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Abstract. Fluctuating asymmetry (FA), the small and random departures from perfect symmetry of an organism’s bilateral traits, has
been used as a measurement of developmental stability and an indicator of stress in endangered populations. We were interested in
testing if the level of developmental stability is the same in different populations experiencing the same conditions, as the use of FA
as an indicator of ecological stress is only meaningful if this is true. In order to do this, the effect of thermal stress on wing size FA
over a range of temperatures was determined on three different lines of Drosophila melanogaster: two lines were maintained at one
of two different constant temperatures (18°C or 28°C) and one under a fluctuating thermal regime (18°C and 28°C) for eight years.
The differences in viability of these lines, when reared at a range of different temperatures, are associated with the temperature con-
ditions they previously experienced. All lines showed a similar increase in FA at the two ends of the thermal range but with signifi-
cantly different mean values. The two units of wing development (compartments) differed in their FA response depending on the
selective history of each line. We discuss the implication of our results for the use of FA as an indicator of ecological stress .

INTRODUCTION

Developmental stability refers to an organism’s ability
to buffer environmental and genetic perturbations experi-
enced during its ontogeny (Waddington, 1942; Zakharov,
1992; Clarke, 1998). It is assumed that it is influenced by
genotype, environment and/or genotype by environment
interactions (Van Dongen & Lens, 2000). The small and
random departures from perfect symmetry in an organ-
ism’s bilateral traits are described as fluctuating asym-
metry (FA).

FA appears to be taxon, trait and stress specific (David
et al., 1998; Roy & Stanton, 1999; Vollestad et al., 1999;
Bjorksten et al., 2000b, 2001), indicating that environ-
mental noise has a different impact on developing organs
and organisms. It is also suggested that increased asym-
metry reflects an increased inability to cope with stressful
situations (Palmer & Strobeck, 1986; Pomiankowsky,
1997). This hypothesis would imply that individual FA
could be used as a measure of genetic and/or environ-
mental stress and give useful information on individual
genotypic quality. Nevertheless, the relation between
developmental instability and stress is not obvious. For
instance, a review by Bjorksten et al. (2000a) of experi-
ments in which stress was manipulated found a general
increase in FA in one third of the studies, a trait and stress
specificity in one third and no association in the
remaining third. It is reasonable to expect that, in natural
situations, the relationship between FA and stress would
be even less consistent and reliable (Rasmuson, 2002).

The use of FA as an indicator of developmental sta-
bility and a measure of ecological stress (Parsons, 1961,
1962, 1990, 1992; Van Valen, 1962; Palmer & Strobeck,

1986; Leary & Allendorf, 1989; Markow, 1995; Clarke &
McKenzie, 1997; Imasheva et al., 1997; Roy & Stanton,
1999; Kark et al., 2001; Mpho et al., 2002; Velickovic,
2004) is based on the assumption that a stressful environ-
ment would result in higher FA levels than those
observed in optimum environments. This assumption
would be supported if there were a consistent level of
developmental stability of traits across populations. A
consistent developmental stability would give rise to a
similar level of FA under the same conditions in all popu-
lations. Nevertheless, in the field a number of uncon-
trolled factors can confound the relationship between
stress and FA. Different levels of FA would not neces-
sarily reflect different levels of stress if developmental
stability is not constant; a non constant developmental
stability could also cause the same level of FA under dif-
ferent levels of stress.

In the present study we are interested in determining
whether levels of developmental stability, measured as
FA, are the same in different populations reared under the
same conditions. The use of FA as an indicator of eco-
logical stress is only meaningful if this is true.

We measured wing size FA and viability over a wide
range of temperatures in different lines of Drosophila
melanogaster maintained for several years at one of two
fixed temperatures (18°C or 28°C), or under a fluctuating
thermal regime (18°C and 28°C). The temperature used
for the test ranged from ideal (from 18°C to 25°C) to
stressful (12°C and 30°C). Viability was used as a
measure of differentiation between populations and as
indicator of stressful conditions. Drosophila wing size is
a trait that shows a significant increase in FA in stressful
environments (Parsons, 1990; Imasheva et al., 1997). In
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addition, the analysis of FA of wing size in Drosophila
offers the opportunity to investigate the effect of environ-
mental stress and of different selective histories on the FA
shown by different units of development within the same
organ. The wing of Drosophila can be subdivided into
Anterior and Posterior compartments (Garcia-Bellido et
al., 1973), which are under different genetic control and
thus distinct units of selection (Cavicchi et al., 1985;
1991; Guerra et al., 1997; Pezzoli et al., 1997).

