O Indian Academy of Sciences

Quantitative-genetic analysis of wing form and bilateral asymmetry
in isochromosomal lines of Drosophila subobscura using
Procrustes methods

PEDRO FERNANDEZ IRIARTE, WALKIRIA CESPEDES and MAURO SANTOS*

Grup de Biologia Evolutiva (GBE), Departament de Genética i de Microbiologia,
Universitat Autonoma de Barcelona, 08193 Bellaterra (Barcelona), Spain

Abstract

Fluctuating asymmetry (FA) is often used as a measure of underlying developmental instability (DI), motivated by the
idea that morphological variance is maladaptive. Whether or not DI has evolutionary potential is a highly disputed
topic, marred by methodological problems and fuzzy prejudices. We report here some results from an ongoing study
of the effects of karyotype, homozygosity and temperature on wing form and bilateral asymmetry using isochromo-
somal lines of Drosophila subobscura. Our approach uses the recently developed methodologies in geometric mor-
phometrics to analyse shape configurations of landmarks within the standard statistical framework employed in
studies of bilateral asymmetries, and we have extended these methods to partition the individual variation and the
variation in asymmetries into genetic and environmental causal components. The analyses revealed temperature-
dependent expression of genetic variation for wing size and wing shape, directional asymmetry (DA) of wing size, in-
creased asymmetries at suboptimal temperature, and a transition from FA to DA in males as a result of increase in the
rearing temperature. No genetic variation was generally detected for FA in our samples, but these are preliminary re-
sults because no crosses between lines were carried out and, therefore, the contribution of dominance was not taken
into account. In addition, only a subset of the standing genetic variation was represented in the experiments.

[Iriarte P. F., Céspedes W. and Santos M. 2003 Quantitative-genetic analysis of wing form and bilateral asymmetry in isochromo-

somal lines of Drosophila subobscura using Procrustes methods. J. Genet. 82, 95-113]

Introduction

Developmental instability (DI) is the result of processes
that disturb development along a developmental trajec-
tory within a particular environment (Palmer 1994; Nijhout
and Davidowitz 2003). A measure of within-individual
variation, which is the finest level at which phenotypic
variance can be reckoned (Lynch and Walsh 1998, pp.
112-116), provides a quantifiable expression of under-
lying DI that is referred to as fluctuating asymmetry (FA,
i.e. smal random deviations from symmetry in other-
wise bilaterally symmetrical characters; Van Valen 1962;
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Palmer and Strobeck 1986; Leary and Allendorf 1989;
Markow 1995; but see Palmer and Strobeck 2003, p. 281,
for a cautionary remark on the relationship between FA
and DI). Insofar as both sides of a symmetrical structure
are uniformly controlled by the same genes (barring un-
usual somatic mutation or somatic recombination), the
subtle nondirectional differences typically found between
right and left sides of bilateral traits are expected to arise
owing to inherent nongenetic developmental noise (e.g.
Waddington 1957; Palmer and Strobeck 1986; Palmer et al.
1993). Mather (1953) was the first to suggest, however,
that FA had a genetic basis. More recently, interest in FA
as a putative reliable cue of the overall genetic quality of
an individual has led some authors to claim that FA (and
hence DI) does indeed have a positive heritability and is
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therefore biologicaly and evolutionary relevant on its own
(reviewed in Mgller and Swaddle 1997). These claims have
raised strong (sometimes acid) controversies and have
generated quite a number of meta-analyses on published
estimates of FA heritabilities. Though one positive out-
come of this debate has been more rigorous and focussed
research (Polack 2003), the topic of the genetical basis of
FA still remains completely unresolved (Santos 2002;
Fuller and Houle 2003).

In a recent quantitative-genetic study of wing size
asymmetry, one of us found low (~ 0.04) but significant
heritabilities of FA in wing length and width in Droso-
phila buzzatii (Santos 2002). Some findings were, however,
difficult to reconcile with those positive heritabilities, be-
sides the fact that the additive genetic correlation for size
between sides was not significantly different from +1. If
variation that is due to stochasticity in development is the
only real cause of FA (see Nijhout and Davidowitz 2003),
there are at least three possible explanations for those re-
sults. First, they might have simply been false positives.
However, the detection of similarly low (but nonsignifi-
cant) wing size FA heritability in two previous experiments
(Santos 2001) casts some doubts on this explanation. Second,
the random noise component is independent of genotype,
but genetic variance for trait size alone could give rise to
low heritabilities of FA (Klingenberg and Nijhout 1999).
Although wing size in Drosophila usually shows inter-
mediate heritabilities, a problem with this explanation is
that there is no relationship between trait size and FA in
D. buzzatii (Santos 2001, 2002; see also Loeschcke et al.
1999, 2000). Third, the sensitivity to developmental noise
in a random-mating population may be genotype dependent.
This alternative arises from developmental models where
there is a nonlinear mapping between development and
FA (see Klingenberg 2003a), and we find it particularly
attractive and thought-provoking.

Stochastic mechanisms in gene expression can explain
the substantial phenotypic variation usually observed in
clonal populations (Elowitz et al. 2002). Alternatively,
for bilaterally symmetrical structures controlled by the
same genes, this inherent stochasticity would lower the
between-side correlation in gene expression, likely result-
ing in FA. The important point for FA to display positive
heritability is, however, whether or not the noise is geno-
type dependent. Models of stochastic gene expression pre-
dict that intrinsic noise should increase as the amount of
transcript decreases (Rao et al. 2002; Swain et al. 2002),
and recent evidence shows that the level of gene expres-
sion in eukaryotic cells is indeed strongly influenced by
transcription (Blake et al. 2003). Although at present it is
largely unknown how widespread the genetic variation in
transcript levels is, recent studies in humans have identi-
fied genes whose transcript levels differed greatly among
unrelated individuals (Cheung et al. 2003). In addition, it
has already been shown that noise has a genetic compo-

nent; recA mutants in E. coli are twice as noisy as their
wild-type counterparts (Elowitz et al. 2002). In summary,
if the amount of noisiness is genetically determined, then
different genotypes might exhibit different levels of DI.
In this case, a reliable measure of genotype-dependent FA
would clearly depend on replication, both at the genotype
and at the experimental levels.

A basic problem in using FA as an estimate of an indi-
vidual’s ability to buffer its phenotype from genetic or
environmental perturbations or both is the low signal/
noise ratio. FA correlates only loosely with underlying DI
because it is an attempt to estimate a variance with two
data points (right and left; see Whitlock 1996, 1998; Van
Dongen 1998). However, if the standard model of the rela-
tionship between FA and DI (Palmer and Strobeck 1992;
Houle 1997, 2000; Leung and Forbes 1997; Gangestad
and Thornhill 1999) provides a convenient approximation
to reality, the putative genetical basis of FA could be
detected by replicating genotypes to increase the signal.
For some Drosophila species this can be attained from a
classical and widely used technique that allows rendering
individuals homozygous for virtually all genes carried by
an entire chromosome, thus obtaining isogenic or isochro-
mosomal lines (see, for example, Wallace 1981). Addi-
tional and reliable information about the relationships
among genetic or environmental stresses or both with FA
levels could also be gained by using the established iso-
genic lines (see also Woolf and Markow 2003).

An equally important problem in studies of FA is the
choice of traits. For metric traits it is generally assumed
that each trait value reflects an independent sample from
anormal distribution with mean equal to its expected phe-
notypic value and variance reflecting the amount of ran-
dom noise and the degree of DI (see, for example, Van
Dongen et al. 2003). If this is the case, the presence of
between-trait correlations in the unsigned FA [abs (left—
right)] could be indicative of an organism-wide DI (Mgller
and Swaddle 1998), but the problem is the low correla-
tion between single-trait FA and the presumed underlying
DI (see above). On the other hand, if there is a develop-
mental connection between the traits studied a correlation
between the signed asymmetries of traits is expected (see
Van Dongen et al. 1999; Santos 2002; Klingenberg 2003b),
which would hamper the interpretation of between-trait
correlations in the unsigned FA, thus rendering those
traits unsuitable for studying organism-wide DI. In con-
trast, relevant knowledge on developmental interactions
and morphological integration can now be gained by com-
paring the patterns of covariation among asymmetries of
traits (Klingenberg et al. 1998; Klingenberg and Mcln-
tyre 1998; Debat et al. 2000; Klingenberg and Zaklan
2000). As pointed out by Klingenberg (2003b), this app-
roach departs from more traditional research on FA but
opens a new direction of research at the interface bet-
ween evolutionary and developmental biology.
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We report here some initial results from an ongoing
study of the effects of karyotype, homozygosity and tem-
perature on wing form and bilateral asymmetry in iso-
chromosomal lines of Drosophila subobscura. This is a
particularly inversion-rich species, with up to 38 natural
chromosomal arrangements already reported for the largest
chromosome O (Krimbas and Loukas 1980), for which a
balanced marker strain has been developed (Sperlich et al.
1977). A large number of isochromosomal lines in an
otherwise homogeneous genetic background were obtai-
ned from a stock collected at Puerto Montt (Chile), which
is a New World colonizing population that harboured a
total of seven chromosome O arrangements (including the
recombination-derived and sporadically found O; arrange-
ment; see Balanya et al. 2003; Santos et al. 2004). Here
we have used a subset of lines that belong to the Oy class,
and have studied wing size and shape using the framework
of geometric morphometrics (Bookstein 1991; Dryden and
Mardia 1998). We show that the genetic variability for
overall wing shape was comparable to that for wing size,
although results were temperature dependent. On the other
hand, directional asymmetry (DA) has been detected for
wing size but not shape, and no genetic variation was obser-
ved for FA. However, it should be borne in mind that
these are preliminary results because (i) no crosses bet-
ween lines were carried out and, therefore, the contribution
of dominance was not taken into account; and (ii) most
genetic variation in New World colonizing populations of
D. subobscura is likely apportioned among chromosome
arrangements.

