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Abstract

Genetic variability of quantitative traits was investigated in a Moroccan population of Drosophila melanogaster, with an isofe-
male line design. Results were compared with data previously obtained from French populations. Although the environmental
and thermal conditions are very different in France and Morocco, only two significant differences were observed: a shorter
wing and a lighter abdomen pigmentation in Morocco. It is, therefore, concluded that Moroccan D. melanogaster are quite
typical temperate flies, belonging to the Palaearctic region, and very different from the ancestral Afrotropical populations.
Almost all traits were genetically variable, as shown by significant intraclass correlations among lines. Genetic correlations
were highly significant among three size-related traits, while much lower between size and bristle numbers. Fluctuating asym-
metry was greater for abdominal bristles than for sternopleural bristles. Sex dimorphism, analysed as a female/male ratio, was
identical in French and Moroccan populations. Examination of the thorax length/thorax width ratio showed that the thorax
is more elongated in females. Sexual dimorphism of wing length was significantly more correlated to thorax width than to
thorax length. The results illustrate the value of measuring numerous quantitative traits on the same flies for characterizing
the genetic architecture of a natural population. In several cases, and especially for genetic correlations, some interesting
suggestions could be made, which should be confirmed, or invalidated, by more extensive investigations.

[Chakir M., Negoua H., Moreteau B. and David J. R. 2008 Quantitative morphometrical analysis of a North African population of Drosophila

melanogaster: sexual dimorphism, and comparison with European populations. J. Genet. 87 373-382]

Introduction

Climatic adaptations, often revealed by latitudinal clines, are
a fascinating research field in drosophilid flies. Attention has
been mostly focussed on latitudinal size variations, asking
the question: why is it better to be bigger in a colder envi-
ronment? (Tantawy and Mallah 1961; Stalker 1980; David
and Capy 1988; Capy et al. 1993; Atkinson 1994; Hoft-
mann and Parsons 1997; Azevedo et al. 1998). This is often

*For correspondence. E-mail: david@legs.cnrs-giffr.

called the temperature-size rule (Angilletta and Dunham
2003; Angilletta et al. 2004). There are, however, several
difficulties in understanding such clinal trends. First, in some
species, no clinal pattern has been found (Loeschke et al.
2000). Second, with respect to thermal phenotypic plasticity,
the temperature-size rule is not strictly valid, especially for
thorax size (David et al. 2006). Third, under the same ther-
mal climatic conditions, the phenotypes may be quite dif-
ferent in distant geographic populations (Capy et al. 1993;
Gilchrist and Partridge 1999). Fourth, numerous traits, be-
sides body size, such as bristle number, ovariole number, pig-
mentation, ethanol tolerance, desiccation tolerance, exhibit
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temperature adaptation.
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latitudinal clines at least in Drosophila melanogaster (David
and Capy 1988; Capy et al. 1993; Karan et al. 2000; David
et al. 2004; Gibert et al. 2004). It is generally assumed that
such traits, which are not directly related to size, may be a
direct target of natural selection, even if the precise nature of
environmental selective pressures is not always understood.

Facing such a range of quantitative variation among geo-
graphic populations, especially in D. melanogaster, there is
a need for deeper and more accurate investigations on this
paradigmatic species. Some pending questions are listed. (i)
What is the stability of the characteristics of a local popu-
lation when it is sampled over successive years? (ii) What
is the best, most efficient sampling technique? (iii) Are the
quantitative characteristics stable when the population is kept
in the laboratory over several months or years? (iv) How
many quantitative traits may be investigated as a routine in
a given population? How are these traits correlated? What
is the G matrix? (v) Can we detect significant and stable
genetic differences between populations living in the same
geographic area? In previous papers, we tried to answer the
first three questions. For example, the stability of the French
population was revealed in several investigations (Capy et
al. 1993; David et al. 2006). The isofemale line design has
been argued to be a very efficient, cost-effective technique
for sampling a natural population (David et al. 2006). Labo-
ratory drift is less documented but has been clearly observed
for ovariole number (Bocquet et al. 1973). Numerous quan-
titative characters have been investigated in geographic pop-
ulations of D. melanogaster and its sibling species D. simu-
lans (David and Capy 1988; Capy et al. 1993; David et al.
2004; Gibert et al. 2004), but in many cases the different
traits were not measured simultaneously on the same flies.
The present paper is a first contribution trying to address
questions (iv) and (v), i.e. the characterization of a Moroccan
population which, although it belongs to the same biogeo-
graphic, Palaearctic region as France, breeds under different
climatic conditions. While France is characterized by a cold
winter and mild summer, Morocco is characterized by a mild
winter and a very hot summer.