MATERIAL AND METHODS

The origin of the lines

The lines used in this experiment were derived from a natural
population sampled near Bologna, Italy, in October 1991. The
offspring of thirty fertilized females were divided in three lines,
and kept at 18°C, 28°C or in alternate generations at 18 and
28°C. This procedure was repeated for a second group of thirty
fertilized females, giving two replicates for each selection
regime and a grand total of 6 independent lines. Each generation
was reared on a standard medium in 250 ml bottles. On emer-
gence, thirty pairs were collected and allowed to lay eggs for
two days. The larval density was approximately the same and
optimal in all the cultures.

Experimental procedure

The experiment started at the end of 1999 when, on the basis
of our previous experience (Cavicchi et al., 1985, 1991), the
lines were likely to be adapted to each selection regime. Groups
of eggs laid at 25°C by fertilized females of each line and repli-
cate were collected and transferred to 60 ml vials containing 10
ml of food. The vials were maintained until adult emergence at
12°C, 14°C, 18°C, 25°C, 28°C or 30°C. Six vials containing 70
eggs each were collected for the two replicates of each line at
18°C, 25°C and 28°C, while twelve vials were necessary at
12°C, 14°C and 30°C in order to get a sufficient number of flies.
For the line adapted to 28°C, twenty-four vials were necessary
for each replicate at 12°C. At emergence, up to thirty females of
each line and replicate were collected; right and left wings were
dissected and dehydrated in ethanol and mounted on slides in
lactic acid/ethanol (6 : 5).

A digital image at a magnification of 50x of the whole wing
and of the two developmental compartments (Fig. 1) was taken
using a camera mounted on an optical microscope and the area
measured with Image Pro Plus, by Media Cybernetics. The L4
vein was taken as the approximate boundary between the Ante-
rior and Posterior compartments.

Viability
Viability was measured as egg-to-adult survival after pooling
the results for all vials within each replicate. Pre-adult survival

was transformed by taking the square root of the arcsine of the
percentage value before analysis.
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Fig. 1. Schematic representation of the adult wing of Droso-
phila melanogaster. L2-L5 are longitudinal veins.
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Tests for directional asymmetry and antisymmetry

Distributions of signed asymmetries (L-R) of each trait were
tested for normality and mean equal to zero, to detect the pres-
ence of directional asymmetry (DA) or antisymmetry (Palmer &
Strobeck, 1986; Palmer, 1994). For each trait (at each tempera-
ture, for all the lines) departure of the mean (L-R) from an
expected mean of zero was tested using a one-sample #-test.
Testing for platykurtic departures from normality of the distri-
bution of (L-R) is the appropriate test for the presence of anti-
symmetry (Palmer & Strobeck, 1986). In all cases the average
FA was not significantly different from zero, when tested using
one sample #-tests and Bonferroni correction. FA was normally
distributed, based on skew and kurtosis statistics for (L-R)
(Sokal & Rohlf, 1981).

Measurement error

Relative to the size of the trait measured, fluctuating asymme-
tries are small and measurements must be replicated in order to
distinguish true asymmetry from measurement error. When
sample sizes are large, however, repeated measure of the whole
sample may not be practical and the effect of the measure error
should be calculated from repeated measures of a sub-sample
(Palmer, 1994). In this study, the wing size of a sub sample of
thirty randomly chosen individuals was measured a second time
without knowledge of the first measure. A two-way ANOVA
was performed on the repeated measures of these individuals
with “Side” kept as fixed effect and “Individual” as random
(Palmer & Strobeck, 1986; Palmer, 1994). The interaction term
of the two-way ANOVA, which contains information about FA,
was tested against error mean square, reflecting measurement
error. Fluctuating asymmetry “mean square” was significantly
larger than measurement error “mean square” in the sub sample
of thirty individuals (F 29,60 = 4,98, P < 0.0001).

FA and trait size

The individual FA of each trait was estimated as the absolute
difference (JL-R|) between sides of each wing region standard-
ized over the mean trait size of each group, corresponding to the
index FA19 of Breuker & Brakefield (2003), which is a multi-
sample variant of FA3 (Palmer & Strobeck, 2002). This proce-
dure was chosen to avoid the effect of size on FA due to the
growth at different temperatures and previous temperature selec-
tion (Azevedo et al., 1996, James et al., 1997). This was done
for both whole wing and areas of Anterior and Posterior com-
partments.

