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Summary — Geographical variability between natural populations of the 2 related cos-
mopolitan species Drosophila melanogaster and D simulans was investigated on a large
number of populations (ie 55 and 25, respectively) for 6 morphometrical traits concern-
ing weight, size, reproductive capacity and bristle numbers. For 21 populations, sympatric
samples of the 2 species were available. For most traits, the mean values of D melanogaster
are higher than those of D simulans, with the exception of the sternopleural bristle num-
ber, for which the species are similar. In D melanogaster, similar latitudinal variations exist
along an African-European axis, in both hemispheres, and on the American continent. In
D simulans, a latitudinal cline that is parallel to those observed in D melanogaster was
observed suggesting that variability between populations is partially adaptive. In addition
to these parallel variations, in which the mean values of all traits increase with latitude,
inter-continental variations were also detected in D melanogaster when populations sam-
pled at similar latitudes were compared (eg, West Indian and Far Eastern populations).
Different demographic strategies (r or K') could explain such variations. Analysis of mor-
phological distances (Mahalanobis generalized distance D2) between populations of the
2 species, showed that D melanogaster is much more diversified than D simulans. All the
traits except the sternopleural bristle number are involved in these differences.

Drosophila melanogaster / Drosophila simulans / morphometrical trait / geographic
variability / isofemale line

Résumé — Variabilité phénotypique et génétique de caractéres morphologiques dans
les populations naturelles de Drosophila melanogaster et de Drosophila simulans.
1. Variabilité géographique. La variabilité géographique entre populations naturelles des
2 espéces cosmopolites affines Drosophila melanogaster et D simulans a été analysée sur un
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grand nombre de populations (55 et 25 respectivement), pour 6 caractéres morphologiques
liés au poids, a la taille, a la capacité de reproduction et auxr nombres de soies. Pour
21 populations, un échantillon des 2 espéces était disponible. Sur l’ensemble des caractéres,
D simulans présente des moyennes plus faibles que D melanogaster, a l’exception du nom-
bre de soies sternopleurales pour lequel les 2 espéces sont identiques. Chez D melanogaster,
des variations latitudinales similaires existent le long d’un aze Afrique-Europe, de part et
d’autre de ’équateur, et sur le continent américain. Pour D simulans, un cline latitudi-
nal paralléle ¢ ceuzr détectés chez D melanogaster a été observé suggérant qu’une partie
des variations interpopulations est de nature adaptative. En plus de ces variations par-
alléles ou les moyennes de l’ensemble des caractéres augmentent avec la latitude, des
variations inter-continentales ont été décelées chez D melanogaster si l'on compare des
populations échantillonnées sur différents continents a des latitudes comparables (popu-
lations des Antilles et d’Extréme-Orient). Des différences de stratégies démographiques
(r ou K ) pourraient expliquer ce type de variations. L’analyse des distances morphologiques
(D2 de Mahalanobis) entre les populations au sein de chacune des 2 espéces monire que
D melanogaster est globalement bien plus diversifiée que D simulans pour l’ensemble des
caractéres a l'exception du nombre de soies sternopleurales.

Drosophila melanogaster / Drosophila simulans / caractéres morphométriques /
variabilité géographique / lignées isofemelles

INTRODUCTION

The sibling species Drosophila melanogaster and D simulans present strong mor-
phological similarities. They were often confused until Sturtevant (1919) described
D simulans as a close relative of D melanogaster. These 2 cosmopolitan species are
widely distributed in both temperate and tropical regions. However, while they are
sympatric in many places, their relative proportions are not always the same. For
instance, in Africa, the relative proportion of the 2 species exhibits a geographic gra-
dient from the Ivory Coast, where D simulans is almost absent and D melanogaster
is the main species, to islands in the Indian Ocean close to the African coast where
D simulans is more abundant than D melanogaster (Lachaise et al, 1988). Moreover,
D simulans is not found in several countries in the Far East, or has been recently
introduced there.

At first it was expected that because of their common ancestry, the 2 species
would exhibit similar patterns in the genetic variability of their natural populations.
During the last 2 decades, they have been compared for numerous kinds of traits,
including: chromosomal inversions (Ashburner and Lemeunier, 1976 ; Lemeunier et
al, 1986); mitochondrial DNA (Solignac and Monnerot, 1986; Hale and Singh,
1985); enzymatic polymorphism (Hyytia et al, 1985; Singh et al, 1987; Singh,
1989; Choudhary and Singh, 1987); dispersed repetitive DNA (Dowsett and Young,
1982) ; protein polymorphism analysed by 2-dimensional electrophoresis (Ohnishi
et al, 1982, Choudhary et al, 1992) ; physiological traits (Parsons 1983; David et al,
1983) ; behavioural traits (Cobb et al, 1985, 1986, 1987); cuticular hydrocarbons
(Jallon and David, 1987); and morphological traits (Tantawy and Mallah, 1961;
David and Bocquet, 1975; Parsons, 1983; Hyytia et al, 1985).
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In most of these analyses, it was found that D melanogaster has greater variability
between populations than D simulans. Only 2 exceptions can be mentioned. First,
D simulans was found to be 3 times more variable than D melanogaster for the inter-
pulse interval (IPI) of courtship song, (Kawanishi and Watanabe, 1981). Second, at
the DNA level, the restriction-site polymorphism was greater in D simulans in the
rosy region (Aquadro et al, 1988) and in regions on the X chromosome including
the y, Pgm and per genes (Begun and Aquadro, 1991).