With an isofemale line design, we investigated a natural
population from Marrakesh, Morocco. Several traits were si-
multaneously investigated: three size-related, metric traits,
two meristic traits (bristle numbers on the thorax and ab-
domen), and abdominal tergite pigmentation. Three body-
shape indices were also calculated. Most traits were mea-
sured on both sexes, and special attention was devoted to sex
dimorphism.

We found that, in many respects, the Moroccan popu-
lation was similar to the French ones, albeit with signifi-
cant differences for wing/thorax ratio (wing loading) and ab-
domen pigmentation. Sex dimorphism was also stable across
the Moroccan and French populations. Thorax width, anal-
ysed for the first time in a natural population, revealed an
original difference among sexes: a more elongated thorax in
female than in male.
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Material and methods

Population investigated

Wild-living adults were collected using banana traps on the
campus of the Cadi Ayyad University, Marrakesh, in March
2002. After anaesthesia, D. melanogaster females were
sorted out from more frequent D. simulans females, using the
shape of the black band on tergites five and six as a visual cue
(Moreteau et al. 1995). These females were eventually iso-
lated in culture vials to initiate isofemale lines. The species
identity of each line was confirmed by examination of geni-
talia of male progeny, and 13 lines were finally used for the
study.

Experimental flies

The adults of Fj, first laboratory generation, were used
as parents of the experimental flies. From each line, 10
pairs were randomly taken, and set on ordinary Drosophila,
sugar—cornmeal medium. After two days, the adults were
transferred in vials containing a highly nutritive killed yeast
medium, for about 6 h. Population density in each vial
was not precisely controlled, but the rich, killed yeast food
prevents larval crowding effects upon adult size (Karan et
al. 1999). The egg laying protocol was repeated twice, on
two successive days, and the experimental vials were kept
at 25°C. When development was complete, the adults were
transferred to ordinary food vials, at a lesser temperature
(18-20°C), and measured after at least three days and not
more than 12 days. All lines bred well, with each vial pro-
ducing at least 50 adults, so that 10 females and 10 males
were easily available in each line.

Traits investigated

Three kinds of traits (metric, meristic and pigmentation)
were measured on 10 flies of each sex from each line. Size-
related, metric traits were wing length (W) from the thoracic
articulation to the tip, on a left side, lateral view; thorax
length (T) also on lateral view, from the neck to the tip of
scutellum; thorax width (t) measured from a ventral view as
the distance between the bases of the two major, posterior
sternopleural bristles. Measurements were done with an oc-
ular micrometer in a binocular microscope, and values trans-
formed into mm x100. While a huge literature exists on wing
and thorax length in D. melanogaster, thorax width is rarely
considered, and we are aware of only one such study (Cow-
ley and Atchley 1988).

From the three size-related traits, we calculated three
ratios. The W/T ratio characterizes the relative proportion
of the wing with respect to the thorax. As shown in pre-
vious studies (Pétavy et al. 1997; David et al. 2006), this
ratio is strongly negatively correlated with wing loading,
and provides information on flight capacity. The thorax
length/thorax width (T/t) ratio is clearly an elongation index,
a higher value meaning the thorax is more elongated. The
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third ratio (W/t) is calculated here for the first time, but its
biological meaning is less obvious. Anyway, all three ratios
provide information on the shape of the fly and can be desig-
nated as shape indices.

Two meristic, bristle number traits were measured:
sternopleural (STP) bristle number on each side of the tho-
rax. This is a classical, highly investigated trait in quantita-
tive genetics studies (Mackay 2001, 2004). We also investi-
gated the number of bristles on the seventh sternite (A7) of
the abdomen, only in females.

Finally, abdomen pigmentation was analysed only in fe-
males, for segments five, six and seven. For each segment,
the extension of the black pigment was estimated visually,
according to phenotypic classes ranging from 0 (no pigment)
to 10 (completely black), following David et al. (1990). For
the sake of simplicity, we will consider here only the total
pigmentation, i.e. the sum of the scores for the three seg-
ments.

Data analysis

Basic statistics (mean, variance, coefficient of variation, co-
efficient of correlation) were calculated with Statistica soft-
ware (Statsoft 1999).

