
Copyright  2004 by the Genetics Society of America

Effect of Breeding Structure on Population Genetic Parameters in Drosophila
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ABSTRACT
The breeding structure of populations has been neglected in studies of Drosophila, even though Wright

and Dobzhansky’s pioneering work on the genetics of natural populations was an attempt to tackle what
they regarded as an essential factor in evolution. We compared the breeding structure of sympatric
populations of D. melanogaster and D. simulans, two sibling species that are widely used in evolutionary
studies. We recorded changes in population density and microsatellite variation patterns for 3 years in a
temperate environment of southwestern France. Results were distinctively different in the two species.
Maximum population levels in summer and in autumn were similar and fluctuated greatly over years,
each species being in turn the most abundant. However, genetic data showed that D. melanogaster made
up a continuous breeding population in time and space of practically infinite effective size. D. simulans
was fragmented into isolates with a local effective size of between 50 and 350 individuals. A consequence
of this was that, while a local sample provided a reliable estimate of regional genetic variability in D.
melanogaster, a sample from the same area provided an underestimate of this parameter in D. simulans. In
practical terms, this means that variations in breeding structure should be accounted for in sampling
schemes and in designing evolutionary genetic models. More generally, this suggests the existence of
differential reactions to local environments that might contribute to several genomic differences observed
between these species.

INTEREST in the genetic structuring of natural popu- to observations, still to be confirmed, showing substan-
lations arose in the early 1930s, after the population tial local structuring (Danieli and Costa 1977; Taylor

genetic syntheses published by Fisher (1930) and Wright and Powell 1977). Microsatellite markers now provide
(1931) revealed their diverging opinions concerning a powerful way of detecting microscale structuring in
the effect of population breeding structure on the dy- Drosophila populations (Agis and Schlötterer 2001).
namics of evolution through natural selection. The need The microgeographic distribution of Drosophila popu-
to estimate population parameters led Dobzhansky to lations is still poorly understood despite ecological stud-
investigate the genetics of natural populations in Dro- ies in several species (e.g., Begon 1977). In particular,
sophila pseudoobscura (Lewontin et al. 1981). Using the more information in this domain is needed from D.
allelism of lethals, Dobzhansky and Wright (1941) melanogaster and D. simulans. These species have become
and Wright et al. (1942) were able to provide joint major evolutionary genetics models in the last decade
estimates for Ne (the effective population size) and m and show confusing differences in their patterns of
(the migration rate between populations). These studies molecular variation, which suggest demographic expla-
led to growing interest in population structuring and nations (e.g., Andolfatto 2001; Begun 2001; Charles-
encouraged Wright to develop F -statistics (Wright 1951). worth 2001). Moreover, captive Drosophila popula-
Lethal studies were also conducted in D. melanogaster tions have recently been used as experimental models of
(Ives 1945, 1950, 1959). The availability of balancers in endangered species (Frankham 1995), thus providing
this species made it possible to simultaneously investi- additional reasons to study their breeding structure in
gate the distribution of deleterious effects (see e.g., nature.
Mukai and Yamaguchi 1974). However, lethal studies We report a microscale study of population structur-
had limitations due to extensive line heterogeneity in ing in D. melanogaster and D. simulans in the Bordeaux
mutation rates resulting from transposable elements vineyard area of southwestern France. The “fruit fly” or
(Mukai et al. 1985; Ives and Band 1986; Keightley “vinegar fly” (Green 2002; the “vintage fly” or “musset”
and Eyre-Walker 1999). The introduction of allozyme of local vine growers) lives on fermenting fruit, forming
techniques (Hubby and Lewontin 1966) raised new dense populations on the rotting leftovers of vine agri-
interest in the breeding structure of Drosophila and led culture. These two species are thought to originate in

Africa and to have extended their range to Europe with
the rise of agriculture in neolithic times (Lachaise et al.