Although the 2 species were compared for many traits, few morphological data
are available. In the works cited above that deal with these quantitative traits,
the geographical variability between natural populations of D melanogaster and
D simulans was investigated in a restricted area and from a small number of
populations. Moreover, according to their different authors, investigations were
carried out under different laboratory conditions making comparisons difficult or
impossible. Therefore, only tendencies were evidenced, from these data, and it was
difficult to draw general conclusions.

The aim of this work is to compare the geographical variability of D melanogaster
and D simulans from natural populations collected in various parts of the world.
Two related questions will be considered; i) how much geographical variability is
found in the 2 species and ii) whether the patterns found for morphometrical traits
match those observed for other genetic traits.

To answer these questions, the variability between populations (this paper) and
the within-population variability (Part II, Capy et al, 1994) were investigated for
6 morphological traits. These traits can be clustered as follows: traits related to

“size (weight, wing and thorax lengths); a trait related to the reproductive capacity
(ovariole number); and 2 bristle numbers. The first 2 types of traits are likely
under selective pressures in natural conditions, while bristle numbers are generally
considered as more neutral.

Such a diversity of characters allows various comparisons of the 2 species. From
selected traits, it is possible to determine whether general rules of geographical
variations exist and thus which geographical or climatic related factors are involved.
On the other hand, the genetic variability observed between populations for neutral
traits could be partly due to genetic drift. It is also interesting to compare the
2 species for complex traits involving a large number of genes, such as fresh weight,
and for traits determined by a few major genes, such as bristle number (Shrimpton
and Robertson, 1988a, 1988b).

In this work, we found that while latitudinal clines exist in both species,
natural populations of D melanogaster are much more differentiated than those
of D simulans for all traits with the exception of the sternopleural bristle number.
These results are compared with those obtained for other traits, and the hypotheses
already proposed to explain the differences between the 2 species are discussed
according to our data.
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MATERIALS AND METHODS

Natural populations

Fifty-five natural populations of D melanogaster and 25 of D simulans were anal-
ysed; 21 populations of each species were sympatric (table I). All populations orig-
inated from low altitudes and were collected with attractive fermenting fruit traps.
In all cases, isofemale lines were used, ie wild inseminated females were isolated
in culture vials to produce progeny. Because wild females may be inseminated by
more than 1 male (Milkman and Zietler, 1974), the following procedure was used.
One male and 1 female from 2 different initial lines were mated to initiate a new
line. These parents were transferred to a highly nutritive food (killed yeast medium,
David and Clavel, 1965). To avoid crowding effects, a maximum of 50 eggs were
reared in the same tube and the emergences (full-sib individuals) were used for the
morphological analyses. Thus, from n initial lines, n/2 new lines were produced
and 10 individuals per line were measured. In some cases, the new lines were gen-
erated and studied after the initial lines had been kept in the laboratory for a few
generations (generally, less than 5).

Table 1. Mean values and standard error of the means of the 6 morphological traits®.