Due to the experimental design, within-line and between-
line variability could be analysed by analysis of variance
(ANOVA), permitting the calculation of an intraclass corre-
lation coefficient which is akin to an isofemale line heritabil-
ity (David et al. 2005). For the two meristic traits, values
were available for each side of the body and we analysed the
variations of the total bristle number and also the fluctuat-
ing asymmetry (FA). In the present paper, we also focussed
on sexual dimorphism (SD) in homologous quantitative traits
which can be measured on both sexes. Comparisons can
be made by considering the mean values of the females and
males of each line. There are two ways for describing SD: ei-

ther a difference between female and male values (F-M) or a
ratio of female to male values (F/M). We often consider both
measures although, as discussed in previous papers (David
et al. 2003; Huey et al. 2006) we prefer the ratio that has
no dimensionality and allows comparisons between different
characters.

For the two meristic bristle number traits, results were
available for the left and right body side, so that the FA could
be investigated in various ways (Palmer and Strobeck 1986;
Pétavy et al. 2006).

Results

Basic statistical data

Results for mean values in females and males are given in
table 1, which also provides the average within line CV, and
two ways for describing the SD, that is the F/M ratio and the
F-M difference. SD results will be discussed in the following
section.

The three size related traits (wing length, W; thorax
length, T; and thorax width, t) are much greater in females
than in males, as usual in D. melanogaster. Also, the aver-
age wing length of the Moroccan population is significantly
less than in the French populations, while thorax length is
identical (David et al. 2003; Pétavy et al. 2004). This results
in a lesser W/T ratio in Morocco (on an average 2.42) than
in France (2.47) (P < 0.01). Thorax width (t) variability is
investigated here for the first time in a natural population:
hence, no comparative data exist. The within line variability
of the three-size traits is similar with an average CV slightly
less than two.

Sternopleural bristles have average values close to 18,
with CVs close to 10: this is quite typical in D. melanogaster
in temperate populations (Capy et al. 1993; Pétavy et al.
2006). To our knowledge, bristles on A7 segment were

Table 1. Basic statistics for the nine traits measured or calculated. Mean values (m) are given + standard error (s.e.)
calculated from 13-line values; the average, within-line coefficient of variation (CV) is also given. For the three
size-traits, values are expressed in mm X 100; the three ratios are dimensionless; the two bristle numbers are the sum
of left and right side. Pigmentation is the sum of the dark area on tergites five, six and seven. Sex dimorphism was
calculated for each line, either as ratio female/male (F/M) or a difference female-male (F-M) and average values

(+ s.e.) are given.

Mean values

Sex dimorphism

Females Males F/M ratio F-M difference
Traits m CvV CcvV m m
Wing length (W)  262.52+1.17 1.58 226.92 £ 1.05 1.96 1.157 £ 0.004 35.600 £ 0.753
Thorax length (T)  108.71 £0.41 1.64 94.20 +0.30 2.19 1.154 +0.003 14.508 +0.307
Thorax width (t) 72.52+0.27 1.86 65.65 +0.25 2.02 1.105 £ 0.004 6.869 +0.241
Ww/T 242 +£0.01 1.30 2.41+0.01 1.71 1.002 + 0.003 0.006 + 0.007
Wi 3.62+0.01 1.74 3.46+0.01 2.06 1.047 £ 0.002 0.163 + 0.006
T/t 1.50 +£0.00 1.54 1.44 £0.01 1.77 1.045 +0.003 0.064 + 0.004
STP bristles 18.59+£0.26 9.01 1778 £0.26  10.03 1.046 + 0.010 0.808 +0.163
AT bristles 11.10+£0.30 12.45 - - - - - - -
Pigmentation 10.35+0.64  26.06 - - - - - - -
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investigated for the first time in D. melanogaster by Araripe
et al. (2008) in a French population, and the mean value
(10.0) is close to that found in Morocco (11.1)

The pigmentation of the last three abdominal segments
in females, with a mean of 10.35, is slightly lighter than in
natural populations of France (Gibert et al. 1996; Pétavy et
al. 2001).

Genetic variability between lines

All measured traits were submitted to a one-way ANOVA
and in all cases, except for STP bristles, a highly significant
line effect was observed, classically interpreted as a proof of
a genetic heterogeneity among lines (David et al. 2005).
Table 2 summarizes these results by presenting the per-
centage of total variance explained by the between-line vari-
ability. On an average, the line effect accounts for about 30%
of the total variability. Worth mentioning is the fact that six
out of seven traits are more variable in females than in males.
This cannot be considered as a significant difference, and a
confirmation of this observation will be needed.