1Corresponding author: Laboratoire d’Ecologie Cc 237, 7 quai saint 1988; Bénassi and Veuille 1995). Southwestern FranceBernard, 75252 Paris Cedex 05, France.
E-mail: mveuille@snv.jussieu.fr was planted with vines in the Roman era and has re-
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TABLE 1

Sampling scheme

Sampling time
Sample Sampling site Species (day/mo/year) Sample 2n

Bordeaux 1-96 Grande Ferrade D. melanogaster 19/12/1996 20
— D. simulans 19/12/1996 52

Bordeaux 1-97a — D. melanogaster 9/8/1997 40
— D. simulans 13/8/1997 36

Bordeaux 1-97b — D. melanogaster 25/8/1997 40
— D. simulans 25/8/1997 42

Bordeaux 1-97c — D. melanogaster 8/10/1997 38
— D. simulans 8/10/1997 42

Bordeaux 1-98 — D. melanogaster 28/9/1998 38
— D. simulans 28/9/1998 38

Bordeaux 2-97 Couhins D. melanogaster 22/8/1997 38
— D. simulans 22/8/1997 20

Preignac 1-97 Preignac 1 D. melanogaster 23/8/1997 38
— D. simulans 23/8/1997 40

Preignac 1-98 — D. melanogaster 10/9/1998 42
— D. simulans 8,15/10/1998 44

Preignac 2-97 Preignac 2 D. melanogaster 23/8/1997 36
— D. simulans 27/8/1997 38

Recherche Agronomique, and at Couhins village (hereaftermained an active wine-producing region ever since. It
“Bordeaux 2”). The second region was in the Sauternes vine-was already a wine-exporting province in the middle
yard in Preignac, a village that lies on the left bank of theages and we can suppose that the region has sustained a Garonne river, between Cadillac and Langon. Our sampling

Drosophila population for centuries, a period spanning sites were “Preignac 1” and “Preignac 2.” All sampling took
from 5000 to 10,000 Drosophila generations. American place in vineyards and was repeated over 3 years according

to the following scheme:populations of these species are thought to have colo-
nized the United States as recently as the 1870s (Stur- Bordeaux 1: a test sample was made in late autumn 1996 (19
tevant 1920). The Bordeaux area is evenly and densely December). Several samples were collected in summer 1997
planted with vine, thus providing a continuous land- over an extended period (see below) and in early autumn

1998 (28 September).scape that is ideal for studying microscale migration.
Bordeaux 2: samples were collected in summer 1997 (22 Au-The ecophysiology of fruit flies is poorly understood.

gust).In temperate countries natural populations are found Preignac 1: samples were collected in summer 1997 (23 Au-
only from late August to early December with fluctua- gust) and in autumn 1998 (10 September–15 October).
tions depending on the year. They are rarely found Preignac 2: samples were collected in summer 1997 (23–27

August) for the genetic analysis and also in summer 1998outside of this period. Low density in winter could be
for the demographic study (see below).critical in determining their effective population size.

In this study, we used microsatellite genetic variation to Long-term study: In 1997 and 1998, Bordeaux 1, Preignac
determine changes in effective population size over time 1, and Preignac 2 samples were collected twice a week from

the first week of August to the first week of November for anand space. Given the paucity of reference literature on
ecological survey that will be published elsewhere. In thisthe subject, we designed an observational scheme that
article, pooled data from these three locations were used forbalanced sampling effort over time and over space, each estimating sex-ratio values and species abundance.

factor being considered at two nested scales (from 3 Short-term study in Bordeaux 1: In Bordeaux 1 samples
months to 3 years and from 4 to 30 km, respectively) were taken at several times for the same population in 1997.

They were collected between 9 and 13 August (about the timeto be able to adjust the focus in further studies.
of year when fruit flies are first observed), on 25 August (about
the time of peak abundance), and on 8 October (about the
time of declining populations).MATERIALS AND METHODS

Trapping device: A technical difficulty in the ecological
genetics of Drosophila is that, to our knowledge, previousStudy area: The sampling design is summarized in Table 1.
studies trapped flies using attractive baits made of fermentingIt involves four collecting sites that formed two 30-km-distant
fruit. Although very efficient, this technique can introduceregions, each being divided in turn into two 4-km-distant sam-
sampling biases (e.g., Wahlund effects) by attracting flies frompling sites. The first region is in the Graves vineyard, immedi-
a wide area. We therefore used a nonattractive device adaptedately south of Bordeaux. The two sampling sites were at the
from traps previously used for collecting aphids (Labonne et“Grande Ferrade” château (hereafter “Bordeaux 1”), an ag-

ricultural research station owned by Institut National de la al. 1983). Each trap consisted of a wooden frame inside which
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TABLE 2

Composition of populations

N males

Sampling site N females D. melanogaster D. simulans % D. simulans

Bordeaux 1-1997 12,617 10,383 2,290 18.0
Bordeaux 1-1998 6,900a 1,673 6,264 78.9
Preignac 1-1997 2,689a 1,821 198 9.8
Preignac 2-1997 7,636a 4,643 303 6.1
Preignac 1-1998 459a 467 86 15.5
Preignac 2-1998 85a 144 106 42.4

a Significant deviation from a balanced sex ratio, P(�2) � 0.05.

a 25 � 25-cm screen was made using parallel nylon threads to be independent, except for those linked to the breakpoints
of the In(2L)t inversion in D. melanogaster (Michalakis andspaced at 5-mm intervals. The threads were covered with glue.