Bristle number

Population. Country n Sp Fresh weight Thovar length Wing length - Abdominal Sternoplewral Ovarviole No
Draveil France 100 M 91.51 £ 0.36 93.81 + 0.23 198.30 + 0.42 3690033 17.77+£020 42.80+0.26
100 S 7214+ 035 8954 £ 0.30 165.89 + 045 32351030 1844+017 36.36 +0.21
Quimperlé Frarice 100 M 9126+ 0.36 9356 + 0.29 20090 + 0.52 3713+ 027 1807 +021 4651+035
Malaucéne  France 270 M 9053+ 0.54 96.39 + 0.23 20518+ 039 3428+ 031 19.04+023 43.05+048
Montpellier  France 100 M 94.19+ 038 94441028 198.11 + 054 3718+ 030 17.97 £017 43.05+027
100 S 76.76 + 0.31 90.94 + 026 17294 £ 048 3357037 1785+020 38161020
Moulis France 100 M 96.91 + 0.34 96.02 + 0.30 20258 + 052 3744 +026 17.39+020 41151026
100 S 84.35 + 0.44 93.21 £ 0.29 173.63 £ 0.49 3342+033 18.19£018 3684+022
Perpignan  France 100 M 93.75+0.24 9462+ 025 19426 £ 0.44 38451 038 1851 +024 4538+ 030
100 S 8444039 9314023 171.76 £ 0.41 3275+ 033 1839+020 36.80+10.34
Porquerotles France 90 M 8196+ 046 9043 028 191814048 37931029 1742+019 4086+ 0.29
100 S 76.16 + 0.60 90.33 + 0.36 168.58 + 0.47 3389+ 029 1885+021 36.91+0.22
Villeurbanne France 300 M 89.74 £+ 062 9474 + 026 20188+ 055 3481+033 1878+028 4829+054
100 S 78.35+ 0.44 90.83 1028 171.76 + 0.37 3505+ 035 1848+019 3623+028
Seville Spain 100 M 94.49 3+ 0.44 9314+ 0.26 190.91 + 041 3689036 17.22+017 4290+ 032
100 S 77.81 1 0.43 8828 + 0.33 169.29 + 0.45 33.05+ 034 1797 021 37.99 £ 0.17
Palerme htaly 100 M 98.00 + 0.64 94.63 + 0.30 199.68 + 0.65 3717+036 1814021 43.04 + 0.23
Athens Greece 100 M 8982+ 040 9330:025 19118 + 043 37561033 17.78+022 44.7910.30
100 S 77861046 89.21 +0.33 169.81 £ 041 3451:+032 1833+t020 39.65+0.23
Casablanca  Morroco 100 M 90.46 1 0.36 9210+ 0.24 188.87 £+ 0.43 36621 037 1784 +020 41.18+0.27
Rabat Morroco 100 M 91.86 + 0.34 92.78 + 0.20 188.50 + 0.37 3557033 17.27+0.18 4164+0.28
100 S 7727+ 038 91.01+023 17052 + 0.34 33.76+028 1811+015 36.79+0.26
Tizi-Ouzou  Algeria 100 M 8267+ 039 9137029 18719+ 040 37.03+030 1752+0.18 41.73+0.37
Bizerte Tunisia 100 M 90.81 £ 044 93.39 + 0.32 189.02 £ 0.44 38251037 1797 +0.19 4265+0.27
100 S 81.28 £ 0.24 90.78 + 0.21 17166+ 032 34001024 1832+020 38.19+.022
Nasraflah Tunisia 230 M 88.33 + 0.48 91.65 + 0.38 186.06 + 0.48 36.05+ 035 18.18+ 020 37.97 +0.36
100 S 81.56 + 0.31 91.55 + 0.29 17222 £ 040 34271034 1820+ 018 38.21+0.19
Alexandria  Egypt 200 M 87381093 9230+0.38 190.26 + 0.65 3623+ 037 17661020 38141048
Gianacks Egypt 100 M 8968+ 049 9177 £ 027 18853+ 042 3748+034 1759+ 0.18 4167067
Baghdad Irak 100 M 8236+ 039 9144 029 18363+ 043 3842+032 1746 +021 40521022
100 8 73.60 + 0.40 89.72 + 0.31 169.00 £ 0.35 32771033 18204021 36.71+021
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Table 1. (Continued)

Bristle number

Population Country n Sp Fresh weight Thorax length Wing length Abdominal Sternopleural OQuariole No
Brazzavile Congo 220 8240+ 066 92.15+ 028 190.36+ 0.58 31201034 17301024 39.67 +0.50
80 7325+ 054 86.86+0.33 167.05+ 045 32851033 17931015 3352+0.23

Loua Congo 90 73.89 £ 0.36 88.28 + 0.32 16642+ 034 31151029 1759+026 3594 +0.24
Bugarama Burundi 150 89.05 1 0.59 94.79 + 0.40 20256+066 32941032 1799+021 33.09+0.29
Cotonou Bénin 180 76.14 £ 0.68 8932+ 0.27 181.97 £+ 044 3031+ 038 1580+019 38.25+0.32
Tison Lake  Cameroon 300 82.83 + 0.40 92.56 + 0.33 182.01+£ 043 30981029 1656+ 017 3995+ 036
Lamio Iv. Coast 100 81.30 + 0.41 86.67 + 0.28 176.35+ 035 3224+ 025 16214016 37.65+0.31
Tal Iv. Coast 100 72.00 £ 0.51 85.62 + 0.31 17157 £+ 0.47 33851033 15841014 37281031
Nairobi Kenya 100 87.17 + 0.41 91.36 + 0.27 18416 + 0.38 3537+ 034 19601021 39631025
100 77.03+0.34 90.27 £ 0.29 17392+ 041 31924033 18071019 3531+0.27

Mbuluzi Mbuluzi 100 85.41 + 0.40 90.11 + 0.31 181.14 £ 0.45 33881027 17861023 40.1610.34
50 7452 + 040 89.90 1 0.35 17160+ 050 3060+028 18401017 36.28+0.22

Ngenges Tanzania 100 83.36 + 0.35 90.83 + 0.27 188.90+ 0.54 34771032 1640+016 40.78+0.24
Cape Town  S. Africa 100 89.30 + 0.59 93.06 + 0.29 190.06 + 0.50 36.43+028 17571020 4291037
100 78.34 + 0.55 89.32 + 0.34 17058+ 049 31261027 17571018 37911026