Table 2. Analysis of the between line genetic variability. Results
of one-way ANOVA are simplified by giving only the percentage of
total variance explained by the between-line effect. The intraclass
correlation coefficients (ICC) (isofemale heritability) are also given.

ANOVA% variance ICC

Traits Females Males Females Males
Wing length (W) 47.65  40.42*** 0.441 0.36
Thorax length (T)  37.27°*  20.04** 0.324 0.126
Thorax width (t) 32.09"*  29.28** 0.265 0.233
Ww/T 28.14%*  20.09%x 0.220 0.127
Wi/t 35.60"*  28.10"* 0.305 0.219
T/t 32,127 36.78** 0.265 0.318
STP bristles 22.21 19.20 0.151 0.116
AT bristles 34.33* - 0.291 -
Pigmentation 41.42%* - 0.371 -

Level of significance, *P < 0.05; **P < 0.01; **P < 0.001.

Due to the fairly low number (13) of investigated lines,
estimates of intraclass correlation (table 2) are not precise.
However, in general, they are in agreement with the numer-
ous previous estimates for D. melanogaster, and never reach
0.5 (Capy et al. 1994; David et al. 2003, 2006; Pétavy et al.
2004, 2006). Worth mentioning, however, are the very low
values for STP numbers in both sexes and for thorax length in
males. Whether these values are a mere consequence of the
sampling process or reflect some peculiarity of the Moroccan
populations would deserve further studies.

Correlations between different traits within each sex

According to the experimental protocol, we consider here
two kinds of correlations, a within-line correlation, that
mostly expresses an environmental component, and a be-
tween line correlation, which is closer to a genetic correlation
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(David et al. 2005). Results are given in table 3. Only char-
acters which were measured in both sexes are considered.

Table 3. Phenotypic (within-line) and genetic (between-line) corre-
lations among the various traits investigated. The within-line corre-
lation was calculated for each line, and average values with standard
errors are given. The between-line correlation is based on 13 obser-
vations.

within lines between lines

Traits Females Males Females  Males
W-T 0.648 +0.064 0.659+0.047 0.845 0.857
W-t 0.490 = 0.064 0.459+0.055 0.606 0.622
Tt 0.589 +0.078 0.634+0.055 0.662 0.382
STP-W -0.082+0.117 0.087 +0.107  0.404 0.529
STP-T  -0.069 +0.102 0.048 £0.077  0.365 0.413
STP-t 0.100 = 0.084 0.032+0.076  0.144 0.516
Pigm-W  0.120+0.115 - - 0.06 -

AT-W 0.022+0.112 - - -0.108 -

A7-Pigm -0.176 +0.093 - - 0.096 -

W, wing length; T, thorax length; STP, sternopleural bristles; A7,
abdominal bristles on segment 7; Pigm, abdomen pigmentation in
females (sum of scores of segments five, six and seven). Threshold
of significance (at P = 0.05) for the r values depicted is 0.55.

Within lines, all size traits are positively correlated, with
an average r value of 0.580 + 0.034 (n = 6). Size is,
however, not correlated to STP bristles (average r value:
0.019 = 0.032;n = 6).

Between lines, we first notice a general trend of an in-
creased value of the correlations. If we consider the three
size related traits, the average between-line r value is 0.662 +
0.072 (n = 6 in each case). For the correlations which in-
volve STP, the average r value is 0.395 + 0.057 (n = 6). This
positive value is greater than zero.

Bilateral symmetry and FA

Numerous calculations can be done to describe bilateral sym-
metry and FA (Palmer and Strobeck 1986). For the sake of
simplicity, we consider here only the left-right side (L.R)
correlation, and an absolute scaled index (ASI) which is the
absolute value of the L-R difference, divided by the mean
bristle number, (L+R)/2 (Chakir et al. 2007). Results are
given in table 4.

Within lines, the L.R correlation is significantly posi-
tive for STP bristles, although the average value (0.30) is
fairly low. This shows that the differences among flies of the
same line are significant, either due to genetic or to common
garden effects, but that developmental instability (develop-
mental noise) is predominant. When the means of the lines
are considered, the environmental effects tend to disappear,
hence much greater correlations, close to 0.70, are observed.

