number of mutant larvae in the duoculture series
had a major effect on the development time of the large
flies, which increased proportionally more than that of
the control flies. The difference was highly significant
against the strongest competitor, ie. the st larvae.
Hence, a clear indication of genotype—environment
interaction is present. On the other hand, no difference
was detected this time between the C and D strains.

Sex ratio

This was calculated for each indicator genotype at each
density of mono- and duocultures as the proportion of
males, and deviations from the 1:1 sex ratio were tested
against expected binomial frequencies. Only one out of
39 cases (2.6 per cent) showed a significant departure
from the expected sex ratio and no relationship was
observed between the proportion of males and density
in any strain.

Density-related fitnesses

A comparison of overall performance for genetically
large flies and their corresponding controls may be
assessed by means of the index: (viability X thorax
length)/(development time). As thorax length covaries
positively with adult fitness components, this index can
be taken as a measure of total fitness.

The relationship between relative fitness for the L
and C strains against density (using the viability data
from Santos et al., 1992a) is shown in Fig. 1. A clear
pattern of genotype-environment interaction is

observed, with overall performance of genetically large
flies being somewhat higher at low densities than that
of the C flies whereas the opposite is true at moderate
and high densities.

Discussion

An important finding was the lack of genotype-
environment interaction for thorax length when the
performances of the L and C strains in relation to
larval density in duocultures were compared. If an
important feature of the larval environment in the field
is variation in larval crowding among breeding sites,
then extrapolation of our data suggests that rank order-
ing of genotypes and additive genetic variances in the
different environments will be the same. Hence, posi-
tive offspring-parent regressions for thorax length
would be expected and have indeed been reported
(Coyne & Beecham, 1987). Similar results have been
shown for D. buzzatii, which shows no substantial
genotype—environment interaction for body size (Prout
& Barker, 1989) and positive heritability values from
field-caught adults (Prout & Barker, 1989; Ruiz et al,,
1991).

These results can be explained in terms of the traits
known to influence the development of adult body size
in Drosophila (Bakker, 1959, 1961; Robertson, 1963;
Burnet et al., 1977). The larval growth phase can be
divided into two parts: a variable period between
hatching and the attainment of a critical size at which
an irreversible commitment to pupation occurs, fol-
lowed by a constant period up till pupation. Future
adult size will be mainly determined by food availabil-
ity during the post-critical period. If food is in short
supply, growth will be greatly reduced or even stopped
and adult body size will decrease to a minimal value
(Sang, 1949; Miller, 1964; Caligari, 1980). Aritificial
selection for large body size does not change larval

100~ < Duocultures with SPAP! 1,00 Duocultures with ST
075 075
g =
£ £
o 050 0.50}-
2 2
k) K y
= 2
\ . ) 0.25F | strain 0.25F Strain )
Fig. 1 Relationship between relative fit- --- C Strain --- C Strain
ness and larval density for large (L) and
control (C) strains in duocultures with 0.00 1 I 1 ool 1 1 ! 1
(a) sparkling poliert mutant strain and 30 60 90 150 240 30 60 90 150 240
(b) scarlet mutant strain. Density Density
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growth rate (Robertson, 1963; L. Partridge, R. E.
Langelan, K. Fowler & V. French, unpublished data),
which already appears to be at an evolutionary
maximum (Sewell er al., 1975; Burnet et al., 1977) but
it appears to result in a later arrival at the critical
weight for pupation, implying that this increases with
artificial selection for large body size (Robertson,
1963; L. Partridge, R. E. Langelan, K. Fowler & V.
French, unpublished data). Absolute size at the larval
critical stage is correlated with that of the adult
(Church & Robertson, 1966). The roughly constant
difference in thorax length between large and control
lines observed through all culture series therefore
probably reflects the prior difference in larval size at
the critical stage.

However, this explanation cannot apply to the
duoculture series for the Dahomey flies because their
thorax length was more resistant to reduction by the
effects of increasing larval density, This may have
reflected the evolutionary history of the Dahomey
stock. It was maintained since collection in 1970 in
population cage cultures at their carrying capacity. The
stock may have a higher efficiency of food utilization, a
higher tolerance of waste products or both. One
important consequence of larval crowding, in addition
to limiting available food, is the increased concentra-
tion of detrimental waste products which can inhibit
larval growth (Weisbrot, 1966; Dawood & Strick-
berger, 1969; Budnic & Brncic, 1976; Botella er al.,
1985). As both L and C strains came from lines that
had a past history of low larval competition, high con-
centrations of metabolic end products such as urea and
uric acid may have had a larger effect on them than on
the Dahomey stock. An evolutionary increase in resist-
ance to the effects of larval crowding has been reported
in lines cultured at high larval density (Bierbaum et al.,
1989).

There was clear evidence that the development time
of the large lines was more sensitive than that of the
controls to increased larval density. This finding is con-
sistent with increased critical weight in the large lines, If
growth rate is slowed to an equal extent in large and
control lines by larval crowding, then the development
period of the large lines would be extended more.
Thus, variation in larval density could be a potent
selective force maintaining genetic variation and popu-
lation differentiation for body size in the field.

Increasing larval density decreased the body size of
females more than that of males and also caused a grea-
ter increase in development time but did not result in
differential pre-adult mortality of the sexes. Female
larvae have higher growth rates and higher critical
weights than do males but the sexes do not differ in
body weight at hatching (L. Partridge, R. E. Langelan,
K. Fowler & V. French, unpublished data). These

effects may make the survival rates of the sexes similar
at all larval densities. However, this cannot explain the
observed effects of larval crowding on females. The
pattern could be explained if female growth rate were
more affected than that of males but this would be
expected to result in higher female than male mortality.
However, no consistent deviation from a 1:1 sex ratio
was observed in the experiment. At present, the differ-
ent effects on the sexes of larval crowding remain un-
explained.

The estimates of total fitness that include effects on
larvae and adults suggest that there is gene-environ-
ment interaction for the effect of body size on total
fitness. With increasing larval density, there is increas-
ing selection against genetically large individuals. The
data therefore support the importance both of trade-
offs between the larval and adult period and of
gene-environment interaction in relation to larval
density as important selective forces on body size in
Drosophila.
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