Harkerville S. Africa 100 9168 + 0.33 93.98 + 0.25 19042+ 0.39 37.34+026 1735+020 41.06+029
Johanesb. S. Africa 100 9231 £ 0.33 9341 +0.26 188.77+ 046 35354032 1742+022 4080+025
100 7427 + 0.44 90.06 + 0.30 16965 + 046 3228+ 034 1820+019 3731+022

Cayenne Guiana 140 76.98 + 0.40 88.28 £ 0.28 17233+ 037 34481031 1643+019 39.94+026
Mapimi Mexico 100 89.79 + 0.41 92.96 + 0.23 19061+ 043 38.19+033 17591017 39981024
Los Tuxtlos Mexico 100 75.22 + 0.65 90.34 + 0.30 16753+ 050 31731030 17291019 37.40+026
Abymes W. Indies 100 6564 + 0.35 83.45 + 0.33 163.41 + 0.41 35.15+ 032 1641+0.15 37.80+0.28
Petit-Bourg  W. Indies 250 74.78 + 0.57 87.44 + 0.38 167.71 + 044 3507 + 027 1630+0.16 39.16+0.33
Soufriere W. Indies 100 73.38 £ 0.70 82.73 + 0.36 16784+ 084 33681033 15761013 39.57+0.38
Diamant W. Indie 130 7726 £ 048 85481+ 027 16767+ 042 33861033 16.021016 38.09+032
Ponce P.Rico 60 7550 £ 0.54  86.90 £ 0.44 17148+ 031 3653+032 16871013 3820:+027
50 65.53 + 0.44 85.90 + 0.26 16186+ 035 3310+030 17281017 3588+0.18

St Thomas St Thomas 40
P. Louis Mauritius 100
P. Mathutin  Mauritius 100
Victoria Seychelles 100

7097 + 023 89.80+ 025 16445+ 035 33651021 18471014 37251023
86.32 £ 0.34  89.89 + 0.31 18534+ 0.38 37.30+035 1638+0.19 3851+0.18
8538+ 0.34 89.5910.19 18427 £ 042 38051025 16431019 381561014
8545+ 075 35481038 18577+ 053 39.31+036 1670+ 0.16 89.74 + 0.46
7888 £ 040 9098 + 0.25 168.45+ 048 30611023 1584+019 34481025
7558+ 058 87.951+0.32 17089 £+ 041 2991+ 030 18561020 37.051020
84.13+037 90731033 17630 £+ 040 3624 +034 1755+0.19 39441023
83.69 + 0.37 89.47 + 0.27 17502+ 040 3668+039 1842+0.18 4204 + 050
103.3310.43 3998 + 0.39 193.00 £ 0.67 44281030 1897018 05641026

Antananar.  Madagasc. 100
Tahiti Polynesia 100
Moorea Polynesia 100
Melbourne  Australia 100

TTIZIIIZIZIIITIONIITIVOZIZIZIVONIIZIZIZINIZINZIINIZININIZIZIZIZIZIONZ

100 93.21 £ 0.30 92.46 + 0.38 17371 £ 045 3497+ 034 18581024 36.81+0.22
Hilo Hawai 100 89.93 + 0.60 90.25 + 0.23 18366 + 036 37.02+028 17281019 4380041
Chikugo Japan 120 100.39+0.47 37.88 + 0.31 19859 £+ 0.42 43811055 19181024 9558+ 0.34
Katsunuma  Japan 80 101.6510.38 36.97 + 3.21 19546 + 038 4224 + 052 1957 +241 96.01+035
Ho Chi Minh  Vietnam 210 99.39 + 0.49 9297 + 0.45 19641 £+ 064 3626+ 026 18.1210.25 33.61+0.36
Kichener ClS. 100 93.69 + 0.30 94,64 + 0.27 20239+ 056 35371029 17441016 41841020
Magarach C.1S. 100 91.80 + 0.26 9288 + 0.22 19490+ 043 36261029 17581022 4287+0.28
Uman C.lS. 100 91.36 + 0.37 9357 + 0.22 19756 £+ 0.39 3727 +034 1762+t0.15 4579+ 031
Abilene USA 100 92.16 + 0.65 81.10 £ 0.18 188.73 £ 040 37.74+032 1895+ 021 46.09+0.39
Tucson Usa 100 90.54 + 0.59 9250 + 0.17 18863 + 0.35 38.07 +0.30 1854 +0.22 43.37+0.39
Washington USA 100 95.36 + 0.65 9453 + 0.20 19815+ 040 37241036 1782+021 4572+037
Ottawa Canada 100 91.84 + 1.30 92.32 £ 0.19 194.04 £ 046 3765+ 028 18641022 4521+045

2 1 = muher of individuals measnred by populations: Sp = species: M = D melunogaster: S = D sitnulans (see text for move details).