For the A7 bristles in females, an analogous but more
pronounced effect is observed. First, the correlation at the
within line level is close to zero: genetical differences among
flies do not show up in the correlation. The genetic variation
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Table 4. Analysis of bilateral symmetry in sternopleural (STP) and abdominal bristles
on sternite 7 (A7). Results show values of the R.L correlation, and the value of the

asymmetry standardised index (ASI).

STP bristles A7
Females Males Females
Correlation R-L Within lines 0.266 +0.108 0.278 =£0.113  0.090 + 0.087
Orreiation B=L - petween lines 0.771 0.680 0.827
ASI Within lines 9.56 +0.77 11.12 £ 1.13 17.67 £1.12
Between lines 3.38 +0.63 3.81 +£0.71 5.50 £ 1.02

however appears at the between line level, and might be even
greater (r = 0.83) than for STP bristles. This phenomenon is
illustrated in figure 1. Such a difference between two kinds
of bristles is surprising and should be confirmed by further
studies.

8.5

751

6.5

55

45+

A7 bristles - left side

3.5+

25 3.5 45 55 6.5 7.5 8.5
A7 bristles - right side

Figure 1. Correlation diagram between right and left side of ab-
dominal bristles on sternite A7 in females. Ellipses of 80% con-
fidence are shown, and correlation coefficients are given. Arrows
point to the mean value on each side. Notice that the correlation of
the total sample is 0.32, while the average within-line correlation is
close to zero (r = 0.090 + 0.087; see table 4). Dark triangles, distri-
bution of the total sample of 130 values. Open circles, distribution
of the means of 13-isofemale lines.

The FA indices (ASI) were calculated either at the fly or
at the line level and revealed a significant difference between
STP and A7 bristles, the latter being more variable and less
symmetrical than the former.

Sexual dimorphism

Several methods can be used to investigate sex dimorphism.
A first approach is to consider the female/male correlation
at the line level. Such a coefficient is akin to a genetic cor-
relation and the values are given in table 5. For the three
size traits, the positive correlations are similar (average value
0.66) and an illustration is provided in figure 2,A. Corre-
lations are, however, very variable between shape indices
(range 0.234—0.890) and the contrast between W/T and W/t
is illustrated in figure 3. This difference in correlation is
highly significant (P < 0.01). This result suggests that the
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W/T ratio (related to wing loading) might be genetically in-
dependent in female and male. On the other hand, sex would
determine, in a similar way in both sexes, the proportion be-
tween the wing and the thorax width.

STP bristles revealed a quite surprising observation. In
the sample of lines investigated here, heritability seemed

96.0
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95.0 -

94.5 -

94.0 |

93.5

93.0

Thorax length - male

925

92.0 -

l r=0.660

107.5 108.5 109.5 110.5
Thorax length - female
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5 .
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1135

Sex dimorphism (F/M) thorax length

1125

r=0.989

.

12 13 14 15 16
Sex dimorphism (F-M) thorax length

1.115
1

Figure 2. Analysis of thoracic sexual dimorphism (SD) among 13
isofemale lines. (A) Correlation between thorax length of female
and male. (B) Correlation between two SD indices of thorax length.
Arrows point to the mean value of each distribution. Ellipses of 80%
confidence are shown to help visualize the distributions; correlation
coefficients are also given. F-M, female minus male difference;
F/M, female/male ratio.
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Table 5. Analysis of sex dimorphism using correlations. Sec-
ond column: correlation between female and male mean-line
values. Third column: correlation between the two SD indices:
F/M ratio and F-M difference.

Traits Between means Between indices
Wing length (W) 0.776™ 0.980"*
Thorax length (T) 0.660" 0.989***
Thorax width (t) 0.579* 0.996**
W/T 0.234" 0.999***
W/t 0.890** 0.995**
T/t 0.763** 0.998***
STP bristles 0.807** 0.997**

Level of significance: ns, nonsignificant; *P < 0.05; P < 0.01;
P < 0.001.

o
2 o
T
£
o
£ %
£
s
o]
r=0.23
239 o Si
2.38 . . . L
235 237 2.39 241 243 2.45 247

WIT ratio female

3.56

3.52

3.48

3.44 -

Wi/t ratio male

3.40

3.36 . . i .
3.52 3.56 3.60 3.64 3.68 3.72

Wi/t ratio female

Figure 3. Correlation diagrams between shape indices in females
and males. (A) Wing length/thorax length ratio (W/T). (B) Wing
length/thorax width ratio (W/z). Ellipses of 80% confidence are
shown; arrows point to the mean value of each distribution; correla-
tion coefficients are given in each case. The difference between the
two correlations is highly significant ( test after a z transformation,
P =0.207).

quite low, with an average value of 0.13 (table 2). In other
words, genetic differences were small between lines. How-
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ever, when these variations were correlated between sexes, a
high coefficient was obtained (r = 0.81).