Materials and methods

Base stocks and fly handling

The D. subobscura base population originated from 93
isofemale strains derived from a large outbred stock col-
lected by Drs J. Balanya, G. W. Gilchrist, R. B. Huey and
M. Pascua at Puerto Montt (Chile; 41°284S) in Novem-
ber 1999. The isofemale lines were kept at 18°C for more
than one year (~16 generations) prior to the establishment
of a set of three replicated thermal selection stocks (see
Santos et al. 2004). In November 2001, eggs were col-
lected over three consecutive days from the populations
kept at the experimental temperature of 18°C, and were
placed in 130-ml bottles (~200 eggs per bottle) contain-
ing 50 ml of David's killed-yeast Drosophila medium
(David 1962). A random sample of 300 males (100 males
per replicate) from those that emerged from the bottles
were used to obtain isochromosomal lines.

Extraction of O chromosomes.  The procedure used to obtain
isochromosomal lines for the O chromosome (homolo-
gous to arm 3R in D. melanogaster; Powell 1997, p. 307)
in an otherwise homogeneous genetic background is sche-

matically shown in figure 1. Briefly, wild-type males were
individually crossed to three or four virgin females from
the ch-cu marker strain, which is homozygous for the
morphological recessive markers on the O chromosome
cherry eyes (ch) and curled wings (cu) (Koske and May-
nard Smith 1954). The genetic background of the ch-cu
strain is highly homogeneous and fixed for the so-called
standard gene arrangements in all major acrocentric chro-
mosomes but chromosome O, where it is fixed for gene
arrangement Os,4 (Lankinen and Pinsker 1977). A single
F1 progeny of each cross was backcrossed to ch-cu females
and the scheme was repeated for five generations. After
four generations of crosses the lines were identified for
chromosome arrangements at all chromosomes by micro-
scope inspection of up to five third-instar larva salivary
gland squashes to look for inversion loops in polytene
chromosomes. This allowed identification of the isolated
O gene arrangements and to check for presence of unde-
sirable nonstandard chromosomal arrangements on the
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Figure 1. Mating scheme used to establish the isochromo-
somal lines in an otherwise homogeneous ch-cu genetic back-
ground.
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other three major autosomes (hamed E, J and U; see Krim-
bas and Loukas 1980) carried by the founding wild-type
males. To obtain the isochromosomal strains a single male
from the selected lines was crossed to two virgin females
from the Va/Ba balanced marker stock (Sperlich et al.
1977). This stock carries the dominant lethal genes Vari-
cose (Va) and Bare (Ba) on the O chromosome and was
derived from the ch-cu strain. Because expression of the
Ba gene is highly variable and affected by modifiers loca-
ted on the O chromosome (Alvarez et al. 1981), werelied
only on the Va marker to obtain the isochromosomal
lines. A total of 114 lines were obtained; their viability
distributions are shown in figure 2. Viabilities were esti-
mated after pooling the progeny raised from two repli-
cated vials; each vial was set up with three Oy cusen /O
females crossed to two Oy, cuscn /O* males (cross # 7 in
figure 1). Twelve days after crosses were made all par-
ents were discarded. The offspring counts were continued
until al flies emerged from the vials, with a total of
25,425 flies (harmonic mean = 185.7 flies per line). Via-
bility was expressed as the ratio

number of wild-type flies
total number of flies

The viability distribution for all lines (figure 2a) had the
usual pattern in this kind of experiments (see, for exam-
ple, Wallace 1981, p. 67), with 18 lines (15.8%) having a
viability lower than 0.1. The number of lines for each
chromosomal class (figure 2b) was proportional to the
freguencies of chromosome O arrangements in the found-
ing thermal stocks (Santos et al. 2004). As expected,
those lines carrying the arrangement Os were lethal (fig-
ure 2b; see Mestres et al. 1992).

The lines used in the experiments were genotyped for
microsatellite loci on the chromosome O and found to be
homozygous, checked again for all chromosome gene
arrangements after individually crossing the isogenic males
to three or four ch-cu virgin females, and had a quasinor-
mal viability (defined as >0.25). All crosses were made
at 18°C (12 h: 12 h light : dark cycle), and fly handling
was done at room temperature using CO, anaesthesia on
flies not less than 6 h after eclosion.

Experimental design: The data used here are from an
ongoing study of the effects of karyotype, homozygosity
and temperature on wing asymmetry in D. subobscura.
We report results from isochromosomal lines that belong
to the Og class. Isochromosomal lines were kept in 130-
ml bottles with low adult density to standardize the con-
ditions of rearing before egg collections. Eggs were col-
lected from each of 10 Og lines from spoons containing
nonnutritive agar with a generous smear of live yeast,
and placed in three 2 cm x 8 cm vials with 6 ml of food
(26 eggs per vial) at 18°C on the same incubator shelf.
Similarly, eggs from a subset of five isochromosomal

lines were placed in vials at 23°C (suboptimal tempera-
ture). Emerging flies (no less than two or three days old)
were stored in Eppendorf tubes with a 3: 1 mixture of
acohol and glycerol at 4°C before wing measurements.

Wing size and shape

Definitions: Morphometrics involves quantitative study
of form, and it is naturally understood that form consists
of size and shape (Needham 1950). An important contri-
bution of geometric morphometrics is the clear definition
of size and shape (Dryden and Mardia 1998). Size is defi-
ned as any positive real-valued function from a landmark
configuration (i.e. a set of points that can be precisely loca-
ted) matrix X that satisfies the condition g[aX] = ag[X]
for any positive scalar a. The shape of a set of p land-
mark points is the geometrical information of the con-
figuration of points that is invariant to translation (vari-
ation in the position of the configuration in the digital
image), rotation (variation in the orientation of the con-
figuration), and rescaling (variation in size).
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Figure 2. Viability distributions for the isochromosomal O
lines: (a) all 114 lines; (b) grouped according to chromosomal
arrangement.
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Wing measurements. Wings from both sexes were re-
moved and fixed in DPX under coverslips on microscope
dlides. The data consisted of x and y coordinates of 13
morphological landmarks (figure 3). All landmarks used
are at the intersections of wing veins or at points where
veins reach the wing margin and are easy to locate pre-
cisely, and can therefore be considered type 1 landmarks
according to Bookstein (1991, pp. 63-67) or anatomical
landmarks according to Dryden and Mardia (1998, p. 3).
Wings were digitized by one of us (P. F. |.) using a com-
pound microscope (Zeiss Axioskop) with low-power ob-
jective (2.5x) and attached video camera (Sony CCD-
Iris) connected to a PC with MGI VideoWave software.
Calibration of the optical system was checked in each
session. All wings were digitized and measured two times
in different sessions as follows. Both the left and right
wings were digitized during a given session, and after an
entire round on all individuals, the same process was re-
peated again. The x and y coordinates of the morphologi-
cal landmarks were recorded for each wing in a similar
fashion using the image processing and analysis program
Scion Image (based on the NIH-Image for Macintosh and
available at http://www.scioncorp.com). The procedure
we used guaranteed that the observer was blind with re-
spect to the results from previous measurements.

Statistical analyses of wing size and shape, and asymmetry

Overall wing size was analysed here using centroid size
(defined as the sguare root of the sum of sguared distances
of a set of landmarks from their centroid or, equivalently,
the sguare root of the sum of the variances of the land-
marks about that centroid in x and y directions; Slice et al.
1996) as the dependent variable (referred to as CS). Wing
shape (WS) was characterized by the geometrical con-
figuration of the morphological landmarks after variation
in wing size was removed.

Figure 3.
ing the thirteen landmarks used in this work.

Image of Drosophila subobscura left wing indicat-

To assess asymmetry we used the conventional mixed-
model, two-way analysis of variance where individuals is
a random effect and sides is a fixed effect (Pamer and
Strobeck 1986; Palmer 1994). In this ANOVA the main
effect of individual flies stands for phenotypic variation
in the trait (CS or WS), the main effect of body sides is
for directional asymmetry (DA) and tests whether or not
the signed differences between the left and right wings
[designated as (L — R)] have a mean of zero, the interac-
tion term is a measure of fluctuating asymmetry (the varia-
tion in left—right differences among individuals) provided
that there is no genetic variation for DA (see Santos 2002),
and the error term provides an estimate of the measure-
ment error. In addition, if individuals can be grouped into
families or lines (as happens here), the variation among
individuals can be further decomposed to test for genetic
effects on the trait; and the variation due to the interac-
tion term can also be decomposed to test for genetic effects
on DA (Santos 2001, 2002). Following Sokal and Rohlf
(1981, p. 337) and Leamy (1999), mean squares for indi-
viduals were tested over the error mean squares whereas
mean squares for sides were tested over the individuals
x sides interactions.

To test for size dependence of FA, regressions of un-
signed |L —R| asymmetries on centroid sizes were per-
formed and in no case were the slopes statistically different
from zero (females 18°C: b =—0.0211, F; 93 = 2.94, n.S,;
males 18°C: b = 0.0144, F; 3 = 0.47, n.s,; females 23°C:
b =0.0305, F;,5=0.37, n.s;; males 23°C: b = 0.0129, F; 5
=0.12, n.s.).

Generalized Procrustes analysis for quantifying wing shape
asymmetry:  Procrustes methods allow comparison of con-
figurations of landmarks by optimally superimposing (accor-
ding to a least-squares criterion) homologous landmarks
in two or more specimens to achieve an overall best fit
(Rohlf 1990, 1999; Rohlf and Slice 1990; Klingenberg
and Mclntyre 1998). When several objects (e.g. wings)
are fitted using Procrustes superimposition (as was done
in the present work) the method has been called ‘ general-
ized Procrustes analysis (GPA; see Dryden and Mardia
1998, pp. 44-47). In studies of ‘matching asymmetry’
(Mardia et al. 2000; Klingenberg et al. 2002), where a
structure is present in the two sides of a bilateral organ-
ism, the landmark configuration of one body side has to
be reflected to its mirror image before aligning the corre-
sponding landmarks of both sides. For this purpose, we
changed the sign of the x coordinate of every landmark
for configurations from the right side, thus following our
previous convenience of defining asymmetry as the left—
right differences among individuals.