Morphological traits

Six morphometrical traits were considered: fresh weight (FW) measured a few
hours after emergence (expressed in mg x 100); the sum of the abdominal bristles
on the fourth and fith tergites (AB); the sum of the sternopleural bristles on the
right and left sides (SB); the thoracic length (7L) in lateral view (expressed in
mm x 100); wing length (WL) measured between the humeral cross-vein and the
tip of the third longitudinal vein (expressed in mm x 100); and the total ovariole
number ( ON) of both ovaries (David, 1979). Since a high correlation exists between
males and females of the same line (David et al, 1977; Capy 1987) measurements
were made on 1 sex, ¢e males for the morphology and females for ovariole number.
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Geographic diversity

Morphological distances between natural populations were estimated by the Ma-
halanobis generalized distance (D?) over the 6 traits considered here. This is a
Euclidian distance based on the generalized Pythagoras theorem and related to the
Hoteling T2 used in discriminant analysis. The Mahalanobis distance was calculated
using the mean values of each isofemale line as basic data. To visualize the difference
of morphological variability between the 2 species, some trees based on the matrices
of the distance are proposed. These trees were built using PHYLIP (version 2.9).
To this end, populations were clustered into several groups according to their geo-
graphic proximity. For D melanogaster, 13 groups were considered: France, CIS (ex
USSR) ; East Mediterranean; West Mediterranean ; Tropical Africa; the Seychelles
and the Mascarene Islands; Southern Africa; North America (northern USA and
Canada); West Indies; southern USA and Mexico; the Society Islands and Hawaii;
the Far East ; and Australia. For D simulans, only 8 groups were considered: France;
East Mediterranean; West Mediterranean; Tropical Africa, South Africa; French
West Indies; Southern USA and Mexico; and the Seychelles and the Mascarene
Islands.

Latitudinal variations of the 6 morphometrical traits were mainly analysed along
a transect between tropical Africa and Europe. For D melanogaster both hemi-
spheres and a transect between Mexico and North America were also considered.
For this species, intercontinental variations between America, North Africa and Far
East were also analysed.

RESULTS

Table I gives the mean values of the 6 quantitative traits for all the populations
sampled. This table will be analysed according to 3 main points: general trends
of the between population variability in both species, and geographical variations
according to either latitude or different continents.

General trends

Table I shows that D melanogaster values are generally higher than those of
D simulans. However, due the broad range of variation found in each species,
some overlaps can be found. For example, male fresh weight in French D simulans
(eg, 84.44 in Perpignan) may be much higher than the same trait in African
D melanogaster (eg, 76.14 in Cotonou). A better comparison is provided when only
the sympatric populations are compared (table II).

As shown in table II, the overall mean values are statistically inferior in D sim-
ulans than in D melanogaster, with the exception of the number of sternopleural
bristles. A detailed analysis of table I shows that this is a general phenomenon
when sympatric populations are compared. Mean values of D melanogaster are
always higher for FW, TL, WL and ON; all these traits are related to size or re-
production. D simulans is then smaller with a lower reproductive capacity than
D melanogaster. This confirms results already observed in a few populations in dif-
ferent parts of the world (Tantawy and Mallah, 1961 ; David and Bocquet, 1975).
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The 2 species are quite similar for the thorax length (92.45 for D melanogaster
versus 90.27 for D simulans) while wing length, fresh weight and ovariole number are
substantially different (190.22 versus 170.26; 89.81 versus 77.87; and 42.10 versus
36.89). The conformation and the shape of individuals are therefore different in the
2 species and their respective wing loads are not exactly the same.

Variances between populations (table II) are mainly due to long-range geographic
variations. In all cases, they are higher in D melanogaster than in D simulans but
only 2 are statistically significant for wing length and ovariole number. This is a
first indication that different traits do not exactly follow the same rules of variation
in the 2 species. For example, wing length is far more variable in D melanogaster
than in D simulans and thorax length exhibits a similar pattern.

For each morphological trait, correlations between mean values of sympatric
populations are positive, and 4 out of 6 are significant (table II). Such a result
evidences parallel variations in the 2 species and suggests an adaptive significance.

Geographic variability

Morphological distances between natural populations of each species were estimated
by the Mahalanobis D2, taking into account simultaneously the 6 traits. The
distributions of this distance are given for the 2 species in figure 1. The differences
between D melanogaster and D simulans are clear both when all (white histograms)
or only sympatric (black histograms) populations are considered. A representation
is given in figure 2, in which populations have been clustered according to their
geographical origin (Materials and methods). The trees show that the distances
between populations within each species are clearly different (compare the 2 trees
on the same scale), but the classification of populations are roughly the same.
All the morphological traits studied here are involved in the differentiation of the
2 species with the exception of the sternopleural bristle number.

For D melanogaster, 3 main groups of populations can be distinguished: popula-
tions of temperate regions including northern USA, Canada, France and ex-USSR ;
populations of tropical regions including the West Indies, the Society Islands and
Hawaii; and populations in tropical Africa, the Seychelles and the Mascarene is-
lands. Between these 3 main groups, we find populations living in regions with in-
termediate climates such as South Africa, Mediterranean countries, southern USA
and Mexico, the Far East and Australia.

For D simulans, 3 types of region are found, ie tropical regions, Mediterranean
countries and Australia. However, it must be stressed that for this species, tem-
perate countries were represented only by French populations; these populations
mainly originated in southern France thus explaining why they are close to Mediter-
ranean populations.

