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Variation in morphological traits of
Drosophila melanogaster (fruit fly) under

nutritional stress

ALEXANDRA G. IMASHEVA*, DMITRI V. BOSENKO & OLEG A. BUBLI
Vavilov Institute of General Genetics, Gubkin Str. 3, Moscow 117809, Russia

The effect of nutritional stress on phenotypical and genetic variation was examined for five
morphological traits (thorax length, wing length, sternopleural chaeta number, abdominal
chaeta number and arista branch number) in 30 isofemale lines of Drosophila melanogaster.
Phenotypical variation of all traits except sternopleural chaeta number and fluctuating asym-
metry of all bilateral traits were significantly higher in flies reared under poor feeding condi-
tions. Estimates of isofemale line heritability (coefficients of intraclass correlation) did not
show a consistent pattern among traits. However, additive genetic variance was generally
higher in poor feeding conditions in all traits except sternopleural chaeta number, although
these differences were not statistically significant. Similarly, estimates of evolvability were
higher under nutritional stress for all traits except sternopleural chaeta number. These results
suggest that nutritional stress increases the expression of genetic variation for some morpho-
logical traits in Drosophila and, in this respect, is similar to the effects of temperature stress
studied previously.

Keywords: Drosophila melanogaster, evolvability, fluctuating asymmetry, genetic variation,
morphological traits, stress.

Introduction

Evolutionary response to selection depends on the
amount of genetic variation expressed in the popula-
tion. Because of this, the effect of environmental
changes on the expression of genetic variation in
quantitative traits has important evolutionary impli-
cations. If genetic variation is inflated in harsh
environments, this will result in acceleration of
genetic response and, thus, in an increase in the
evolutionary rate. If, on the contrary, genetic varia-
tion is decreased in such environments, then the
selection response in them will be lower than under
normal conditions. In the first case, traits will evolve
faster in poor habitats; in the second, in the optimal
ones.
There is ample evidence indicating that the

expression of genetic variation in fact changes with
changing environment (Hoffmann & Parsons 1991,
1997a). The direction of this change is still unclear.
In animals, most stressful factors are believed to
increase genetic variation (Hoffmann & Parsons,

1991, 1997a; and references therein). However, this
is not always the case. In a recent study on the
collared flycatcher (Merilä, 1997), the nutritional
stress was shown to decrease the additive genetic
variation and heritability of tarsus length, a trait
related to body size. On the basis of these results
and of his review of other studies on avian species,
the author argued that genetic variation of body size
traits in birds tends to be lower under poor environ-
mental conditions if these conditions imply defi-
ciency in nutrition (food-supplemented vs. deprived
broods; reduced vs. enlarged broods; ‘good’ vs.
‘poor’ years, etc.).
Based on this and other work (Van Noordwijk et

al., 1988; Larsson, 1993), Hoffmann & Parsons
(1997b) made a tentative conclusion that, although
some types of stress such as temperature and desic-
cation, generally increase genetic variation, poor
nutrition, in contrast, decreases it and is unusual in
this respect. However, in a more recent study,
Merilä & Fry (1998) did not find a decrease in addi-
tive genetic variation of body size of blue tits in poor
feeding conditions. Moreover, all studies cited by
Merilä (1997) and Hoffmann & Parsons (1997b)*Correspondence. E-mail: sasha@vigg.ru.

©1999 The Genetical Society of Great Britain. 187



were restricted to bird species. In view of this, it
seems of interest to test the effect of stressful food
deficiency on genetic variation in other organisms.
The aim of the present study was to assess the

effect of nutritional stress on the expression of
phenotypical and genetic variation of morphological
traits in Drosophila melanogaster and to compare it
with the effects of another type of stress, exposure
to extreme temperatures, which was studied
previously (Imasheva et al., 1997, 1998). To estimate
additive genetic variation, the coefficient of intra-
class correlation was used as a measure of heritabil-
ity (Hoffmann & Parsons, 1988) and evolvability
(Houle, 1992) of the traits.