After reflections, our analysis used a single Procrustes
superimposition to align simultaneously all the landmark
configurations within each sex and isochromosomal line.
For each sex we used as the ‘base configuration’ or refer-
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ence specimen the Procrustes grand mean shape of the
left wing of the species, obtained from 900 females and
1068 males derived from our thermal stocks (see Santos
et al. 2003). This allows contrasting wing shapes between
different lines or crosses. A single overall consensus con-
figuration was computed for each isochromosomal line as
the mean coordinates of corresponding landmarks in the
aligned configurations (Rohlf and Slice 1990). The final
iteration to minimize the sum of the squared distances
between the landmarks of all objects in the sample was
done without additional scaling and, consequently, we
performed a partial Procrustes fit according to Dryden
and Mardia (1998; see also Rohlf 1999). (Rescaling the
coordinates of each configuration by the scaling option,
1/cos(r) (see Rohlf 1999) would make very little differ-
ence, in the order of ~0.001% of the shape variation in
the data sets.) The variation in the landmark coordinates
that remains after Procrustes superimposition is a com-
plete and nonredundant description of the variation in
shape, and the usual linear multivariate methods focus on
these coordinates (see below). The details of computation
are clearly described in Klingenberg and Mclntyre
(1998), Klingenberg and Zaklan (2000) and Klingenberg
et al. (2002).

In this work we used MATLAB (V.6; The MathWorks,
Inc. 2002) for morphometric analyses. Some helpful
functions in morphometrics from the MATLAB tool-
boxes Res5 and Res6 developed by R. E. Strauss were
also used (available at http://www.biol.ttu.edu/Strauss/
Matlab/matlab.htm).

Procrustes ANOVA: extensions to analyse genetic and envi-
ronmental components of shape asymmetries: As pointed
out by Klingenberg and Mclntyre (1998) calculation of
Procrustes coordinates is based on the algebra of sums of
squares, and the variance in the set of optimally aligned
landmark configurations can be partitioned in a way ana-
logous to the deviations from a grand mean in conven-
tional ANOVA (Goodall 1991). The coordinates of the
Procrustes-aligned configurations (all two replicates of
each wing) are therefore amenable to the preceding two-
factor mixed-model ANOVA.

The sums of squares for the individuals and sides main
effects, individuals x sides interaction effects, and error
terms are obtained after performing separated two-factor
ANOVAs for each x and y coordinates of the aligned con-
figurations and summing across al corresponding sums
of sguares. (Alternatively, we can perform a principal com-
ponent analysis (PCA; see, for example, Jolliffe 1986) to
obtain the matrix of scores from the first 22 PCs (see
below) and return these scores into the space of the coor-
dinates of the landmarks of superimposed configura-
tions.) To decompose the resulting sums of squares in the
among-isochromosomal-lines and within-isochromosomal-
lines components, we proceeded in a similar way but

used lines instead of individuals as the main effect. The
among-lines sums of squares for the individuas main
effect are the same as those obtained after performing one-
way ANOVAs to the individuals means for each land-
mark times the number of measurements per individual
(2 wings x 2 measurements per wing; see Santos 2001).
Similarly, the among-lines sums of squares for the indi-
viduals x sides interaction terms can also be obtained
from one-way ANOVAs performed on signed (L —R)
asymmetries. In this case, L and R are estimated for each
x and y coordinates of the aligned configurations as the
averages of the left and right wing measurements, respec-
tively. Lack of statistical significance among line means
would indicate that there is no genetic variation for DA.

To test for presence of genetic components in wing
shape FA we performed one-way ANOVAS on the un-
signed |L — R| estimates for each x and y coordinates of
the aligned configurations (index FA1 in Palmer 1994)
using lines as the main effect and summing across all co-
ordinates to obtain the among-lines and within-lines sums
of sguares. There are more degrees of freedom in Pro-
crustes ANOVA than in conventional ANOVA (Goodall
1991) because the squared deviations are summed over
al the landmark coordinates. Therefore the number of
degrees of freedom is that for ordinary ANOVA times
the shape dimension; i.e. 2p—4 for two-dimensional-
coordinate data, where p is the number of landmarks.

Since variation around landmarks in Procrustes-super-
imposed biologica configurations does not generally follow
the isotropic model (which presumes that there is an equal
amount of nondirectional variation at each landmark; see
Goodall 1991; Rohlf 2000), degrees of freedom in Pro-
crustes ANOVAs are not independent. Therefore statistical
significance of ANOVA effects was tested from permuta-
tion tests (another approach would be to use conventional
MANOVA; see Klingenberg et al. 2002). For the two-
way mixed-model ANOVA randomization is a three-stage
process (Good 1994; Edgington 1995): (i) random per-
mutations within sides among individuals for the among-
individuals F statistics; (ii) random permutations between
sides within individuals for the between-sides F statis-
tics; and (iii) random permutation across individuals and
sides after subtracting the deviations due to both indi-
viduals and sides, and adding the grand mean (see Sokal
and Rohlf 1981, p. 330). Each test used 10,000 random
permutations.

Localized variation: We followed Klingenberg and Mc-
Intyre (1998) and decomposed the Procrustes mean squares
for each effect in the two-way ANOVAs according to the
landmarks to assess how much of shape variation was
due to each landmark. Thus we summed x and y mean
squares of each landmark separately and computed the
variance components according to the expected mean
squares (Sokal and Rohlf 1981). Because the least-square
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algorithm tends to spread variation from variable land-
marks to the others, this approach should be taken cau-
tiously if one or a few landmarks are much more variable
than the rest (Chapman 1990; Walker 2000).

Shape variability: We used PCA to investigate patterns
of covariation in the positions of landmarks, which is a
usual method in the context of shape analysis (Dryden
and Mardia 1998; Klingenberg and Mclntyre 1998;
Klingenberg and Zaklan 2000). The analyses must use
covariance matrices of the coordinates of superimposed
landmarks to avoid problems related to rotations of the
coordinate system, and principal components coefficients
can be presented graphically by drawing lines centred at
the mean location of each landmark and ending at an
arbitrary number of standard deviations away from that
mean in the direction to which the landmark would shift.

To test for the congruence of landmarks displacements
between effects (line, FA and digitizing error), both within
and between samples, we followed Klingenberg and
Mclntyre (1998; see also Debat et al. 2000). Thus, within
each sample we first computed matrices of sums of
squares and cross-products (SSCP) for individuals (both
sides and all replicated measurements averaged for each
fly), for lines (averages of sides, measurements and flies
within lines), for FA (fly x side interaction) from indi-
vidual left—right differences (wing averages from al mea
surements), and for measurement error (residual variation
of the replicated measurements about the wing average).
After dividing the SSCP matrices by the appropriate de-
grees of freedom, we separated effects according to the
expected mean squares by subtracting the within-line
variance—covariance (VCV) matrix from the line VCV,
and the measurement VCV from the fly x side VCV. For
each effect, a PCA of the VCV matrix was performed,
and the correlation between PCs was obtained by angular
comparisons of component vectors. The statistical signifi-
cance was assessed by comparing the observed values with
a null distribution of absolute angles between 100,000
pairs of random vectors obtained as random points on a
22-dimensional unit sphere (see Klingenberg and Zim-
mermann 1992). The 0.1% quantile of the distribution of
these angles was 50.3°.

Allometry:  To test for size effects on shape variation we
carried out multivariate regressions of Procrustes coordi-
nates on centroid size (Dryden and Mardia 1998). These
regressions generally accounted for less than 3% of total
Procrustes sums of squares, and multivariate analyses using
the residuals of a regression on centroid size produced
results that were qualitatively identical to those of the
complete variation. Therefore no size corrections were
necessary and we only report the results of analyses of
the total shape variation.

Temperature effects on wing size and shape

For those isochromosomal lines that were common to
both experimental temperatures three-way mixed-model
ANOVAs were performed with effects of temperature
and sex assumed to be fixed, and line assumed to be
random (for each fly we thus averaged throughout meas-
urements and sides). Following Sokal and Rohlf (1981, p.
383), mean squares for temperature were tested over the
T x L interaction, mean squares for sex over the Sx L
interaction, mean squares for line over the error term, the
two-way interaction involving the fixed effects over the
three-way interaction, and the two-way interactions in-
volving the random and fixed effects over the error term.
The sums of squares for the three-way Procrustes ANOVA
were obtained after performing separated ANOVAS for
each x and y coordinates of the aligned configurations
and summing across al corresponding sums of sguares.
In this case statistical significance of ANOVA effects
was tested after 10,000 permutation tests (see above).

The computer programs used for statistical data analyses
were MATLAB (V.6; The MathWorks, Inc. 2002) together
with the collection of tools supplied by the Statistics Toolbox
(V.3; The MathWorks, Inc. 2000), and some results were
checked with the statistical software packages STATIS-
TICA V.6 (StatSoft, Inc. 2003) and SPSS V.11 (SPSS,
Inc. 2001). They were run on a Pentium 4 (1.60 GHz) PC.

Results
Causal components of variation and asymmetry in wing size

The mean values of the average centroid sizes for the two
repeated measures on each side are plotted in figure 4. The
effects in the two-way mixed-model ANOVASs were sig-
nificant at both temperatures in most cases (tables 1 and 2),
including subtle directional asymmetries of wing size in
all samples but males reared at 18°C (mean centroid sizes
for females at 18°C: L = 0.9877 mm, R = 0.9860 mm; for
males at 18°C: L = 0.8934, R=0.8926; females 23°C: L
=0.9118, R = 0.9069; males 23°C: L = 0.8123, R = 0.8092).
DA was consistently higher at the warmest (and subopti-
mal) temperature and, in addition, there was some indica-
tion of genetic variation for wing size DA in males at
23°C.

Size variation among individuals accounted for about
96% of the total variation. The intraclass correlation for size

s¢ (C9) 3
&2(C9 +s2(COf

> (D> (D~

which estimates the fraction of the total phenotypic vari-
ance due to among-lines genetic differences in O4 gene
arrangements, was higher at 18°C (~59%) than at 23°C
(~31%) in both sexes. The corresponding interaction com-
ponents [s &s (CS)] provided unbiased estimates of fluc-
tuating asymmetry (index FA10 in Palmer 1994) in those
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samples where genetic variation for DA was absent (see
Santos 2002). Analyses of variance to test for genetic
components of size FA (using index FA1 in Palmer 1994)
only rendered statistically significant results in the males
sample at 23°C (F4 25 = 3.89, P <0.05). However, this result
should be taken with caution because of the biasing effect
introduced by the presence of genetic variation in DA.