These traps were hung in the vineyard for 3–4 days. We con- Veuille 1996). Population differentiation was tested using an
exact test (Raymond and Rousset 1995). Wright’s FST wassider that this method was nonattractive and collected a con-

stant proportion of the flies that went through the screens. calculated after Weir and Cockerham (1984). Population
heterozygosity was estimated asThere was no indication of saturation or of variation in effi-

ciency over time, although we did not monitor the screens
Ĥ � 2n/(2n � 1)(1 � �p 2

i ),for this. The trapped flies were recovered by covering the
traps with turpentine for 30–120 min. The flies were then where pi is the frequency of the ith allele in a sample of 2n
stored in 70% ethanol/30% TE until DNA extraction. This chromosomes. The estimate of effective population size and
protocol provided suitable material for PCR amplification. of its confidence interval (C.I.) was calculated using Waples’s
Variations in the output of amplification on a sample-by-sam- (1989) “F ” genetic correlation coefficient between samples
ple basis, however, point to unidentified drawbacks of the taken from the same population at different generations. It
collecting method, possibly due to decay of trapped material is estimated as
between field visits. There were 5–15 trapping screens at 1.5-m

F̂ � (1/k)�(xi � xj )2/[(xi � xj )/2 � xixj ],intervals/sampling site. For each of them, an individual sam-
ple of 20 males was used for analysis. Screens from the same where xi and xj are allele frequencies in successive population
area in the same vineyard were pooled when necessary; how- samples, the sum being calculated over k alleles. According
ever, this produced no artifactual structuring (see results). to a classical relation, genetic variation decreases as Ht � H0
The number of chromosomes observed is indicated as 2n in exp(�t/2Ne ) between generations 0 and t (Wright 1931;
Table 1. Malécot 1946, 1948). From this, Waples (1989) showed that

Recording genetical data: DNA extraction, PCR amplifica- F depends on the effective population size and on sample
tion, and examination of polymorphism at 10 microsatellite sizes (2n1 and 2n2) according to E(F) � (2n1 � 2n2 )/(8n1n2 ) �
loci from chromosome II [bib, cad, dl, Elf-1, mam, odd, slobo, t/(2Ne ), from which the effective population size can be ob-
Su(H), Su(z)2, and twist] were carried out as described by tained. Confidence intervals (� � 0.05, 1 � � � 0.95) were
Michalakis and Veuille (1996). These loci are taken from computed according to Waples (1989) as nF̂/(�2

(�)/2n), nF̂/
long coding trinucleotide repeats that vary widely in the num- (�2

(1��)/2n ). Significance levels in multiple tests of genetic dif-
ber of codons within species, but are relatively constant in the ferentiation between samples were determined according to
average length across species (Michalakis and Veuille 1996; the sequential Bonferroni method, using the total number of
Cobb et al. 2000; Veuille et al. 2004). These repeated regions tests as a reference. It was therefore slightly conservative in
are frequent in Drosophila regulatory proteins associated with pairwise comparisons, since the tests were not independent.
development and neurogenesis, and normalizing selection
seems negligible in terms of deviation from a neutral distribu-
tion at the population scale (Michalakis and Veuille 1996). RESULTS
When used as genetic markers in different species, these loci

Population density levels: Table 2 shows the totaldo not appear to be liable to ascertainment bias, contrary
to noncoding microsatellites (Mousset and Derome 2004; number of male flies collected in Bordeaux 1, Preignac 1,
Veuille et al. 2004). The 10 loci used are evenly spaced over and Preignac 2 over 3 months (August–October) in
chromosome II, which makes up 40% of the Drosophila ge- 1997 and 1998. There were large fluctuations, mostlynome.