Materials and methods

Drosophila melanogaster was sampled in a natural
population at Khristinovka, Ukraine, in August
1997. Flies were collected over a fruit bait in a
commercial orchard. Immediately after collection,
30 isofemale lines were set up and maintained in the
laboratory for 2 months (four generations) before
the beginning of the experiment. Each generation
was started with approximately 30–40 pairs of
parents placed on fresh medium for several hours to
oviposit. The lines were maintained at 25°C through-
out the experiment.
The standard Drosophila medium used in our

experiment contained 70 g of dry yeast, 17 g of
sugar, 7 g of agar, 40 g of ground raisins and 35 g of
semolina per 1 L of water. Standard medium was
supplemented with live yeast. The medium referred
to hereafter as poor contained 15 g of dry yeast, 17 g
of sugar and 7 g of agar per 1 L of water. Prelimi-
nary experiments showed that egg-to-adult viability
of flies reared on poor medium decreased approxi-
mately twofold compared with flies reared on
standard medium. To both types of medium,
0.5 mL Lµ1 propionic acid was added to prevent
moulding. Vials, 2.5Å10 cm in size, containing
10 mL of medium were used.
To start the experiment, six sets of 20 pairs of

newly emerged flies from each isofemale line were
placed separately in vials with fresh medium and
aged for 6 days, being transferred to fresh yeast-
seeded medium every second day. On the sixth day,
three randomly chosen sets were placed on standard
medium, and the remaining three sets were placed
on poor medium. They were allowed to deposit eggs
for 24 h and then discarded. First-instar larvae were
transferred to vials with fresh medium (20 and 30
larvae per vial in the case of standard and poor
medium respectively). After the beginning of emer-

gence, flies were sexed and counted each day until
the emergence ended. All females from each vial
were pooled and placed into fixative liquid (1/2
glycerine:1/2 70% ethanol). From each vial, three
females were chosen randomly for measurements.
Five morphological traits were scored: thorax

length, wing length, number of sternopleural
chaetae, number of abdominal chaetae and number
of arista branches. Of these, the first two are metric,
and the remaining three meristic.
Wing length was measured as the length of the

longitudinal vein L3 from the intersection with the
anterior crossvein to the tip of the wing. Thorax
length was measured from the interior margin of the
thorax to the posterior tip of the scutellum (from
the dorsal view). Measurement of the metric traits
was conducted using an ocular micrometer in arbi-
trary micrometer units (70 units= 1 mm) and
converted into mmÅ100.
Bilateral traits (wing length, sternopleural chaeta

number and arista branch number) were measured
on both sides of the fly. For all statistical analyses
except estimation of fluctuating asymmetry, left-
hand measurements were used.
Fluctuating asymmetry (FA) was estimated as the

absolute difference between the right and left sides
standardized by the mean (Palmer & Strobeck,
1986). Viability was estimated as the proportion of
emerging flies to the total number of first-instar
larvae transferred into the vial.
All statistical analyses were performed with the

STATISTICA package (StatSoft, 1996). As measure-
ments of morphological traits showed no significant
deviations from normality in the Kolmogorov–
Smirnov test for goodness of fit and as there are
restrictions on transformations for estimating evolv-
abilities (Houle, 1992), no transformation was used
for these traits. Viability estimates were arcsine
transformed before ANOVA. Means, variances and
coefficients of variation (CVs) of the traits were
compared using the t-test, the variance ratio test and
the Z-test respectively (Sokal & Rohlf, 1995; Zar,
1996). Confidence limits for the coefficient of intra-
class correlation were calculated using the
Z-transformation (Zar, 1996).