Latitudinal clines

Most of the populations studied here belong to an African-European transect from
South Africa to France. For D melanogaster, similar latitudinal clines are observed
when the 2 hemispheres are considered independently. In both cases, the mean
values of all traits significantly increase with latitude from the equator to higher
northern or southern latitudes (table III).
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Fig 1. Distributions of generalised distances of Mahalanobis (D?). White distributions
correspond to the distances calculated over the total populations available in each species.
Black distributions correspond to the distances calculated between the 21 sympatric
populations.

On the north American continent, although only 11 populations were available,
a latitudinal cline showing the same tendencies for all traits was also observed.
All the correlations between mean values and latitude are significantly positive.
Therefore, the clines on the American continent and along the African-European
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Fig 2. Trees built from the matrices of morphological distances with the program PHYLIP
(version 2.9). To this end, populations were clustered according to their geographical
origins, ie 10 groups for D melanogaster and 9 groups for D simulans.

axis are parallel. As an example, the relationship between latitude and ovariole
number is given in figure 3 for the whole set of 55 populations.

For D simulans, only the African-European axis was considered, with 19 pop-
ulations. All the correlations with latitude are positive but only 3 are significant.
However, when all the populations sampled are considered all the correlations with
latitude become significant.

Latitudinal variations may also be analysed simultaneously by combining the
6 morphometrical traits in a principal component analysis. The results obtained for
D melancgaster along the European-African transect are shown in figure 4. Axis 1
is mostly related to latitude and we see that South African populations are close to
those in the Mediterranean. Significant differences are also expressed on the second
axis, especially for the populations of Mauritius and the Seychelles. The population
of the Seychelles is close to populations of Mediterranean countries and tropical
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Table III. Correlations between mean values and latitude for the six morphological traits.
The sets of populations considered here are the following: I from Southern Africa to
Europe; II from Guiana to Canada; III all populations.

D melanogaster D simulans
I I 11 I iy
Traits n =37 n =11 n =55 n =19 n = 25
Fresh weight 0.61(**) 0.82(**) 0.59(**) 0.31(ns) 0.39(**)
Thorax length 0.60(**) 0.79(**) 0.60(**) 0.44(ns) 0.48(**)
Wing length 0.47(**) 0.85(**) 0.61(**) 0.15(ns) 0.31(%)
Abdominal bristles 0.62(**) 0.75(**) 0.62(**) 0.61(**) 0.54(**)
Sternopleural bristles 0.70(**) 0.87(**) 0.62(**) 0.58(*) 0.50(**)
Ovariole number 0.67(**) 0.85(**) 0.73(**) 0.66(**) 0.60(**)

n = number of populations; level of significance: ns = not significant; * < 5%; ** < 1%.
501
481 b
461
444

Ovariole number

Latitude of origin

Fig 3. Latitudinal variations of the ovariole number in D melanogaster. Each point
corresponds to the mean value of each natural population. All 55 populations were
considered whatever their geographical origins.

Africa. Historical evidence suggests that D melanogaster was recently introduced
into the Seychelles archipelago (David and Capy, 1982) but the geographical ori-
gin of colonising populations remains unknown. From the analysis of allozymes
frequencies and ethanol tolerance, this population is almost identical to European
populations. On the other hand, from biometrical traits, this population remains
intermediate between temperate and tropical populations, even though the Sey-
chelles are close to the equator. Figure 4 suggests that this population might come
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Fig 4. Projection on the first 2 axes of a principal component analysis of natural
populations of D melanogaster belonging to the African-European latitudinal transect.
Populations were clustered according to their proximity. This plane explains 78% of the
total variance. All morphological traits are highly correlated with the first axis while only
the abdominal bristle number is correlated with the second axis.

from either Mediterranean or South African populations. Its intermediate position
could also reflect a partial adaptation to a new tropical environment.

Variability between continents

In D melanogaster, although parallel latitudinal clines are evidenced on 2 continents,
populations from the same latitude but different continents do not show similar
morphological characteristics. For instance, when tropical populations are ordered
along a longitudinal gradient, from the West Indies to tropical Africa and the Far
East, significant differences are observed for fresh weight, thorax and wing lengths
and ovariole number. For the first 3 traits, the mean values increase from West
Indian to Far Eastern populations (fig 5) while the mean values of ovariole number
decrease. In other words, individuals in the West Indies are lighter and smaller than
those in the Far East, but they also have a higher reproductive capacity; African
populations are intermediate for all these traits.