A close inspection of tables 1 and 2 suggests that wing
size asymmetries (DA and FA) differ between tempera-
tures, with DA being higher at the warmest temperature
in both sexes but FA showing a contrasting pattern ac-
cording to sex. The results cannot be ascribed to the dif-
ferent numbers of lines used in the experiments because
similar patterns were observed when analyses were per-
formed on the five isochromosomal lines that were com-
mon to both temperatures (results not shown). To test for
the significance of the observed differences in FA be-
tween temperatures an F-test comparing the correspond-
ing s 2(DAcs) vaues in tables 1 and 2 is appropriate

(a) Famalas

T
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Figure 4. Averages (x 95% confidence intervals) of the cen-
troid sizes (in a normalized form; see Dryden and Mardia 1998,
p. 24) for the left and right wings, respectively, of Og iso-
chromosomal lines of D. subobscura reared at 18°C (open cir-
cles) and 23°C (closed circles).

since those variance components provide unbiased esti-
mates of FA (recall that s 2(DA) » s Z.s when there is no
genetic variation for DA). Approximate degrees of free-
dom for s 2(DAcs) are

(MS, - MSp)*
&MS,)? , (MSy)*0
& dfy dfm Y

where the MSs and dfs are the corresponding mean squares
and degrees of freedom for ‘within (1xS)’ and ‘ measure-
ment error’, respectively. For females FA was indeed higher
at 23°C (Fyg55 = 2.13, P < 0.05), but no significant differ-
ence was detected for males (Fe37 = 2.88, P > 0.05). Over-
all, the results point to an increase of wing size asym-
metry at suboptimal temperature but a transition from FA
to DA seems to happen in males (see Graham et al. 2003;
and below).

Causal components of variation and asymmetry in wing shape

Procrustes ANOVAs. The Procrustes ANOVASs for shape
variation are also shown in tables 1 and 2. The main con-
clusions from the two-way mixed model are about the
same as those obtained for centroid sizes but some differ-
ences are worth noticing. Thus shape variation among indi-
viduals accounted for less than 60% of the total variation.
The intraclass correlation for shape, i.e.

Ee s 2(WS) 0
Cs 2(WS)+s 2(WS)

which allows extracting here a univariate (but biased; see
below) estimate of the proportion of shape variation ac-
counted for by Og gene arrangements, was lower at 18°C
(~24%) than at 23°C (~43%). On the other hand, no DA
was detected for overall shape and this clearly disagrees
with previous claims on the putative biological signifi-
cance of directional asymmetry in wing shape (Klingen-
berg et al. 1998; Klingenberg and Zaklan 2000).

Since shape is inherently multidimensional in nature,
the amount of phenotypic and genetic variation of shape
can best be assessed by examining the eigenvalues of the
phenotypic (P) and genetic (G) variance—covariance ma-
trices (Klingenberg and Leamy 2001). For each group,
the P matrix here is simply the multivariate extension of
the between-lines plus the within-lines variance—covariance
components, and the G matrix is the multivariate exten-
sion of the between-lines component. The amounts of
variation associated with the different dimensions in
shape space are shown in figure 5. In al cases much of the
variation was concentrated in the first few PCs. The ratios
of the total variance of the G matrix to the total variance
of the P matrix were 0.003 for females at 18°C, 0.009 for
males at 18°C, 0.195 for females at 23°C, and 0.171 for
males at 23°C. However, as stressed by Klingenberg and
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Leamy (2001), these ratios cannot be interpreted as an
estimate of the heritability of shape because the concept
of heritability has no direct equivalent in the multivariate
context. A better alternative would be to obtain the eigen-
values of the GP matrix, where P is the Moore-Penrose
generalized inverse of P, to assess the range of heritabili-
ties for different shape variables. However, we have used
very few lines and the estimates were subject to large
sampling errors.

In contrast to what had been found for wing size, tem-
perature did not seem to have any effect on wing shape
asymmetries because no significant differences between
temperatures were detected for wing shape FAs (females:
F =1.072, P >0.05; males: F =1.116, P >0.05). This con-
clusion was reached from permutation tests (after 10,000
random permutations) because degrees of freedom in
Procrustes ANOVAs are not usually independent (see
above). These tests can be easily performed by noticing

Table 1. ANOVAs for assessing measurement error, dlrectlonal asymmetry (sides effect), fluctuating asymmetry (individuals

sides interaction effect), and genetic components of the trait (s ) and DA of the trait (s2 (DA)) in Og isochromosomal lines of D.

subobscura reared at 18°C. CS refers to centroid size (values in pixels% 1 mm = 144 plxels) and WS to wing shape (all values”
10%). Statistical significance for WS was determined from separate permutation tests for each effect (see text for details).

Trait Source of variation d.f. Sum of squares Mean square Variance component Estimate
(a) Females
CS Individuals (1) 99 8740.87 88.292% **
Lines 9 5195.83 577.315*** sf, (CY) 13.4481
Within 0] 3545.04 39.389*** sﬁv (Cs) 9.7996
Sides (S) 1 6.28 6.278*
I xS 99 91.60 0.925*** s 25 (CS) 0.3672
Lines 9 10.06 1.118" sé (DAcs) 0.0212
Within 0] 81.54 0.906% ** sﬁv (DAcs) 0.3576
Measurement error 200 38.16 0.191 sﬁ1 (&S] 0.1908
ws Individuals (1) 2178 1680.026 0.771%**
Lines 198 459.746 2.322%** sf, (WS) 0.0426
Within 1980 1220.281 0.616%** sﬁv (ws) 0.1229
Sides (S) 22 19.383 0.881™*
I xS 2178 876.131 0.402%** s &s (WS) 0.1388
Lines 198 56.252 0.284"% sé (DAws) —0.0130
Within 1980 819.878 0.414*** s2 (DAws) 0.1447
M easurement error 4400 548.805 0.125 s2(Ws) 0.1247
(b) Males
Cs Individuals (1) 99 4147.06 41.889***
Lines 9 2512.14 279.127*** sf, (C9) 6.5240
Within 90 1634.91 18.166*** sﬁv (Cs) 4.4925
Sides (S) 1 1.18 1.184
I xS 99 118.49 1.197%** s 25 (CS) 0.5006
Lines 9 5.39 0.599™* sé (DAcs) —0.0657
Within 90 113.09 1.257%** s2 (DAcs) 0.5304
Measurement error 200 39.14 0.196 S ,Zn (&S] 0.1957
ws Individuals (1) 2178 1630.068 0.748***
Lines 198 418.633 2.114%** sé (WS) 0.0376
Within 1980 1211.435 0.612%** s2 (wWs) 0.1307
Sides (S) 22 7.493 0.341™%
I xS 2178 1061.856 0.488*** S fs (WS) 0.1993
Lines 198 92.433 0.467" s5 (DAws) -0.0023
Within 1980 969.423 0.490* ** s (DAws) 0.2003
Measurement error 4400 391.298 0.089 32m (WS) 0.0889

'SP >0.05; *P <0.05; ***P <0.001.
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that the mean square for the 1xS interaction terms in the
Procrustes ANOVAs are smply the sum of Varg_g (index
FA4 in Palmer 1994) for each x and y coordinates of the
corresponding aligned configurations divided by the
shape dimension (i.e. 2p—4; see above), and we can con-
trast the observed ratio of FA4 indexes with the vector of
randomized ratios.

Those permutation tests do not, however, take into
account the covariances among the coordinates of super-
imposed landmark configurations. An easy alternative is
to perform a MANOVA with temperature and sex as fixed

effects, and the unsigned |L — R| estimates for each x and
y coordinates of the aligned configurations as dependent
variables. This MANOVA test showed significant differ-
ences for temperature (Hotelling's T?=0.182; P = 0.034),
with sex (T2 = 0.067; P = 0.944) and temperature x sex inter-
action (T?=0.123; P = 0.347) effects being statistically non-
sgnificant. It seems therefore that wing shape FA does
dightly increase at the suboptimal and warmer temperature.
Tables 3 and 4 give the variance components from
Procrustes ANOVAs when apportioned by landmarks;
however, we emphasize here again that these values do

Table2. Sameasintable 1, for Oy isochromosomal lines of D. subobscura reared at 23°C.

Trait Source of variation d.f. Sum of squares Mean square Variance component Estimate
(a) Females
Cs Individuals (1) 29 1237.03 42.656***
Lines 4 390.14 97.535* s5(C9) 2.6525
Within 25 846.89 33.876*** sZ, (CY 8.4098
Sides (S) 1 15.07 15.075**
I xS 29 47.38 1.634*** S &s (CY) 0.6986
Lines 4 3.38 0.845" s5 (DAcs) —0.1525
Within 25 44.00 1.760*** s2, (DAcs) 0.7617
Measurement error 60 14.19 0.237 s2,(CS) 0.2366
WS Individuals (1) 638 564.236 0.884***
Lines 88 233.973 2.659** s5 (W9 0.0858
Within 550 330.263 0.600%** s2, (WS) 0.1194
Sides (S) 22 18.515 0.842"
I xS 638 239.310 0.375*** S &s (WSs) 0.1261
Lines 88 25.508 0.290"* sé (DAws) —0.0165
Within 550 213.803 0.389*** s2 (DAws) 0.1329
Measurement error 1320 162.320 0.123 s2, (W9 0.1230
(b) Males
CS Individuals (1) 29 1374.18 47.385***
Lines 4 583.94 145.984** s5(C9) 4.7656
Within 25 790.24 31.610%** s2,(C9) 7.8269
Sides (9) 1 5.97 5.968**
I xS 29 25.72 0.887*** S &s (CY) 0.2925
Lines 4 8.97 2.244* s5 (DAcs) 0.2623
Within 25 16.75 0.670** s, (DAcs) 0.1840
Measurement error 60 18.12 0.302 s2,(C9) 0.3021
WS Individuals (1) 638 462.873 0.726***
Lines 88 184.569 2.097** sé (WS) 0.0663
Within 550 278.304 0.506*** s2,(WS) 0.0817
Sides (9) 22 23.279 1.058 "
I xS 638 278.756 0.437*** S fs (WS) 0.1288
Lines 88 38.697 0.440™ s5 (DAws) 0.0005
Within 550 240.059 0.436*** s, (DAws) 0.1285
Measurement error 1320 236.808 0.179 s2,(WS) 0.1794

nSp >0,05; *P <0.05; **P <0.01; ***P <0.001.
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not take into account the covariances among coordinates.
(In addition, it should be stressed that variance compo-
nents for shape effects were adjusted in each case by di-
viding for the number of measurements taken to make
them comparable to results in tables 1 and 2 (see Santos
2001, 2002).) Landmarks 3 and 6 had the largest effects,
but the among-females variation for landmark 6 seems to
be mainly environmental. On the other hand, landmark 1
had relatively low amounts of variability among individ-
ual flies. DA appears to be present for landmarks 11 and
12 in females at both temperatures, which suggests that
the position of the anterior cross-vein varies between
sides. After plotting the Procrustes grand mean shapes of
both wings in females samples it became apparent that
the location of that vein was sightly more distal in the right
wings. However, overall shape variation mainly displays
FA because side effects were generally nonsignificant.