Results

Table 1 presents means and estimates of phenotyp-
ical variation (variances and CVs) for the five
morphological traits of flies reared on the standard
and poor media. Only variance in sternopleural
chaeta number did not exhibit significant differences
between media. For the four other traits examined,
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both variances and CVs were significantly higher in
flies reared on poor medium (Ps0.001 for all traits
except variance in abdominal chaeta number, for
which Ps0.01 and CV in sternopleural chaeta
number, for which Ps0.05).
In Table 2, fluctuating asymmetry (FA) values for

three bilateral traits (wing length, sternopleural
chaeta number and arista branch number) are
compared in flies reared on standard vs. poor
medium. For all of the traits, differences in FA
between media are statistically significant (Ps0.001
for wing length and sternopleural chaeta number,
Ps0.01 for abdominal chaeta number).
Two-way ANOVA of the traits (Table 3) showed

that the line effect was significant in all of them
(Ps0.001 except arista branch number, which had
Ps0.01), but the vial effect was non-significant.
In Table 4, estimates of different measures of

genetic variation for each trait in flies reared on
standard and poor media are presented. These are
the between-line variance, VB, which is half the addi-
tive genetic variance (VA= 2VB) (Falconer, 1989),
the coefficient of intraclass correlation, which

measures the proportion of the additive genetic
component in the total variance, and Houle’s evolv-
ability, which is the additive genetic variance stand-
ardized by the squared mean (Houle, 1992). Note
that the estimates of these genetic measures were
obtained using the isofemale line method. Conse-
quently, they cannot be precise as the degree of
relatedness among isofemale lines is unknown.
However, this is not of prime importance for the
purposes of this study, because the aim was to
compare the effects of different environments on the
same lines.
For four of the traits, the between-line variances

were generally higher when flies were reared on
poor medium. These differences were not statisti-
cally significant because of the large standard errors
of the estimates. The exception was the number of
sternopleural chaeta, for which phenotypical vari-
ances also did not differ between media (see Table
1). As for the coefficients of intraclass correlation,
the direction of differences between media was not
consistent among traits: the values of this parameter
were higher for the poor medium for thorax length,
arista branch number and abdominal chaeta
number, but lower for wing length and sternopleural
chaeta number. These differences were not statis-
tically significant except for wing length (Ps0.05).
Evolvabilities were generally higher for flies reared
on the poor media in all cases except maybe sterno-
pleural chaeta number. The greatest (215-fold)
difference was recorded for thorax length; for wing
length, it was about fourfold, and twofold for both
arista branch number and abdominal chaeta
number. The Wilcoxon paired-sample test (Zar,
1996) for comparison of means did not show a signi-
ficant difference between standard and poor media
in additive genetic variance (Z=1.75, P=0.080),

Table 1 Means, phenotypical variances s2, and coefficients of variation CV (Å100) of morphological traits of Drosophila
melanogaster reared on standard and poor media

Standard medium Poor medium Comparison: standard vs· poor

Trait† Mean¹SE s 2 CV¹SE Mean¹SE s 2 CV¹SE Mean (t) s 2 (F) CV (Z)

TL 117.04¹0.19 9.42 2.62¹0.11 88.66¹0.42 47.25 7.75¹0.34 61.95*** 5.02*** 14.57***
WL 158.05¹0.21 11.89 2.18¹0.09 132.59¹0.60 96.16 7.40¹0.32 40.25*** 8.09*** 15.72***
SCN 9.77¹0.08 1.60 12.94¹0.57 8.69¹0.08 1.72 15.08¹0.66 9.76*** 1.07 2.50*
ACN 16.61¹0.12 4.11 12.20¹0.53 15.37¹0.15 5.74 15.58¹0.69 6.52*** 1.40** 3.94***
ABN 9.56¹0.04 0.46 7.12¹0.31 9.24¹0.05 0.71 9.12¹0.40 4.89*** 1.53*** 4.02***

†Here and in further tables: TL, thorax length; WL, wing length; SCN, sternopleural chaeta number; ACN, abdominal
chaeta number; ABN, arista branch number.
§Test statistics used for comparison are given in parentheses.
*Ps0.05; **Ps0.01; ***Ps0.001.