Correlations with climatic factors

Previous observations often suggest that geographical variability reflects adaptive
responses to local environment. To check whether a simple climatic factor was
related to geographical variability of morphology, 8 climatic parameters were
considered. Four of these were related to temperature (average temperature of the
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Fig 5. Variations of average values of fresh weight according to longitude in D melano-
gaster. Only populations belonging to a latitudinal range between the 20th north parallel
and the 20th south parallel were considered. Populations were ordered from Caribbean to
Pacific islands.

hottest and coldest months, the difference between these 2 values and the average
temperature of the year). The 4 remaining parameters were related to rainfall
(average total rainfall of the wettest and dryest months, the difference between
these 2 values and average total rainfall of the year). These data were taken from
the World Meteorological Organisation (1982) and correspond to average values
over a period of at least 10 years. Because most climatic parameters were highly
correlated with latitude (in general p < 0.001), partial correlations (to subtract the
latitudinal effect) between climatic data and morphometrical traits were calculated.
Few partial correlations remain significant but none of the correlations observed for
D melanogaster exist in D simulans.

DISCUSSION AND CONCLUSION
Is geographic variability adaptive ?

Our results from a large number of natural populations show that D melanogaster is
geographically much more diversified than D simulans. In D melanogaster, similar
variations are observed in different hemispheres or continents and these variations
are parallel to those observed in D simulans, with the exception of the sternopleural
bristle number.

In D melanogaster, parallel latitudinal clines, observed on the American conti-
nent and between tropical Africa and Europe, strongly suggest an adaptive signifi-
cance of the geographical variability. Another possibility could be that colonisation
of the American continent occurred from several populations, already differentiated
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prior to invasion. In other words, the variability observed on this continent could
be a transposition of a pre-existing variability. For example, populations of Canada
and northern USA could originate from Europe. Those from the West Indies, Mex-
ico and southern USA could originate from tropical Africa. Such a scenario is quite
possible since colonisation of the North American continent occurred during the
last centuries from different European and African populations (David and Capy,
1988). However, the similar clines in both hemispheres and in the 2 sibling species
favour the adaptive hypothesis of the geographical variability. Nevertheless, it is
also possible that the colonisation of the American continent from different parts
of the world reduced the adaptation time of the colonising populations to their new
environment. On the other hand, it must be stressed that adaptation to new envi-
ronmental conditions can be rapid. In this respect, we should indicate that, after
its introduction from Europe to South America (in Chile), D subobscura has been
able to establish new latitudinal clines for chromosomal arrangements in less than a
decade (Prevosti et al, 1985). Similar phenomena were also observed for alloenzyme
frequencies in D simulans a few years after the colonisation of the Japanese islands
(Watada et al, 1986).

Existence of a latitude-related morphological variability suggests that selective
factors like temperature or rainfall could be involved. A strong negative correlation
is observed between latitude and mean annual temperature, the temperature of
the coldest month and total annual rainfall. Morphometrical latitudinal clines
are thus strongly correlated to these average parameters. We tried to reach more
precise conclusions by considering partial correlations and taking out the latitudinal
influence, but this analysis failed to produce significant conclusions. Thus, the most
significant factors regulating geographical variations appear to be temperature and
rainfall. While the role of rainfall is difficult to understand and analyse, the effects
of temperature treatments can be investigated in the laboratory. In this respect,
several authors including Cavicchi et al (1985) have shown that breeding at different
temperatures may induce divergence of wing size and shape. It is likely that such
phenomena could be observed for most of the traits related to size as was evidenced
by Anderson (1973) in D pseudoobscura. On the other hand, it is also possible that
adaptation is not the result of the effect of a single climatic parameter, but could
be due to a combination of these factors or to more complex environmental effects,
including interspecific competition.

Although latitudinal trends of the geographical variability have been clearly
evidenced, some longitudinal variations were also observed. For instance, at a given
latitude, populations may be quite different although they apparently share similar
environments. Such is the case of the West Indian and Far Eastern populations
of D melanogaster. Our results on Far Easten populations are in agreement with
those of Teissier (1957) and David et al (1976). These populations are generally
heavier than Afrotropical flies and even heavier than European temperate flies.
They contrast with West Indies individuals, which are smaller than Afrotropical
ones (Capy et al, 1986). Because weight and size may be related to life duration and
because the reproductive capacity is also affected in an opposite way, these results
suggest that intercontinental variations may reflect different ecological strategies.

According to the terminology of MacArthur and Wilson (1967), populations
of Far Eastern countries could be defined as K-selected while those of the West
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Indies could be r-selected. In other words, West Indian populations develop more
rapidly, are smaller and invest less into each offspring while Far Eastern populations
develop more slowly, are larger and invest more energy into each individual (Taylor
and Condra, 1980 and references therein). Such differences could be the result of
different histories and/or local selective pressures. Indeed, according to David and
Capy (1988), Far Eastern populations of D melanogaster are ancient (possibly more
than 10 000 years) while West Indian populations are recent (a few centuries).

Such data are not available for D simulans since this species is absent in several
Caribbean islands (David and Capy, 1983), does not exist in most Asian countries
and has only recently colonised some parts of Far Eastern countries like Japan
(Watanabe and Kawanishi, 1976).

D melanogaster versus D simulans

To explain the differences in geographical variability between the 2 species several
hypotheses have been proposed, mainly by Choudhary and Singh (1987) and Singh
et al (1987).