Patterns of shape variation: We will focus here mainly
on individual and among-Og-isochromosomal-lines varia-
tion. PCA of overall shape variation yielded results that
were fairly consistent with those previously obtained
from our thermal selection stocks (Santos et al. 2004).

o
©

The first three PCs for both sexes and temperatures are
plotted in figure 6. The relatively high level of variability
explained by a few PCs clearly suggests strong depend-
encies among landmarks and, hence, the isotropic model
does not seem to hold (see Dryden and Mardia 1998, p.
97). The direction of PCs is arbitrary and all movements
can be simultaneously reversed by 180°. Some contrast-
ing patterns between temperatures are perceptible in both
sexes, mainly involving the shifts of those landmarks that
define the positions of the cross-veins. For instance, the
shifts of the anterior and posterior cross-veins appear to
be rather independent of each other at 18°C but not at
23°C. These results suggest that wing shape in Droso-
phila may not be as strongly resistant to environmental in-
fluences as previously thought (see Birdsall et al. 2000).
The features of among-lines variation associated with
the dominant PCs are plotted in figure 7. The dominance
of PC1 was also linked to the variability in outer land-
marks 3, 4 and 6. As before, some differences between tem-
peratures are clearly appreciated, which suggests tempera-
ture x line interactions. For instance, shifts of landmark 9
are only apparent at 23°C for both sexes. These tempera-
ture effects on wing shape genetic variation are quite
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Figure 5. Eigenvalues of the phenotypic (solid bars) and genetic (hatched bars) covariance matrices of wing shape. Note that
these are only the first 15 eigenvalues out of 22 shape dimensions, but together make up more than 98% of the total shape variation.
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noticeable from the Procrustes three-way mixed ANOVAs
discussed below.

Within each group, the congruence of landmark dis-
placements between effects was assessed by comparing
the absolute angles between respective eigenvectors. The
PC1 of line variation was generally different from the
PC1 of FA (femaes: 72.6° a 18°C and 36.7° at 23°C; males:
68.3° at 18°C and 80.8° at 23°C); only the association for
females at 23°C was highly significant (recall that the

0.1% and 2.5% quantiles of the distribution of angles
between 22-dimensional random vectors were 50.3° and
62.3°, respectively). A similar pattern was found for the
association between the PC1s of line and measurement
error. However, PC1s of FA and measurement error were
quite similar to each other (females: 4.3° at 18°C and
11.4° at 23°C; males: 3.6° at 18°C and 10.8° at 23°C).
Considering the variation among lines between groups
(by using only those five lines that were common at both

Table 3. Variance components (* 10°) for the effects of each landmark in the Procrustes ANOV As in Og isochromosomal lines of
D. subobscura reared at 18°C (see text for details).

Landmark
1 2 3 4 5 6 7 8 9 10 11 12 13
(a) Females
Individuals (I) 680*** 2496*** ©999*** 2405+** 1147***  7516*** 4536*** O45*** 083***  1490*** 2215*** 2316*** 1838***
Lines 198***  A71%**  1441%** 1043***  287*** 552 QQQx**  227*** BGk%* 888*** 1075*** 1377***  5EO***
Within 500*** 2068*** 5690*** 1457***  886***  7014*** 3628*** 738*** T751*** 682*** 1238*** 1065*** 1320***
Sides (S) 0 0 125 6 13 221 101 7 6 16 37** 27%* 0
1”S 402***  2336*** 7366%** 1554***  TI2x**  QOBA*** A196*** TOO***  G16*** 859***  B2Q***  357***  @ROFk*
Lines 0 0 0 0 0 0 0 0 0 0 43 0 0
Within 431***  2306***  7760*** 1636***  TA7***  10438*** 4382*** 803*** 630*** 905***  BOO***  360***  841***
Measurement 871 2977 5954 1406 642 8476 3644 774 816 967 344 169 402
(b) Males
Individuals () 695*** 2486*** 6715*** 2143*** 1409***  8023*** 4385*** 8O2x** 1082***  1197*** 2574*** 2700*** 1971***
Lines 170*** 118 404 636***  BAB+** 645* 1009%** 291***  410*** 512%** 16540%** 1584***  401***
Within BA0***  2379%** 6348*** 1565***  Q16***  TA36***  3468*** 627+** 709*** 731%** 1174***  1260*** 1606***
Sides (S) 18 111* 0 0 2 0 0 0 0 47* 8 0 0
1”S 620***  4106*** 9896*** 2309*** 1161*** 14105*** G709*** 848*** 821***  1168*** 5l6***  484*** 1103***
Lines 0 0 78 0 61 0 0 20 0 111 0 30 0
Within BAT***  A140%** 98BL1*** 2373***  1133***  14276%** G721*** 839*** 840***  1118***  536***  A471***  1119%**
Measurement 747 2362 4053 945 476 5402 2287 725 684 1075 281 207 321

*P <0.05; **P <0.01; ***P <0.001 (no Bonferroni correction was applied).

Table 4. Variance components (" 108) for the effects of each landmark in the Procrustes ANOVAs in O isochromosomal lines of
D. subobscura reared at 23°C (see text for details).

Landmark
1 2 3 4 5 6 7 8 9 10 11 12 13
(a) Females
Individuals (I) 804*** 3460*** QQ03*** 3044*** 1119*** 8362*** 5843*** 1170*** 1227*** 1060*** 1860*** 2249***  1778***
Lines 121 1658*** 73b64***  875** 190 1562 3816*** 537*** 222 375** 476* 559* 1123***
Within 704*** 2088*** 3BL7*** 2319***  961***  T0G9*** 2685*** 726*** 1043*** T750*** 1466*** 1786%** 849***
Sides (S) 0 0 407 79 58* 561 466* 24 23 0 73* 66* 0
1S 509*** 3507*** 4799*** 1678***  455***  7831*** 4587*** @hogrxx  G73vxx  @I|rxx  GO3F** 439F** 764***
Lines 287* 0 0 0 0 0 0 82 67 0 0 0 266
Within 390*** 3709*** 5036*** 1821***  460*** 8208*** 5121*** 82Gor**  BAGx**  QBOr**  GRG*F**  5OL*** 654***
Measurement 736 2694 5891 1680 639 8320 3692 849 772 840 305 210 425
(b) Males
Individuals (I) 505*** 1405*** 6341*** 3170*** 1057*** 4386*** 4991*** 716*** 959*** 1010*** 1122*** 1713***  2659***
Lines 126 611**  2918** 2797***  519***  2308**  2404*** 468*** 203**  891*** 180 238 652*
Within 401***  899**  3926***  8b6***  628***  2401**  2027*** 30***  T1G*** 272 973*** 1516***  2119***
Sides (S) 16 23 609 185 81 1042+ 113 45 35 117 12 32 0
1S 209 2344 **  TTS7x** 1503***  B76***  7ASE***  AQS7***  849***  660*** 1469***  358*** J70r** 718***
Lines 0 287 0 0 144 1099 0 0 224 0 32 0 0
Within 257 2225***  T766*** 1535%**  516**  7001*** 4354*** 88E***  5E7*** 1616%**  3A5r**  44qrx* 766***
Measurement 1236 3612 8140 2609 1144 12411 5038 1012 799 1990 529 342 608

*P <0.05; **P <0.01; ***P <0.001 (no Bonferroni correction was applied).
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Figure 6. Principal components of the covariance patterns in landmark shifts due to overall variation for females (a) gnd males
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Among-line variation
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Figure 7. Principal components of the covariance patterns in landmark shifts due to among-lines variation for females (a) and
males (b). The end points of the solid lines are at locations displaced +6 (PC1), +10 (PC2) and +12 (PC3) standard deviations from
the mean configuration.
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temperatures), the angles between the two PCls were
44.8° and 75.1° and those between the two PC2s were
73.5° and 89.8° for females and males, respectively. These
low associations (only significant for the PC1s of females)
were somewhat surprising and suggest important tem-
perature effects for shape during the developmental process
(see below). On the other hand, the associations concern-
ing FA were strong since the angles between the PCls
were 10.2° and 10.5° for females and males, respectively.

Temperature effects on wing size and shape

Threeeway mixed ANOVAs as described in Materias
and methods and summarized in table 5 were used to par-
tition the effects of temperature, sex and Og isochromo-
somal line, as well as all possible interaction terms. As
expected, al three main effects were highly significant
for centroid size, and there was also indication that the
different lines responded to temperature to different ex-
tents. Sex and line effects were also highly significant for
wing shape, but no temperature differences were detected
for overall shape (notice, however, that P ~ 0.07). Never-
theless, there was a highly significant temperature x line
interaction, thus suggesting that temperature had consis-
tent but somewhat different effects on overall wing shape
depending on genotype.