due to differences in maximal values over years andWe used only males, since the females of these two species
over locations (E. Gravot, unpublished results). Theare morphologically similar. Standard statistical analyses were

carried out using Genepop version 3.3 of March 2001 (Ray- dominant species was D. melanogaster in all Preignac
mond and Rousset 1995). This program carries out a Hardy- samples. In Bordeaux 1, the dominant species changed
Weinberg exact test using a Markov chain method from from 82.0% D. melanogaster in 1997 to 78.9% D. simulans
Guo and Thompson (1992). It also tests deviation at several

in 1998. We do not know whether the distribution wasloci simultaneously using Rousset and Raymond’s (1995)
the same in females. In pooled data for the two species,method. We could use this option since the markers are evenly

spaced on the Drosophila genetic map and can be assumed the sex ratio fluctuated over time, a balanced sex ratio
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TABLE 3

Gene diversity for 10 loci from chromosome II in D. melanogaster

Population bib cad dl Elf-1 mam odd slobo Su(h) Su(z)2 twi Averagea

Bordeaux 1-96 0.647 0.660 md md md md 0.366 md 0.797 0.111 0.516
Bordeaux 1-97a 0.622 0.768 0.232 0.391 0.572 0.055 0.545 0.097 0.646 0.000 0.393
Bordeaux 1-97b 0.718 0.710 0.310 0.099 0.330 0.000 0.530 0.050 0.579 0.050 0.338
Bordeaux 1-97c 0.690 0.679 0.373 0.280 0.509 0.000 0.511 0.160 0.538 0.053 0.379
Bordeaux 1-98 0.727 0.616 0.538 0.199 0.421 0.000 0.434 0.292 0.617 0.053 0.390
Bordeaux 2-97 0.713 0.652 0.319 0.251 0.497 0.000 0.431 0.184 0.638 0.094 0.378b

Preignac 1-97 0.697 0.675 0.464 0.347 0.519 0.059 0.458 0.191 0.560 0.000 0.397
Preignac 1-98 0.671 0.693 0.360 0.422 0.628 0.138 0.417 0.000 0.496 0.000 0.383
Preignac 2-97 0.666 0.578 0.598 0.317 0.348 0.000 0.511 0.104 0.616 0.000 0.374

md, missing data.
a Average heterozygosity over 10 loci.
b Significant excess of homozygotes.

being found only once in six observations. In these (range 0.338–0.397 over 10 loci) and 0.410 in the second
species (range 0.363–0.482 over 10 loci). Three D. sim-three populations, trapped males were significantly less

abundant than trapped females in August and Septem- ulans samples showed especially low values (Bordeaux
1-98, Preignac 1-97, and Preignac 2-97). Two of theseber and reached a 50% proportion in October (data

not shown). The cause of these variations is unknown. samples correspond to sites that were sampled for two
successive years. The Bordeaux 1-98 sample showed aThey may thus result from differences in the primary

sex ratio, from differential survival, from differential marked decrease in heterozygosity relative to the pre-
ceding sample (Bordeaux 1-97) since the average valuemigration, or from differential activity, in which case

they would depend on the trapping device. between samples dropped from 0.454 to 0.363. Preignac
1-97 showed a much lower value than did the followingGenetic variation levels: Heterozygosity levels are

shown in Table 3 (D. melanogaster) and Table 4 (D. sample, Preignac 1-98, with an increase from 0.374 to
0.433. The Preignac 2 sample was studied only once.simulans). Due to technical difficulties and to a small

sample size, genetic variation for Bordeaux 1-96 in D. Interestingly, two of these three low-variation samples
(Preignac 1 and Preignac 2) were taken the same yearmelanogaster was calculated from only 5 loci: bib, cad,

slobo, Su(z)2, and twist. Data for all other samples were (1997) from neighboring sites. An inspection of genetic
diversity at individual loci reveals similar tendencies. Incalculated using 10 loci and were very similar. All loci

were polymorphic in D. melanogaster. Only 8 loci were the two Preignac samples, mam, slobo, and Su(H) showed
a marked decrease in variability, leading to their lowestpolymorphic in D. simulans. However, the 2 mono-

morphic loci in the latter species (odd and twi) also values for the whole survey. The values at the other loci
were also very similar in the two samples. The third low-showed low variation levels in D. melanogaster. Overall,

D. melanogaster was less variable than D. simulans. The variation sample (Bordeaux 1-98) showed a decrease in
heterozygosity for a different set of loci: bib, dl, slobo,average heterozygosity was 0.375 in the first species