Table 2 Fluctuating asymmetry of morphological traits in
Drosophila melanogaster reared on standard and poor
media

Standard Poor Significance
Trait medium medium of differences (t)†

WL 0.53¹0.04 1.22¹0.07 8.23***
SCN 6.23¹0.40 10.55¹0.61 5.92***
ABN 4.42¹0.40 6.18¹0.41 4.89**

†d.f. = 538.
**Ps0.01; ***Ps0.001.
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but the difference was significant for evolvability
estimates (Z=2.02, P=0.043).
In addition to morphological traits, viability

(percentage of emerged flies) was measured, which
can serve as a measure of severity of stress. Mean
viabilities were 0.94¹0.01 on standard and
0.40¹0.02 on poor medium; the difference between
these values is highly significant (Ps0.001). The
one-way ANOVA (Table 5) showed that between-line

variance of viability was significantly different from
zero. The values of between-line genetic variance,
VB, were 0.010 on standard and 0.070 on poor
medium; the coefficients of intraclass correlation for
viability were 0.291 for standard and 0.509 for poor
medium. Although these differences are not signifi-
cant, the trend is for higher additive genetic varia-
tion on poor in relation to standard medium.

Discussion

Judging from the viability estimates, the nutritional
stress used in our experiment was severe, as it
caused mortality of more than half of the popula-
tion. This stress resulted in a significant increase in
phenotypical variation of each morphological trait
examined except sternopleural chaeta number. In a

Table 3 Two-way ANOVA of morphological traits for 30 isofemale lines of
Drosophila melanogaster

Standard medium Poor medium

Trait Source d.f. MS F MS F

TL Line 29 0.23 2.63*** 1.44 3.57***
Vial 60 0.09 1.15 0.41 1.19
Error 180 0.08 0.34

WL Line 29 0.67 14.81*** 2.67 3.72***
Vial 60 0.05 0.84 0.69 0.87
Error 180 0.05 0.79

SCN Line 29 5.56 4.29*** 5.33 3.93***
Vial 60 1.30 1.22 1.36 1.08
Error 180 1.06 1.26

ACN Line 29 11.91 4.59*** 20.45 5.48***
Vial 60 2.60 0.77 3.73 0.92
Error 180 3.36 4.03

ABN Line 29 0.98 2.29** 1.68 2.86***
Vial 60 0.43 1.08 0.59 0.99
Error 180 0.39 0.59

**Ps0.01; ***Ps0.001.

Table 4 Between-line components of variance VB,

coefficients of intraclass correlation ri with their lower (L1)
and upper (L2) confidence limits and evolvabilities (IA) of
morphological traits in isofemale lines of Drosophila
melanogaster reared on standard and poor media

Trait Medium VB ri L1 L2 IAÅ100

TL Standard 1.669 0.181 0.073 0.319 0.024
Poor 12.088 0.254 0.129 0.403 0.307

WL Standard 6.912 0.570 0.415 0.706 0.055
Poor 20.000 0.215 0.099 0.359 0.228

SCN Standard 0.494 0.306 0.171 0.460 1.035
Poor 0.450 0.260 0.134 0.410 1.191

ACN Standard 0.972 0.224 0.106 0.370 0.704
Poor 1.833 0.308 0.172 0.460 1.552

ABN Standard 0.064 0.138 0.042 0.265 0.140
Poor 0.121 0.175 0.069 0.312 0.284

Table 5 One-way ANOVA of viability in 30 lines of
Drosophila melanogaster reared on standard and poor
media