When all effects were apportioned by landmarks in a
similar way to that described for the two-way mixed-model
ANOVAS (see tables 3 and 4), temperature was found to
have the largest effect on landmarks 9, 1, 10, 11 and 12;
whereas temperature x line interaction mainly affected

landmarks 12 and 11 (which define the position of the
anterior cross-vein) and, to a smaller extent, landmarks 7
and 13 (which define the position of the posterior cross-
vein; results not shown). In conclusion, wing shape is clearly
under genetic control in D. subobscura (as had also been
found earlier in D. melanogaster; see Weber 1990, 1992;
Gilchrist and Partridge 1999, 2001; Weber et al. 1999,
2001; Birdsal et al. 2000; Gilchrist et al. 2000; Zimmer-
man et al. 2000), and does not seem to be as strongly
resistant to temperature effects as claimed (Birdsall et al.
2000).

Discussion

We have used the recently developed methodologies in
geometric morphometrics to analyse shape configurations
of landmarks within the standard statistical framework
employed in studies of bilateral asymmetries, and have
extended these methods to partition the individual varia-
tion and the variation in asymmetries into genetic and en-
vironmental causal components (Palmer 1994; Klingen-
berg and Mclntyre 1998; Klingenberg and Zaklan 2000;
Santos 2002). We have exploited the opportunity that D.
subobscura offers for obtaining genetically homogeneous
isochromosomal lines, and the work is being extended to
include more chromosomal classes besides Oy and to per-
forming line crosses to see whether or not increased FA
is associated with homozygosity or is genotype depend-
ent or both (some results suggest that heterozygous flies
are more homeostatic than their homozygous counter-

Table 5. Threeway ANOVAs of wing size (CS: values in pixels®; 1 mm = 144 pixels) and
shape (WS: all values ~ 10%) by temperature (fixed effect) and sex (fixed) considering those
five Og isochromosomal lines (random) that were tested at both temperatures. Statistical sig-
nificance for WS was determined from separate permutation tests for each effect.

Trait Source of variation d.f. SS MS F

CSs Temperature (T) 1 4447 4446.9 82.81%**
Sex (S) 1 6712 6711.5 499.44***
Line (L) 4 224 56.0 12.48***
TxS 1 25 25.3 2.75
TxL 4 215 53.7 11.98***
SxL 4 54 13.4 3.00*
TxSxL 4 37 9.2 2.06
Error 140 628 4.5

WS Temperature (T) 22 55.66 2.530 2.99
Sex (S) 22 43.16 1.962 17.46%**
Line (L) 88 141.07 1.603 7.41%**
TxS 22 8.42 0.383 3.26*
TxL 88 74.51 0.847 3.92%**
SxL 88 9.89 0.112 0.52
TxSxL 88 10.34 0.118 0.54
Error 3080 665.93 0.216

*P <0.05; ***P <0.001.
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parts; see Pfriem 1983). Here we attempt to interpret the
initial results.

Not surprisingly the intraclass correlations for wing
size and shape were relatively high but within the range
of the heritabilities reported in the Drosophila literature
for these traits (e.g. Roff and Mousseau 1987; Weber 1990,
1992; Leibowitz et al. 1995; Birdsall et al. 2000). How-
ever, contrasting patterns were observed for CS (centroid
size) and WS (wing shape) intraclass correlations accord-
ing to developmental temperature, and it is worth noting
that the higher intraclass correlation for WS at 23°C was
mainly brought about by an increase in the genetic com-
ponent (c.f. tables 1 and 2). Hoffmann and Merila (1999)
have recently reviewed some Drosophila studies that
point to an increase of heritability under unfavourable ther-
mal conditions, but results are generally inconsistent and
in most cases the works have focussed on size-related
traits. In addition, heritability can be a misleading con-
cept because it is the ratio of two variances in a given
environment. In the case of WS, it is quite clear that this
trait is more resistant to environmental influences than
size-related traits (Weber 1990; Birdsall et al. 2000; table
5 here), and the observed increase of genetic variation at
the suboptimal temperature of 23°C could be made con-
sistent with the idea that WS has a past history of selec-
tion for canalization (Waddington 1961; Hoffmann and
Merila 1999). In any case, line effects were quite impor-
tant for WS and it is likely that these effects would be
larger if different chromosomal classes in addition to
O« were included in the analyses. Since strong and consis-
tent latitudinal clines for chromosome arrangement fre-
quencies are observed worldwide in D. subobscura
(Krimbas and Loukas 1980; Prevosti et al. 1985, 1988;
Menozzi and Krimbas 1992; Balanya et al. 2003), to-
gether with rapid microevolution for the O chromosomal
inverson polymorphism as a putative response to shifts in
environmental temperature (Rodriguez-Trelles et al.
1996; Rodriguez-Trelles and Rodriguez 1998), it would
be very interesting to see how particular aspects of wing
shape are affected by different chromosome O arrange-
ments.

Some qualitatively different patterns were also obser-
ved for CS and WS asymmetries. Thus a significant level
of DA was generally found for centroid size with left
wings slightly bigger than the right ones (figure 4). This
result closely agrees with previous findings in D. melano-
gaster (Klingenberg et al. 1998; Klingenberg and Zaklan
2000), which apparently raises sound warnings against
the conventional wisdom in Drosophila (Maynard Smith
and Sondhi 1960; Coyne 1987; see Tuinstra et al. 1990
for a review). Conversely, no DA was found for overall
wing shape and this is against some claims suggesting
that DA has been evolutionarily conserved in fly wings
(Klingenberg et al. 1998). As far as we are aware, thisis
the first study dealing with the putative genetic basis of

wing shape DA in Drosophila, and the conclusion is that
there seems to be no genetic variation for this trait (tables
1 and 2). Adding to the conundrum, genetic variation was
detected for centroid size DA in males raised at 23°C,
together with an increase of wing size asymmetry at this
suboptimal temperature and a transition from FA to DA.
According to Graham et al. (2003), the classical linear
theory of DI can successfully account for both normally
distributed error distributions and leptokurtic distributions
caused by admixture of individuals with different levels
of DI, but cannot account for transitions between FA and
DA. We are not, however, totally convinced that this is
indeed the case. Thus, let us focus on centroid sizes of
males at both temperatures and assume for the time being
that genetic variation for DA (which has often been thought
of to occur and has occasionally been found in other
organisms but not in Drosophila; see Palmer et al. 1993;
Palmer 1994; Leamy et al. 1997, 2000) is present and
changes as a direct response to environmental conditions
in which it is expressed. FA estimated from index FA10
(s 2s) would be biased whenever genetic variation for
DA is expressed (Santos 2001, 2002; table 2b here), and
signed (L — R) asymmetries will not necessarily have to
be centred at zero (there can be, however, genetic varia-
tion for DA in traits that exhibit nonsignificant DA; see
Leamy et al. 1997). It seems to us, therefore, that a tran-
sition from ‘ideal’ FA (i.e. a normal distribution of left—
right scores whose mean is zero; see Palmer 1994) to adis-
tribution showing DA could be made entirely compatible
with what is already known from classical quantitative
genetics.

Anyway, the important question here is to know whether
or not there is genetic variation for DA in Drosophila as
suggested by Klingenberg et al. (1998). Taking all the
information together, what seems clear is that Drosophila
traits do exhibit DA at least under some circumstances,
although genetic variation for DA has almost never been
detected. The DA asymmetry in particular aspects of
shape (i.e. the slight variation in anterior cross-vein of
females) is subtle and these small shifts of wing veins are
unlikely to impede aerodynamic properties. Likewise DA
of wing size was quite small in our samples and substan-
tially less than nondirectional asymmetry (of the order of
4% FA) at 18°C, but accounted for a sizeable proportion
of overal wing size asymmetry at 23°C that would likely
represent a burden in flight performance. Transitions from
FA to DA could be easily explained if we assumed envi-
ronment-dependent genetic expression for DA but, for
the time being, no definitive answer on the putative gene-
tical basis of DA in Drosophila can be given. Accord-
ingly, we parsimonioudy adhere to the conventional wisdom
that left and right are not distinguished in Drosophila
development (but see Ligoxygakis et al. 2001).

One of the main aims of the ongoing work is to test for
genetic effects on FA. No genetic variation was generally
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detected for FA in our samples from Og isochromosomal
lines, but we have already pointed out that these are pre-
liminary results because no crosses between lines were
performed and that most genetic variation in New World
colonizing populations of D. subobscura is likely appor-
tioned among chromosome arrangements. Thus, bottle-
neck effects are quite obvious when comparing chromosome,
alozyme and microsatellite diversities among original
Palaearctic and colonizing populations from the New
World with stronger alozyme-inversion disequilibria in
the latest populations (e.g. Prevosti et al. 1983; Balanya
et al. 1994; Pascual et al. 2001). These disequilibria are
also very strong between microsatellite alleles and chromo-
some O inversions; all but two isochromosomal lines used
here are fixed for the same allele at two microsatellite
loci on this chromosome (unpublished results). Anyhow,
our initial results strongly suggest that FA only reflects
developmental noise and that Og chromosomes from
Puerto Montt seem to exhibit similar levels of DI.

Finaly, it is worth mentioning that the general lack of
correspondence between line variation and FA (as as
sessed by using the angles between corresponding PCs)
suggests that developmental processes influencing wing
shape do not necessarily generate random differences bet-
ween body sides, contrarily to what has been previously
suggested on empirical (Klingenberg and Mclntyre 1998)
and theoretical (Klingenberg and Nijhout 1999) grounds.
This is clearly an important problem that needs to be
addressed in more detail with a larger data set than the
one we have used here.