TABLE 4

Gene diversity for 10 loci from chromosome II in D. simulans

Population bib cad dl Elf-1 mam odd slobo Su(h) Su(z)2 twi Averagea

Bordeaux 1-96 0.684 0.268 0.707 0.505 0.438 0.000 0.576 0.590 0.637 0.000 0.441
Bordeaux 1-97a 0.749 0.252 0.688 0.246 0.358 0.000 0.646 0.572 0.693 0.000 0.420
Bordeaux 1-97b 0.760 0.361 0.728 0.444 0.655b 0.000 0.566 0.577 0.732 0.000 0.482
Bordeaux 1-97c 0.773 0.309 0.709 0.390 0.485 0.000 0.738 0.497 0.715 0.000 0.462
Bordeaux 1-98 0.738 0.368 0.615 0.390 0.501 0.000 0.152 0.219 0.647 0.000 0.363
Bordeaux 2-97 0.810 0.363 0.604 0.209 0.600 0.000 0.758 0.608 0.736 0.000 0.469
Preignac 1-97 0.803 0.371 0.757 0.483 0.142 0.000 0.549 0.000 0.637 0.000 0.374
Preignac 1-98 0.736 0.342 0.677 0.347 0.467 0.000 0.596 0.507 0.656 0.000 0.433b

Preignac 2-97 0.680 0.397 0.686 0.398 0.219b 0.000 0.544 0.351 0.508 0.000 0.378

a Average heterozygosity over 10 loci.
b Significant excess of homozygotes.
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TABLE 5

Genetic differentiation (Weir and Cockerham’s FST) among samples of D. melanogaster

Samples Bx-1-96 Bx-1-97a Bx-1-97b Bx-1-97c Bx-1-98 Bx-2-97 Pr-1-97 Pr-1-98

Bordeaux 1-97a �0.014
Bordeaux 1-97b 0.007 0.000
Bordeaux 1-97c �0.002 �0.014 �0.002
Bordeaux 1-98 0.009 0.021 0.017 0.005
Bordeaux 2-97 �0.021 �0.005 0.001 �0.010 �0.003
Preignac 1-97 �0.005 �0.009 0.001 �0.013 �0.011 �0.002
Preignac 1-98 �0.013 �0.005 0.031 �0.001 0.026 �0.017 0.000
Preignac 2-97 �0.001 0.012 0.006 0.001 0.006 0.029 �0.001 �0.004

No difference was significant at the 0.05 level using an exact test and the sequential Bonferroni procedure.
Bx, Bordeaux; Pr, Preignac.

and Su(H). There is thus no indication that selection at Genetic differentiation between samples: Genetic dif-
ferentiation between samples involved 36 comparisons.one locus is responsible for the dramatic decrease in

frequency in three samples, these observations being Results are summarized in Table 5 (D. melanogaster) and
Table 6 (D. simulans). None of them was significant inrather compatible with drift. It also appears that the

three outlying samples in D. simulans reduce to two D. melanogaster. Sixteen of them were significant in D.
simulans using the sequential Bonferroni procedure.variation reduction events, one of these events ex-

tending over the 4 km between the two Preignac sam- This is unlikely to result from a higher power of the
tests due to the higher heterozygosity in D. simulans.pling sites. The general picture is that for most of the

time D. simulans showed high levels of heterozygosity Roughly one-half of FST’s in D. melanogaster were “nega-
tive” (20 vs. 16) as expected from sampling fluctuations(range 0.410–0.482) but in three instances dropped to

values (0.363–0.378) close to those observed in D. mela- around a null expectation, compared to very few of them
(5 vs. 31) in D. simulans. These tests are not independentnogaster (0.338–0.397).