Standard Poor

Source d.f. MSÅ103 F MSÅ103 F

Line 29 55.16 2.23** 26.30 4.11***
Error 60 24.74 — 6.40 —

**Ps0.01; ***Ps0.001.
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similar manner, fluctuating asymmetry of all bilateral
traits studied increased significantly, which indicated
an increase in the amount of ‘developmental noise’
under this type of stress.
These results are not unexpected as, in our

previous work, in which the effect of rearing D.
melanogaster at extreme temperatures on essentially
the same set of morphological traits was examined,
the temperature stress consistently resulted in a
significant increase in phenotypical variation and FA
(Imasheva et al., 1997, 1998).
The present results indicate that at least two types

of environmental stress factors – extreme tempera-
tures and poor nutrition – consistently increase the
phenotypical variation and FA of morphological
traits in D. melanogaster. Further experiments are
needed to find out whether this rule holds for other
types of stress.
The situation with the effect of nutritional stress

on genetic variation is less clear-cut. The additive
genetic variation in four out of five morphological
traits examined generally increased in poor growth
conditions, although this increase was not statisti-
cally significant. The measure conventionally used to
estimate the proportion of additive genetic variation
in the total variation in the isofemale line technique
is coefficient of intraclass correlation, which is
proportional to narrow-sense heritability and has
been termed isofemale heritability (Hoffmann &
Parsons, 1988). This parameter did not exhibit a
consistent pattern of change under nutritional stress:
in two traits, it increased under stress; in another
two, the opposite trend was observed and, in one
trait (sternopleural chaeta number), no changes
under stress were found.
As the narrow-sense heritability is the ratio of

additive genetic variance to the total variance,
changes in it may result from changes in additive
genetic variance, residual variance, which measures
variation attributable to non-additive genetic and
environmental causes, or both. Because of this, as
noted by Houle (1992), evolutionary implications
can hardly be drawn from changes in heritability
estimates alone. To overcome this difficulty, Houle
suggested another measure of the ability of a popu-
lation to respond to selection, which he termed
evolvability (Houle, 1992). In evolvability, additive
genetic variance is standardized by the mean of the
trait rather than by its variance. Consequently, in
this measure, confounding effects of changes in
environmental or non-additive genetic components
of variation are eliminated. In our experiment, the
evolvability estimates of all traits were generally
higher under nutritional stress; however, no statisti-

cal comparisons can be made, as Houle (1992) does
not give the expression for the standard error of this
estimate. Note that, as in Houle’s study, size-related
traits under normal conditions had lower evolvabil-
ities than meristic ones, but the former were far
more strongly affected by exposure to stress.
There is evidence that temperature stress also

increases genetic variation in morphological traits of
Drosophila. Using the isofemale line technique,
Barker & Krebs (1995) compared the heritabilities
of thorax length, wing length and their ratio in two
related Drosophila species, D. aldrichi and D. buzza-
tii, reared at 18°C, 24°C and 31°C. They concluded
that genetic variation for body size traits in these
species was generally higher when reared at less
favourable temperatures. In D. melanogaster,
temperature extremes (12°C and 31°C) have been
shown to increase both additive genetic variance and
isofemale heritabilities for thorax length, sterno-
pleural chaeta number (both extreme temperatures)
and wing length (low temperature) (Imasheva et al.,
1998). In contrast to these results, Sgrò & Hoffmann
[cited in Jenkins et al. (1997)], comparing genetic
variance of wing length in parents and their first-
generation offspring subjected to the same or
different temperatures, did not find any effect of
temperature extremes on the expression of genetic
variation in D. melanogaster. However, in the range
of temperatures they used (14°C, 25°C and 28°C),
only one (14°C) can be considered stressful. This
fact can, at least partly, account for the failure to
find temperature effects on genetic variation.
The lack of consistent effects of stress tempera-

tures on genetic variation of quantitative traits
reported in some other studies (Murphy et al., 1983;
Gebhardt & Stearns, 1988, 1992) may have the same
explanation as, in all of these cases, no temperature
extremes were applied and thus no stress in the
strict sense, i.e. severe impairment of fitness, was
obtained.
Our results indicate that, in D. melanogaster, poor

nutrition is similar with regard to its effects on
phenotypical and genetic variation to temperature
stress. Both of these factors, at levels that are close
to lethality, increase heritable variation of morpho-
logical traits related to size, and thus enhance the
evolutionary potential of populations and their
ability to be changed by selection.
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