Acknowledgements

We thank Joan Balanya, Francesc Mestres and Elisabeth Soler
for providing the ch-cu and Va/Ba marker strains and for
advice. The help of Joan Balanya, who checked all salivary
gland sgquashes during chromosomal arrangement identifications;
Marta Pascual, who gave invaluable guidance for the microsa-
tellites work; and Antonio Fontdevila, Amitabh Joshi and Luis
Serra, who provided critical comments, is highly appreciated.
The constructive criticisms provided by Vincent Debat and an
anonymous referee on earlier drafts were very helpful to sig-
nificantly improve the manuscript. P. F. |. is supported by a
postdoctoral fellowship (SB2000-0370) from the Secretaria de
Estado de Educacion y Universidades del Ministerio de Educa-
cion, Cultura y Deporte (Spain), and W. C. by a postgraduate
fellowship (FP2000-7001) from the Ministerio de Ciencia y
Tecnologia (Spain). This work was supported by grants
BOS2000-0295-C02 from the Ministerio de Ciencia y Tec-
nologia (Spain), 2001SGR-00207 from the Direccié General de
Recerca (Generalitat de Catalunya) to the GBE, and by Fundacion
Ramon Areces (Spain).

References
Alvarez G., Martinez P., Zapata C., Santos M. and Fontdevila

A. 1981 Genetic analysis of modifier variability in Drosophila
subobscura. Experientia 37, 1150-1151.

Balanya J., Segarra C., Prevosti A. and Serra L. 1994 Coloniza-
tion of America by Drosophila subobscura: the founder
event and arapid expansion. J. Hered. 85, 427-432.

Balanya J., Serra L., Gilchrist G. W., Huey R. B., Pascua M.,
Mestres F. and Solé E. 2003 Evolutionary pace of chromo-
somal polymorphism in colonizing populations of Droso-
phila subobscura: an evolutionary time series. Evolution 57,
1837-1845.

Birdsall K., Zimmerman E., Teeter K. and Gibson G. 2000
Genetic variation for the positioning of wing veins in Droso-
phila melanogaster. Evol. Dev. 2, 16-24.

Blake W. J., Kaern M., Cantor C. R. and Collins J. J. 2003 Noise
in eukaryotic gene expression. Nature 422, 633-637.

Bookstein F. L. 1991 Morphometric tools for landmark data:
geometry and biology. Cambridge University Press, Cambridge.

Chapman R. E. 1990 Conventional Procrustes approaches. In
Proceedings of the Michigan Morphometrics Workshop. Spec.
Publ. No. 2 (ed. F. J. Rohif and F. L. Bookstein), pp. 251-267.
University of Michigan Museum of Zoology, Ann Arbor.

Cheung V. G., Conlin L. K., Weber T. M., Arcaro M., Jen K.-Y .,
Morley M. and Spielman R. S. 2003 Natural variation in human
gene expression assessed in lymphoblastoid cells. Nat. Genet.
33, 422-425.

Coyne J. A. 1987 Lack of response to selection for directional
asymmetry in Drosophila melanogaster. J. Hered. 78, 1109.
David J. 1962 A new medium for rearing Drosophila in axenic

conditions. Dros. Inf. Serv. 36, 128.

Debat V., Alibert P., David P., Paradis E. and Auffray J.-C.
2000 Independence between developmental stability and cana-
lization in the skull of the house mouse. Proc. R. Soc. London
B267, 423-430.

Dryden I. L. and Mardia K. V. 1998 Statistical shape analysis.
Wiley, Chichester.

Edginton E. S. 1995 Randomization tests. Marcel Dekker, New
York.

Elowitz M. B., Levine A. J, SiggiaE. D. and Swain P. S. 2002 Sto-
chastic gene expression in a single cell. Science 297, 1183—
1186.

Fuller R. C. and Houle D. 2003 Inheritance of developmental
instability. In Developmental instability: causes and conse-
quences (ed. M. Polak), pp. 157-183. Oxford University Press,
New York.

Gangestad S. W. and Thornhill R. 1999 Individual differences
in developmental precision and fluctuating asymmetry: a
model and itsimplications. J. Evol. Biol. 12, 402—-416.

Gilchrist A. S. and Partridge L. 1999 A comparison of the genetic
basis of wing size divergence in three parallel body size clines
of Drosophila melanogaster. Genetics 153, 1775-1787.

Gilchrist A. S. and Partridge L. 2001 The contrasting genetic
architecture of wing size and shape in Drosophila melano-
gaster. Heredity 86, 144-152.

Gilchrist A. S., Azevedo R. B. R., Partridge L. and O'Higgins
P. 2000 Adaptation and constraint in the evolution of Droso-
phila melanogaster wing shape. Evol. Dev. 2, 114-124.

Good P. 1994 Permutation tests: a practical guide to resam-
pling methods for testing hypotheses. Springer, New Y ork.
Goodall C. 1991 Procrustes methods in the statistical analysis

of shape. J. R. Stat. Soc. B53, 285-339.

Graham J. H., Emlen J. M. and Freeman D. C. 2003 Nonlinear
dynamics and developmental instability. In Developmental
instability: causes and consequences (ed. M. Polak), pp. 35—
50. Oxford University Press, New Y ork.

Hoffmann A. A. and Meril&a J. 1999 Heritable variation and evolu-
tion under favourable and unfavourable conditions. Trends
Ecol. Evol. 14, 96-101.

Houle D. 1997 Comment on ‘A meta-analysis of the heritability

Journal of Genetics, Vol. 82, No. 3, December 2003 111



Pedro Fernandez Iriarte et al.

of developmental stability’ by Mgller and Thornhill. J. Eval.
Biol. 10, 17-20.

Houle D. 2000 A simple model of the relationship between
asymmetry and developmental stability. J. Evol. Biol. 13,
720-730.

Jolliffel. T. 1986 Principal component analysis. Springer, New
York.

Klingenberg C. P. 2003a A developmental perspective on deve-
lopmental instability: theory, models, and mechanisms. In
Developmental instability: causes and consequences (ed. M.
Polak), pp. 14-34. Oxford University Press, New Y ork.

Klingenberg C. P. 2003b Developmental instability as a re-
search tool: using patterns of fluctuating asymmetry to infer
the developmental origins of morphological integration. In
Developmental instability: causes and consequences (ed. M.
Polak), pp. 427-442. Oxford University Press, New Y ork.

Klingenberg C. P. and Leamy L. J. 2001 Quantitative genetics
of geometric shape in the mouse mandible. Evolution 55,
2342-2352.

Klingenberg C. P. and Mcintyre G. S. 1998 Geometric mor-
phometrics of developmental instability: analysing patterns
of fluctuating asymmetry with Procrustes methods. Evolution
52, 1363-1375.

Klingenberg C. P. and Nijhout H. F. 1999 Genetics of fluctuat-
ing asymmetry: A developmental model of developmental
instability. Evolution 53, 358-375.

Klingenberg C. P. and Zaklan S. D. 2000 Morphological inte-
gration between developmental compartments in the Droso-
phila wing. Evolution 54, 1273-1285.

Klingenberg C. P. and Zimmermann M. 1992 Static, ontoge-
netic, and evolutionary allometry: a multivariate comparison
in nine species of water striders. Am. Nat. 140, 601-620.

Klingenberg C. P., Mcintyre G. S. and Zaklan S. D. 1998 L eft-
right asymmetry of fly wings and the evolution of body axes.
Proc. R. Soc. London B265, 1255-1259.

Klingenberg C. P., Barluenga M. and Meyer A. 2002 Shape
analysis of symmetric structures: quantifying variation among
individuals and asymmetry. Evolution 56, 1909-1920.

Koske Th. and Maynard Smith J. 1954 Genetics and cytology
of Drosophila subobscura. X. The fifth linkage group. J. Genet.
52, 521-541.

Krimbas C. B. and Loukas M. 1980 The inversion polymor-
phism of Drosophila subobscura. Evol. Biol. 12, 163-234.
Lankinen P. and Pinsker W. 1977 Allozyme constitution of stan-
dard strains of Drosophila subobscura. Experientia 33, 1301.
Leamy L. 1999 Heritability of directional and fluctuating asym-
metry for mandibular characters in random—bred mice. J. Evol.

Biol. 12, 146-155.

Leamy L. J., Routman E. J. and Cheverud J. M. 1997 A search for
quantitative trait loci affecting asymmetry of mandibular cha-
racters in mice. Evolution 51, 957-969.

Leamy L. J., Pomp D., Eisen E. J. and Cheverud J. M. 2000
Quantitative trait loci for directiona but not fluctuating asym-
metry of mandible characters in mice. Genet. Res. 76, 27-40.

Leary R. F. and Allendorf F. W. 1989 Fluctuating asymmetry
as an indicator of stress: implications for conservation biology.
Trends Ecol. Evol. 4, 214-217.

Leibowitz A., Santos M. and Fontdevila A. 1995 Heritability
and selection on body size in a natural population of Droso-
phila buzzatii. Genetics 141, 181-189.

Leung B. and Forbes M. R. 1997 Modelling fluctuating
asymmetry in relation to stress and fitness. Oikos 78, 397—
405.

Ligoxygakis P., Strigini M. and Averof M. 2001 Specification
of left-right asymmetry in the embryonic gut of Drosophila.
Development 128, 1171-1174.

Loeschcke V., Bundgaard J. and Barker J. S. F. 1999 Reaction
norms across and genetic parameters at different temperatures
for thorax and wing size traits in Drosophila aldrichi and D.
buzzatii. J. Evol. Biol. 12, 605-623.

Loeschcke V., Bundgaard J. and Barker J. S. F. 2000 Variation
in body size and life history traits in Drosophila aldrichi and
D. buzzatii from alatitudinal cline in eastern Australia. Here-
dity 85, 423-433.

Lynch M. and Walsh B. 1998 Genetics and analysis of quanti-
tative traits. Sinauer, Sunderland.

Mardia K. V., Bookstein F. L. and Moreton |. J. 2000 Statisti-
cal assessment of bilateral symmetry of shapes. Biometrika
87, 285-300.

Markow T. A. 1995 Evolutionary ecology and developmental
instability. Annu. Rev. Entomol. 40, 105-120.

Mather K. 1953 Genetic control of stability in development.
Heredity 7, 297-336.

Maynard Smith J. and Sondhi K. C. 1960 The genetics of a pat-
tern. Genetics 45, 1039-1050.

The MathWorks, Inc. 2000 Satistics toolbox for use with MAT-
LAB, V.3 (URL: http://www.mathworks.com).