A second approach is to consider the best way to describe
SD. Two possible indices were calculated, the F/M ratio and
the F-M difference. These two indices are very highly cor-
related, with r values very close to one (table 5; figure 2,B).
In other words, they provide the same information and, as in
previous papers (e.g. David et al. 2003), we prefer the F/M
ratio which is a nondimensional measure, not influenced by
variations of the mean, and thus permitting a comparison of
different traits.

Values of these indices are given in table 1. For wing and
thorax length, the F/M ratios are the same, slightly greater
than 1.15, and almost identical to the values found in a
French population (David et al. 2003). The ratio for thorax
width is, however, much less (1.10) which means that males
are more similar to females for that trait.

This effect also appears when considering the ratio of
thorax length to thorax width (T/t), i.e. the elongation index.
This ratio (1.045) is greater than 1, meaning that male thorax
is more rounded than the female. A similar value is found for
the W/t ratio. The W/T ratio is, however, very close to one,
and this is related to the fact that the two traits compared have
identical dimorphisms.

For STP number, the dimorphism is significant but far
less than expected from a geometrical point of view. Un-
der this hypothesis, bristle number should be proportional to
thoracic area, approaching the square of the ratio of linear di-
mensions, i.e. 1.33. In fact, the mean ratio found in Morocco
is much less and is only 1.046, in agreement with values al-
ready found in D. melanogaster from France (Pétavy et al.
2006; David et al. 2006).

Genetic variability of SD among lines was analysed by
calculating an intraclass correlation comparing the within-
line and between-line variances. For this, we used the same
artifice as in David et al. (2003) and Araripe et al. (2008).
Within each line, the value of each female was divided by the
mean of their brothers, thus providing a within line variance.
Calculated intraclass correlations are given in table 6: with
the exception of W/t ratio, they are all significantly greater
than zero, but the overall mean value (0.17) seems, on aver-
age, lower than for the traits themselves (table 2).

We got surprising results for STP bristles. Within each
sex, variability among lines was reduced, resulting in a low
isofemale heritability (ICC = 0.13) (table 2). When, how-
ever, female and male data were compared, a high correla-
tion was found (r = 0.81; table5) suggesting that varia-
tions among lines, although small, had a real genetic basis,
expressed in a similar way in both sexes. This results in a
relatively high value of SD heritability, on average 0.34.

Finally, we asked the question: are the SD indices of
different traits correlated? There are four kinds of possi-
ble correlations here, when either two identical SD indices
are correlated (e.g. two ratios) or when the ratio of a trait
(e.g. the wing) is correlated to the difference of the other trait
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Table 6. Analysis of SD genetic variability considering either the
F/M ratio or the F-M difference. ANOVA shows the percentage of
variance explained by the between line variability. ICC is intraclass
coeflicient of correlation.

% Variance explained ICC
Trait F/Mratio F-M diff. F/Mratio F-M diff.
Wing length (W) 29.88***  27.39** 0.240 0.211
Thorax length (T) 26.08**  25.29"* 0.196 0.187
Thorax width (t) 28.59"*  26.76™** 0.225 0.204
Ww/T 38.52™*  38.61"" 0.338 0.339
Wit 11.04™ 10.57™ 0.021 0.015
T/t 24.09"  22.66"* 0.173 0.157
STP bristles 35.83™*  42.55" 0.308 0.383

Level of significance, ns: nonsignificant; **P < 0.001.

(e.g. the thorax). We found (table 7) that the results were
almost identical, regardless of whether ratios or differences
were considered. For size traits, the lowest correlation was
between SDs of wing and thorax length (average 0.485) and
the highest between wing length and thorax width (average
0.863). This difference is illustrated in figure 4 and, despite
the low number of lines, is marginally significant (¢ test af-
ter z transformation, P = 0.049). This observation suggests
again that sex more directly affects the relationship between
wing size and thorax width than that between wing and tho-
rax length.

SD for STP bristles was not correlated to wing SD (aver-
age r = 0.06) but seemed to be correlated positively to tho-
racic SDs, either length or width (average r = 0.31). Such
a low value is, however, not significantly greater than zero;
hence, further investigations should be undertaken to confirm
this conjecture.