Since unsigned asymmetry has a half-normal distribution, the
data were transformed for all traits using a two-parameter
Box-Cox power transformation of the form (Y+A,)", suitable
for normalizing skewed positive data containing zeroes (Palmer
& Strobeck, 1986; Swaddle et al., 1994). The A did not signifi-
cantly differ among traits and populations. The final transforma-
tion equation took the form of X = (Y + 0.00003)¢.

Statistical procedure

Only four individuals were obtained in one replicate of the
28°C line reared at 12°C. These individuals were not used to
detect FA and this prevented the use of a standard nested
ANOVA with random effects. To obviate this problem, the
effects of replicates and their interaction with temperature were
firstly tested for each line separately. In all cases they were not
significant (P > 0.05 after Bonferroni correction). Thereafter, we
used a Type III Sum of Squares ANOVA on the mean value of
each replicate and temperature for each line.

The choice of this kind of analysis was also justified because
our interest was limited to testing fixed effects. The Type III
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Fig. 2. Proportion of larvae surviving to the adult stage of three selected lines when reared at a range of temperatures (£ S.E.).

Sum of Squares ANOVA was used for testing both viability and
FA values. All analyses were performed with R 1.8.0 for Linux.

RESULTS
Viability

Pre-adult survival was highest at intermediate tempera-
tures and strongly decreased at both extremes of the
thermal range in all lines (Fig. 2). A two way ANOVA
revealed a significant interaction between lines and tem-
perature (Fo1s = 3.65; p = 0.012). As mentioned above,
the 28°C line showed a dramatically decreased pre-adult

survival at 12°C: one of the two replicates showed a
viability of about 0.2%, and the second of about 3%.
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However, the two lines behaved in a similar way at higher
temperatures. The 18°-28°C line had the lowest pre-adult
survival at intermediate temperatures but not at the
extremes of the thermal range.

Whole wing area FA

The ANOVA on the whole wing area FA did not reveal
significant interaction between lines and temperatures,
while main effects were both significant (Table 1), indi-
cating that the three selected lines evolved different FA.
Temperature affected FA, with the lowest FA at interme-
diate temperatures and higher FA at the two extremes
(Fig. 3). The highest FA was observed in the 28°C line,
the lowest in the 18°C line. The 18°-28°C line showed an
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Fig. 3. Mean FA (+ S.E.) of the whole wing area in the three lines.

TaBLE 1. ANOVA to test the differences in FA (Whole wing, Anterior and Posterior compartments) of flies of the three lines

reared at different temperatures.

Sources of variation'

Traits : .
Temp. (5) Lines (2) L xT(10) Within (17)
Whole wing 0.0000818%** 0.0000260* 0.0000260 0.0000510
Anterior compartment 0.0001341%** 0.0000109 0.0000384 0.0001026
Posterior compartment 0.0001348** 0.0000319* 0.0000307 0.0000571

*P < (.05; ** P <0.01; 'd.f. are in parenthesis.

197



0.021 .,
Anterior Compartment

0.019 I I
B
0.017 | 9
-
A A s
0.015 L N ‘“
= - . T
0.013 | \. B .
‘\ \'A/‘ .
0.011 |

r—r—(

0.009

0.007 .

e ~

L4 - ’

-
- -

e L7 -

* '/ “ -
- - -
~

- @ =18°C line
= 28°C line

—a - 18°-28°C line

18 20 22
Temperature ( °C )

24 26 28 30 32

Fig. 4. FA of the Anterior wing compartment area (= S.E.) of individuals of the three lines reared at different temperatures.

intermediate FA compared to the fixed temperature lines,
but moving towards the FA values of the 28°C line at
high temperatures and towards the FA values of the 18°C
line at low temperatures.

Wing compartments FA

ANOVA was performed also on the FA of the two
wing compartments, independently. In the Anterior com-
partment neither significant interaction between lines and
temperature nor differences of FA were observed (Table
1). The effect of temperature was significant, with higher
FA at the two extremes and lower FA at intermediate
temperatures (Fig. 4).

In the Posterior compartment, no interaction was
detected but the three lines differed in FA (Table 1, Fig.
5). Again, the effect of temperature was significant. As in
the whole wing analysis, the 28°C line showed the
highest FA, the 18°C line the lowest FA and the
18°-28°C line an intermediate FA value.