The MathWorks, Inc. 2002 MATLAB, V.6. The language of tech-
nical computing (URL: http://www.mathworks.com).

Menozzi P. and Krimbas C. B. 1992 The inversion polymorphism
of Drosophila subobscura revisited: synthetic maps of gene
arrangement frequencies and their interpretation. J. Evol.
Biol. 5, 625-641.

Mestres F., Balanya J., Segarra C., Prevosti A. and Serra L.
1992 Colonization of America by Drosophila subobscura:
analysis of the Os inversions from Europe and America and
their implications for the colonizing process. Evolution 46,
1564-1568.

Maller A. P. and Swaddle J. P. 1997 Asymmetry, devel opmental
stability, and evolution. Oxford University Press, Oxford.

Needham J. 1950 Biochemistry and morphogenesis, 2nd edition.
Cambridge University Press, Cambridge.

Nijhout H. F. and Davidowitz G. 2003 Developmental perspec-
tives on phenotypic variation, canalization, and fluctuating
asymmetry. In Developmental instability: causes and conse-
quences (ed. M. Polak), pp. 3-13. Oxford University Press,
New York.

Palmer A. R. 1994 Fluctuating asymmetry: a primer. In Devel-
opmental instability: its origins and evolutionary implica-
tions (ed. T. A. Markow), pp. 335-354. Kluwer Academic,
Dordrecht (a PDF version with corrections is available via
http://www.biology.ualberta.ca/old_site/palmer.hp/PubList.ht
m#publications).

Palmer A. R. and Strobeck C. 1986 Fluctuating asymmetry: mea-
surement, analysis, patterns. Annu. Rev. Ecol. Syst. 17, 391-421.
Palmer A. R. and Strobeck C. 1992 Fluctuating asymmetry as a
measure of developmental stability: Implications of non-
normal distributions and power of statistical tests. Acta Zool.

Fenn. 191, 55-70.

Palmer A. R. and Strobeck C. 2003 Fluctuating asymmetry
analyses revisited. In Developmental instability: causes and
consequences (ed. M. Polak), pp. 279-319. Oxford Univer-
sity Press, New Y ork.

Palmer A. R., Strobeck C. and Chippindale A. K. 1993 Bilat-
eral variation and the evolutionary origin of macroscopic
asymmetries. Genetica 89, 201-218.

Pascual M., Aquadro C. F., Soto V. and Serra L. 2001 Microsa-
tellite variation in colonizing and Palearctic populations of
Drosophila subobscura. Mol. Biol. Evol. 18, 731-740.

Pfriem P. 1983 Latitudinal variation in wing size in Drosophila
subobscura and its dependence on polygenes of chromosome
O. Genetica 61, 221-232.

112 Journal of Genetics, Vol. 82, No. 3, December 2003



Quantitative parameters of wing size and shape asymmetries

Polak M. (ed.) 2003 Developmental instability: causes and conse-
guences. Oxford University Press, New Y ork.

Powell J. R. 1997 Progress and prospects in evolutionary bio-
logy. The Drosophila model. Oxford University Press, New
Y ork.

Prevosti A., Garcia M. P., Serra L., Aguadé M., Rib6 G. and
Sagarra E. 1983 Association between allelic isozyme alleles
and chromosomal arrangements in European populations and
Chilean colonizers of D. subobscura. Isozymes 10, 171-191.

Prevosti A., Serra L., Ribé G., Aguadé M., Sagarra M., Mon-
clis M. and Garcia M. P. 1985 The colonization of Droso-
phila subobscura in Chile. 1I. Clines in the chromosomal
arrangements. Evolution 39, 838-844.

Prevosti A., Ribd G., SaralL., Aguadé M., Balanya J., Monclis M.
and Mestres F. 1988 Colonization of America by Drosophila
subobscura: experiment in natural populations that supports
the adaptive role of chromosomal-inversion polymorphism.
Proc. Natl. Acad. ci. USA 85, 5597-5600.

Rao C. V., Wolf D. M. and Arkin A. P. 2002 Control, exploita-
tion and tolerance of intracellular noise. Nature 220, 231—
237.

Rodriguez-Trelles F. and Rodriguez M. A. 1998 Rapid micro-
evolution and loss of chromosomal diversity in Drosophila in
response to climate warming. Evol. Ecol. 12, 829-838.

Rodriguez-Trelles F., Alvarez G. and Zapata C. 1996 Time-series
analysis of seasonal changes of the O inversion polymor-
phism of Drosophila subobscura. Genetics 142, 179-187.

Roff D. A. and Mousseau T. A. 1987 Quantitative genetics and
fitness: lessons from Drosophila. Heredity 58, 103-118.

Rohlf F. J. 1990 Rotational fit (Procrustes) methods. In Procee-
dings of the Michigan Morphometrics Workshop. Spec. Publ.
No. 2 (ed. F. J. Rohlf and F. L. Bookstein), pp. 2227-2236.
University of Michigan Museum of Zoology, Ann Arbor.

Rohlf F. J. 1999 Shape statistics: Procrustes superimpositions
and tangent spaces. J. Classif. 16, 197-223.

Rohlf F. J. 2000 Statistical power comparisons among alternative
morphometric methods. Am. J. Phys. Anthropol. 111, 463—
478.

Rohif F. J. and Slice D. 1990 Extensions of the Procrustes
method for the optimal superimposition of landmarks. Syst.
Zool. 39, 40-59.

Santos M. 2001 Fluctuating asymmetry is non-genetically re-
lated to mating success in Drosophila buzzatii. Evolution 55,
2248-2256.

Santos M. 2002 Genetics of wing size asymmetry in Droso-
phila buzzatii. J. Evol. Biol. 15, 720-734.

Santos M., Fernandez Iriarte P., Céspedes W., Balanya J., Font-
devila A. and Serra L. 2004 Swift laboratory thermal evolution
of wing shape (but not size) in Drosophila subobscura and
its relationship with chromosomal inversion polymorphism.
J. Evol. Biol. (in press).

Slice D. E., Bookstein F. L., Marcus L. F. and RohlIf F. J. 1996
A glossary for geometric morphometrics. In Advances in
mor phometrics (ed. L. F. Marcus, M. Corti, A. Loy, G. J. P.
Naylor and D. E. Slice), pp. 531-551. Plenum, New Y ork
(URL: http://life.bio.sunysb.edu/morph).

Sokal R. R. and RohlIf F. J. 1981 Biometry, 2nd edition. Free-
man, New Y ork.

Sperlich D., Feuerbach-Mravlag H., Lange P., Michaelidis A.
and Pentzos-Daponte A. 1977 Genetic load and viability dis-

tribution in central and marginal populations of Drosophila
subobscura. Genetics 86, 835-848.

SPSS, Inc. 2001 SPSS for Windows (URL: http://www.spss.com).

StatSoft, Inc. 2003 STATISTICA (data analysis software sys-
tem), version 6 (URL: http://www.statsoft.com).

Swain P. S,, Elowitz M. B. and Siggia E. D. 2002 Intrinsic and
extrinsic contributions to stochasticity in gene expression.
Proc. Natl. Acad. Sci, USA 99, 12795-12800.

Tuinstra E. J., de Jong G. and Scharloo W. 1990 Lack of res-
ponse to family selection for directional asymmetry in Dro-
sophila melanogaster: Left and right are not distinguished in
development. Proc. R. Soc. London B241, 146-152.

Van Dongen S. 1998 How repeatable is the estimation of deve-
lopmental stability by fluctuating asymmetry? Proc. R. Soc.
London B265, 1423-1427.

Van Dongen S., Sprengers E. and Lofstedt C. 1999 Correlated
development, organism-wide asymmetry and patterns of
asymmetry in two moth species. Genetica 105, 81-91.

Van Dongen S, Lens L. and Molenberghs G. 2003 Recent deve-
lopments and shortcomings in the analysis of individual
asymmetry: a review and introduction of a Bayesian statisti-
cal approach. In Developmental instability: causes and conse-
guences (ed. M. Polak), pp. 320-342. Oxford University Press,
New York.

Van Valen L. 1962 A study of fluctuating asymmetry. Evolu-
tion 16, 125-142.

Waddington C. H. 1957 The strategy of the genes. Allen & Un-
win, London.

Waddington C. H. 1961 Genetic assimilation. Adv. Genet. 10,
257-293.

Walker J. A. 2000 Ability of geometric morphometric methods
to estimate a known covariance matrix. Syst. Biol. 49, 686—
696.

Wallace B. 1981 Basic population genetics. Columbia Univer-
sity Press, New Y ork.

Weber K. E. 1990 Artificial selection on wing alometry in
Drosophila melanogaster. Genetics 126, 975-989.

Weber K. E. 1992 How small are the smallest selectable domains
of form? Genetics 130, 345-353.

Weber K., Eisman R., Morey L., Patty A., Sparks J., Tausek M.
and Zeng Z.-B. 1999 An analysis of polygenes affecting
wing shape on chromosome 3 in Drosophila melanogaster.
Genetics 153, 773-786.

Weber K., Eisman R., Higgins S., Morey L., Patty A., Tausek
M. and Zeng Z.-B. 2001 An analysis of polygenes affecting
wing shape on chromosome 2 in Drosophila melanogaster.
Genetics 159, 1045-1057.

Whitlock M. C. 1996 The heritability of fluctuating asymmetry
and the genetic control of developmental stability. Proc. R.
Soc. London B263, 849-854.

Whitlock M. C. 1998 The repeatability of fluctuating asymme-
try: a revision and extension. Proc. R. Soc. London B265,
1428-1430.

Woolf C. M. and Markow T. A. 2003 Genetic models for deve-
lopmental homeostasis. historical perspectives. In Develop-
mental instability: causes and consequences (ed. M. Polak),
pp. 99-115. Oxford University Press, New Y ork.

Zimmerman E., Palsson A. and Gibson G. 2000 Quantitative
trait loci affecting components of wing shape in Drosophila
melanogaster. Genetics 155, 671-683.

Journal of Genetics, Vol. 82, No. 3, December 2003 113