Discussion

A morphometrical, genetic analysis was performed on
13 isofemale lines from a Moroccan population of D.
melanogaster. This fairly small number is due to the relative
rarity of D. melanogaster in Morocco, its sibling species D.
simulans being much more abundant. The results are inter-
esting for several reasons, including an isofemale line design,
an analysis of recently collected flies in the second, labora-
tory generation, and the measure of a diversity of traits on
both sexes. Several points will be discussed here.

Latitudinal variations

As indicated in the Introduction, latitudinal variations of
body size are a powerful argument for assuming they are the
consequence of a climatic adaptation, temperature playing a
major role in this process. Significant regressions are more
easily found when a broad range of latitudes are compared
(Capy et al. 1993; Chakir et al. 1995; Gibert et al. 2004).
However, significant differences should also be found over
shorter distances, if environmental temperature plays a sig-
nificant role.
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In this respect, the population from Marrakesh may be
compared to a French (Bordeaux) population studied by
David et al. (2003). In Bordeaux, the winter tempera-
ture is much colder, i.e. 8.2°C for the three colder months,
while in Marrakesh, the corresponding mean value is 13°C.
In D. melanogaster, a complete development is possible at
12°C, so that winter generations, as well as summer genera-
tions are possible in Morocco (Chakir et al. 2007). In France,
on the other hand, development is not possible during win-
ter and over-wintering is likely due to the survival of adults
in sheltered places (David et al. 1983, 2004; Pétavy et al.
2001).

In a previous study (David and Bocquet 1973), sev-
eral Moroccan populations were compared with French and
Afrotropical ones, for two metrical traits: body weight and
ovariole number. Significant differences were observed be-
tween the three sets of populations, but the Moroccan flies
were more similar to that of French than the Afrotropical
ones.
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Figure 4. Correlation diagrams between sex dimorphism (SD) in-
dices of different traits. (A) Relationship between SDs of wing
length and thorax length. (B) Relationship between SDs of wing
length and thorax width. Ellipses of 80% confidence are shown; ar-
rows point to the mean values; coefficients of correlation are given.
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Table 7. Correlation between SD indices of different characters using either the

F/M ratio or the F-M difference.

Traits Ratio x ratio  Diff X diff Ratio x diff Diff X ratio = Mean = s.e.
W-T 0.48 0.50 0.47 0.485 0.49 + 0.006
W-t 0.87 0.86 0.85 0.863 0.86 + 0.005
T-t 0.70 0.73 0.72 0.713 0.71 = 0.008
STP-W 0.06 0.06 0.06 0.060 0.06 + 0.000
STP-T 0.34 0.35 0.35 0.345 0.35 + 0.003
STP-t 0.28 0.26 0.27 0.270 0.27 = 0.004

Threshold of significance for the r values depicted: 0.55 (at P = 0.05); 0.68

(at P = 0.01); 0.80 (at P = 0.001).

In the present work, we found some other significant dif-
ferences between French and Moroccan flies. For size traits,
a clear difference has been found for the wing, but not for
the thorax. As a consequence, the W/T ratio is significantly
less in Morocco, which implies a higher wing loading. This
agrees with the hypothesis that, during the latitudinal expan-
sion of the species, selection occurred mostly on wing size,
in order to favour the capacity to fly in a cold environment,
using a lesser wing-beat frequency (Stalker 1980; Pétavy et
al. 1997). We also found that body pigmentation was lighter
in Morocco than in France, in agreement with the thermal
budget hypothesis (Gibert ef al. 1996). This also agrees with
the fact that, in the sibling D. simulans, a significant differ-
ence in pigmentation was found between winter and sum-
mer generations in Morocco (Chakir et al. 2007). Both W/T
and body pigmentation may be considered as fast evolving
traits, adapting rapidly to local temperature change. No sig-
nificant difference was, however, found for thorax length and
sternopleural bristles. In conclusion, the Moroccan popula-
tions must be considered as temperate populations, belong-
ing to the Palaearctic region, as also demonstrated by a cold
tolerance of spermatogenesis (David et al. 2005) and also by
microsatellite analysis (Dieringer et al. 2005).