Correlation between FA and viability

Correlation between FA and viability was not signifi-
cant for the Anterior compartment (rs; = —0.23, p =

0.021 -

0.18), significant for the Posterior compartment (rzs) =
—0.36, p = 0.03) and again not significant for the wing
considered as a whole (133 =—0.3, p = 0.08).

DISCUSSION

The use of wing FA was proven to be effective in
measuring developmental instability in Drosophila (Hoft-
mann & Parsons, 1991; Imasheva et al., 1997). In our
experiment, thermal stress in Drosophila melanogaster
affected both viability and FA. Viability was the lowest at
the two extremes of the thermal range in all lines and
showed interaction between lines and temperature (Fig.
2). Because all lines were originally derived from the
same population, this differentiation seems to be the con-
sequence of eight years of thermal selection the flies were
subjected to prior to this study. In fact, the 28°C line
almost completely lost the ability to survive at 12°C and
performed relatively better than the 18°C line at the
higher but not extreme temperatures. The 18°-28°C line
showed a relatively low pre-adult survival at intermediate
temperatures and relatively high survival at the extremes
of the thermal range. This could be evidence of trade-offs
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Fig. 5. FA of the Posterior wing compartment area (+ S.E.) of individuals of the three lines reared at different temperatures.
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caused by selection at both temperatures. The length of
the temperature selection period is comparable to that
used in other laboratory selection experiments (see
Cavicchi et al., 1985, 1989, 1991 for body size) and other
traits are also likely to have been affected.

The three lines showed a similar increase in wing area
FA at the extremes of the thermal range for the whole
wing as well as for the two wing compartments (Fig. 3
and Table 1); FA was higher in the 28°C line than in the
18°C line, while the 18°-28°C line showed an interme-
diate FA, comparable to the 28°C line at high tempera-
tures and the 18°C line at low temperatures.

As indicated by the relatively low correlation coeffi-
cient, viability and FA are not, in this case, equivalent
indexes of stress, especially for comparisons among lines.
One would expect low viability, indicating unfavourable
environment, to be reflected in FA. A discrepancy in
these two indexes would be observed if the genetic and
developmental mechanisms underlying viability and FA
were different, or, as suggested by Hendrickx et al
(2003) and Lens et al. (2002), individuals with higher
developmental instability had reduced survival, lowering
the power of FA as stress indicator; such a result is
expected, as in our case, under extreme conditions.

When the two wing compartments were considered
separately (Fig. 4 and 5; Table 1), significant differences
between lines were found only in the Posterior compart-
ment. Previous experiments (Cavicchi et al., 1985, 1991,
Guerra et al., 1997, Pezzoli et al., 1997) suggest that wing
compartments are units of genetic and developmental
control of wing size and shape in both natural and labora-
tory populations, and that natural selection has greater
effect on the Posterior compartment. Results of artificial
selection for size on the various wing regions (Guerra et
al.,, 1997) suggest that the Anterior compartment pos-
sesses the driving properties for wing development,
because the genes responsible for size variation in the
Posterior compartment are hypostatic to those controlling
the Anterior one. In addition, regions located in the Ante-
rior compartment appear to initiate cell proliferation
before those located in the Posterior compartment. This
difference could explain the lower genetic and develop-
mental flexibility shown by the Anterior compartment.
The effect of selection on the whole wing FA reflected
more closely the response of the Posterior rather than the
Anterior compartment. These results indicate that the dif-
ferent subunits of development respond differently to
natural selection, which affects their FA. Our results sug-
gest that, within the same organ, different developmental
subunits can show a similar pattern of FA across a range
of environmental conditions, but do not necessarily
reflect the selective history of a population in the same
way.

Our results also show that thermal selection in the labo-
ratory shifted the relative level of developmental stability
towards different optima. As a consequence, the level of
FA has a different mean value in the three lines. The rela-
tive optimality of each level of developmental stability

would explain why FA values change across the thermal
range but constant differences among lines remain.

The legitimate use of FA as a measure of ecological
stress requires attention to a number of points. For
instance, can we compare the whole wing FA of the 18°C
line grown at 30°C with the whole wing FA of the 28°C
line grown at 18°C if a developmental temperature of
30°C is not stressful for the 18°C line? The answer is
clearly no, if the response of the 18°C line over the whole
thermal range is not taken into account. This simple
observation indicates that information on the genetic
make up of the test and control population is needed
before drawing firm conclusions. If it is not possible to
prove that the test and control populations have a similar
developmental stability and response to environmental
variation, the use of FA as a measure of environmental
stress is dubious.
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