The first hypothesis, based on niche width, suggests that D melanogaster is more
diversified than D simulans because of a greater physiological and behavioural
flexibility. Therefore, the variability in both species should be an adaptive trait.
But, what is the cause and what is the effect 7 In other words, is the niche width of
D melanogasterlarger than that of D simulans because of greater genetic variability,
or is the variability of D melanogaster higher because of its larger niche width? In
natural conditions, few data are available on the niche width of these 2 species. It
is only known that D melanogaster is more related to human activities and can be
found inside buildings while D simulans remains outside (Rouault and David, 1982;
Capy et al, 1987). In temperate countries, D melanogaster is able to use resources
with a high ethanol content while D simulans cannot (see Parsons, 1983). Moreover,
D melanogaster can be found at higher latitudes than D simulans (Louis, 1983).
Finally, in laboratory conditions, many experiments on tolerance to temperature,
showed that D melanogaster has a larger spectrum of tolerance (Parsons, 1983;
David et al, 1983) suggesting that this species could fit into a larger number of
natural situations than its sibling.

Under this hypothesis, morphological variability between and within populations
should be higher in D melanogaster. As shown in this paper, such a result is observed
at the between-population level. However, for more traits the 2 species have similar
levels of phenotypic and genetic variability within the population (see Part II, Capy
et al, 1994).

A second hypothesis is that the 2 species have different genetic strategies (Singh
et al, 1987). In this respect, D melanogaster would be fine grained while D simulans
would be coarse grained or with a general purpose genotype (Singh and Long,
1992). In other words, facing diverse environmental situations, D simulans would
have few all-purpose genotypes while D melanogaster would have many genotypes
with limited capacities. This hypothesis assumes that the phenotypic plasticity of
D simulans should be higher than that of D melanogaster, but is not supported
by the previously mentioned experiments on tolerance to several stresses. At the
morphological level, the only data available concern the pigmentation of thoracic
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trident (Capy et al, 1988) showing that the phenotypic plasticity of D simulans was
inferior to that of D melanogaster. It was also evidenced, however, that the potential
genetic variation of D simulans was high since it was possible to select rapidly very
dark flies with a pigmentation score higher than that of D melanogaster natural
populations.

The third hypothesis, proposed by Singh et al (1987), refers to the recent
world expansion of D simulans from a few individuals native to an African
ancestral population. This hypothesis is based on the mtDNA polymorphism which
is drastically reduced in D simulans compared to D melanogaster (Baba-Aissa
and Solignac, 1984; Hale and Singh, 1985; Solignac and Monnerot, 1986). For
morphological traits, this hypothesis raises the question of the time required for a
newly arrived population to be adapted to its new environmental conditions. In this
respect, the only natural experiment is the recent introduction of D simulans into
the main islands of Japan (Watanabe and Kawanishi, 1976). Although the origin
of colonisers is not known, in less than 10 years some latitudinal cline were already
observed for morphological traits (Watada et al, 1986). According to these authors,
the geographical differentiation occurs rapidly for a trait like ovariole number, and
at various speeds for other traits depending on their adaptive value. Thus, for
traits under high selective pressures, some geographical divergence may rapidly
appear. In other words, even if the expansion of D simulans was relatively recent
compared with that of D melanogaster (Lachaise et al, 1988), there was enough
time for the new population to be adapted to the new environment, at least for
some morphological traits.

A fourth hypothesis proposed to explain the difference of geographical variability
between the 2 sibling species, is that the mutation rate could be higher in
D melanogaster. The main argument in favour of this hypothesis is that the
proportion of nomadic sequences is superior in D melanogaster (Dowsett and
Young, 1982), such sequences being able to generate chromosomal rearrangements
and mutations by insertion or imprecise excision. Singh et al (1987) argued
that this hypothesis could not explain the geographical differentiation of the
2 species. On the other hand, it is also assumed that nomadic sequences like
transposable elements may be involved in the adaptation of natural populations
to the environment (McClintock, 1984; McDonald et al, 1987). Indeed, mobility
of transposable elements may create a new variability which can be selected at
the morphological level (Mackay, 1984 ; Pignatelli and Mackay, 1989). Concerning
the diversity of transposable elements already described, the 2 species are not so
different. Although D melanogaster has been more extensively studied, most of
the elements are present in both species, with a few exceptions including P and
mariner (Brookfield et al, 1984; Maruyama and Hartl, 1991). It is not known,
however, whether the elements have different mobilities in the 2 species. Inoue and
Yamamoto (1987) showed that the mutation rate by insertion of mobile elements
in the white gene of D simulans, was similar to that observed in D melanogaster,
suggesting that the 2 species have similar potential variability.

In conclusion, and in spite of several hypotheses, some of them being not mutually
exclusive, the differences between the 2 species remain difficult to explain. In
all cases, it must be stressed that there is still a lack of information about the
ecology and the population structure of these species. Moreover, in most of the
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work previously published, the geographical variability was mainly considered while
the within-population component remained poorly investigated. It is not known
whether the potential for variability is the same in the 2 species and whether these
potentialities are expressed and used in similar ways. This problem is considered in
Part II (Capy et al, 1994).
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