Body shape and indices

In all analyses of shape, a major problem is to eliminate,
at least in part, the influence of size and of allometric rela-
tionships. A traditional approach in Drosophila has been to
calculate a diversity of taxonomic indices (Sturtevant 1942;
Burla 1954). In this respect, the W/T ratio is clearly a shape
index. The reduction of variability in ratios is evidenced by
a decrease of the within-line CVs (table 1). Besides wing
and thorax length, we also measured thorax width and this
permitted the calculation of two other ratios, among which
the thorax length to width ratio is obviously an elongation
index of the thorax. The values in D. melanogaster (1.50 in
females, 1.44 in males) are calculated here for the first time.
A similar study on a distantly related drosophilid (Zaprionus
indianus) (Yassin et al. 2007) yielded a much greater value,
close to 1.75, suggesting that thorax shape variability might
be an interesting trait to study in drosophilid evolution.
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An interesting observation on all these ratios is that they
are genetically variable, with fairly high isofemale heritabil-
ities (table 2). The capacity of these ratios to evolve across
species or to respond to environmental variation will be in-
teresting to investigate from a comparative point of view.

Correlations between traits in the same sex

At the within-line level, 13 independent correlation coeffi-
cients were available providing a fairly precise average value.
The main conclusion is that similar traits (e.g. body size-
related) are positively and highly correlated, while different
types of traits (e.g., size and bristles number) are not.

At the between-line level, only a single r value is avail-
able, hence a lack of precision. There is a general tendency
for these genetic correlations to be higher than the within-line
correlations. This is expected, considering that the influence
of random fluctuations tends to disappear when line mean
values are considered. All correlations between size traits
are significant, while those involving other traits are not. An
interesting observation, however, is the fairly high correla-
tion (average r = 0.395 + 0.057, n = 6) observed between
size traits and STP bristles, which should be investigated in
other populations to assess its generality.

Fluctuating asymmetry (FA)

There are only a few publications in which the bilateral sym-
metry of meristic traits has been investigated in Drosophila
(Shakarad et al. 2001; Pétavy et al. 2006; Chakir et al.
2007). The left-right side (L.R) correlation (table 4) showed
a higher value between lines as compared to within lines, and
this may be considered an expected consequence of genetic
differences in bristle number among lines. We also found
an unexpected difference between STP bristles and the bris-
tles on abdominal sternite A7. For these abdominal bristles,
the within-line correlation L.R was zero, contrasting with a
high correlation among lines. The FA index (ASI) was also
much greater for A7 than for STP bristles, again suggesting a
stronger instability for the abdominal bristles. Interestingly,
when ASIs of the two kinds of bristles were correlated, a nil
value was observed, indicating that the magnitude of FA in
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the thorax does not influence that at the tip of the abdomen,
and vice versa.

Sexual dimorphism

Sexual dimorphism is genetically variable for almost all
traits, as shown by significant intraclass correlation coeffi-
cients (table 5). This conclusion is confirmed by positive
female-male correlations for the same trait. Interestingly,
isofemale line heritabilities for SD are generally lower than
for the traits themselves, as expected (David et al. 2003;
Pétavy et al. 2004, 2006), but not by too much. There is,
therefore, a large genetic potential for SD indices to change
between populations. Our results, however, revealed a re-
markable identity of body size SD (wing and thorax length)
between French (David et al. 2003) and Moroccan flies. In
a recent, similar investigation on a cosmopolitan drosophilid
Zaprionus indianus (David et al. 2006), SD for body size
was found to be very low but remarkably constant among ge-
ographic populations all over the world. By contrast, old lab-
oratory strains were found to be more variable with respect to
SD. These observations were interpreted as an indication of
a strong balancing selection in nature, but a consequence of
drift in laboratory conditions. The same phenomenon might
exist in D. melanogaster, since we have some evidence that
old laboratory cultures are much more variable than recently
collected populations (J. R. David, unpublished data).

A major evolutionary problem in the future will be to
understand how the sex-determining genetic cascade inter-
feres with various quantitative traits. A possible approach
is to consider genetic correlations of SD indices for differ-
ent traits. High positive significant values have been found
for the SD of size traits, and this is expected under the as-
sumption that all these traits share a common genetic ba-
sis. Knowing whether wing dimorphism is more correlated
to that of thorax width than thorax length would need more
extensive investigation. Another suggestion from our data
would be that STP dimorphism is not correlated to wing
SD, but slightly positively to SD of thorax dimensions. This
would make sense from an anatomical point of view.

Finally, the analysis of thorax width (t) has revealed a
significant, unexpected dimorphism. When compared to the
thorax length (T/t ratio), SD is significantly greater than 1:
the thorax is more elongated in the female, and this might
influence the flight capacity between sexes.
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