The proportion of heterozygotes was not significantly from each other; however, there is no indication that
a difference of power of the test in one species is respon-different from values predicted from heterozygosity (i.e.,

parametric gene diversity) at the population scale, ex- sible for the contrast found between them. On the con-
trary, and interestingly, almost all significant tests in D.cept in two instances, one in each species. This indicates

that in general there was no microgeographic structur- simulans implicate the three samples in which heterozy-
gosity dropped to low values.ing within sampling sites. This means that the nonattrac-

tive traps used for collecting the flies produced no Wah- No significant differences were observed in either
species between the three samples from the time serieslund effect or that they recruited flies from a panmictic

population that was large enough for randomizing ge- for Bordeaux 1 in 1997. This indicates that no change
in allele frequency occurred during the annual demo-netic correlation across kin groups. This also indicates

that the flies collected at the beginning of the annual graphic expansion. These samples were therefore pooled.
Bordeaux 1-97 then remained significantly differentdemographic expansion showed no consanguinity, con-

trary to some previous studies (see discussion). from Bordeaux 1-98 and from Preignac 1-97 in D. sim-

TABLE 6

Genetic differentiation (Weir and Cockerham’s FST) among samples of D. simulans

Samples Bx-1-96 Bx-1-97a Bx-1-97b Bx-1-97c Bx-1-98 Bx-2-97 Pr-1-97 Pr-1-98

Bordeaux 1-97a 0.006
Bordeaux 1-97b 0.002 0.002
Bordeaux 1-97c 0.005 �0.008 �0.005
Bordeaux 1-98 0.059a 0.039a 0.036a 0.053a

Bordeaux 2-97 0.023 �0.004 0.002 �0.000 0.058a

Preignac 1-97 0.068a 0.047a 0.058a 0.044a 0.048a 0.091a

Preignac 1-98 0.022a 0.000 0.007 0.012 0.011 �0.003 0.038a

Preignac 2-97 0.034a 0.003 0.025a 0.021 0.027 0.044a 0.021 0.012

Bx, Bordeaux; Pr, Preignac.
a Significant at the 0.05 level using an exact test and the sequential Bonferroni procedure.
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DISCUSSIONulans (sequential Bonferroni method over 21 compari-
sons). In Table 6, structuring can be examined between Few studies on the population structure of species
samples from different populations of this species col- from the melanogaster subgroup have been carried out.
lected at the same time or between samples from the Our observations were conducted at a relatively high
same population collected at different times. latitude (45� N 35	–45� N 45	) and a mild climate in

Spatial structuring involved six independent compari- a continuous agrosystem that seems to sustain dense
sons between the four populations in 1997 (Bordeaux 1, populations of these species. We observed facts that
Bordeaux 2, Preignac 1, and Preignac 2) and a unique apparently pertain more to demography than to spatial
comparison between two populations in 1998 (Bordeaux 1 differentiation. While spatial structuring is easy to ac-
and Preignac 1), making a total of seven comparisons. count for in population genetic studies, demographic
Three of them were significant, all involving 30-km-dis- perturbations are relatively unpredictible and may differ
tant sites in 1997: Bordeaux 1-Preignac 1, Bordeaux from place to place, thus confounding genetic analysis.
2-Preignac 1, and Bordeaux 2-Preignac 2. Below, we discuss these facts, discuss their biological

Time structuring involved three pairwise compari- meaning, and then consider their consequences for ge-
sons: the two pairwise comparisons between the three netical research.
successive Bordeaux 1 samples (1996–1997 and 1997– Microscale contrast between D. melanogaster and D.
1998) and those between the two successive Preignac 1 simulans : We found no substantial deviation from
samples (1997 and 1998). Two of them were significant Hardy-Weinberg proportions in either species over the
(Table 6): Bordeaux 1 and Preignac 1, when compared period during which these flies are abundant enough
between 1997 and 1998.

to be observed (August–December). This contradicts
These results are compatible with the hypothesis that

previous results by Danieli and Costa (1977). These
structuring in D. simulans results from the low variation

authors recorded EST-6 allozyme variation in six differ-
observed in Bordeaux in 1998 and in Preignac in 1997.

ent places from Venetia (Italy) over 2 years, 1971 andIt would thus be a temporary phenomenon.
1974. They consistently found an excess of homozygotesSince neither the different samples from the Bor-
at the beginning of the sampling season. Inbreedingdeaux area nor those from the Preignac area differed
decreased in the following generations. They interpre-in each species in 1997, samples were pooled within
ted this as meaning that in late August D. melanogastereach area to assess the level of genetic differentiation
is composed of micropopulations that have been iso-from a larger data set. Genetic differentiation between
lated in winter and have undergone inbreeding. Ac-Bordeaux and Preignac then remained low in D. melano-
cording to their Figure 1, Danieli and Costa (1977)gaster (Weir and Cockerham’s FST � 0.0005, P value �
found an inbreeding coefficient F � 0.6 in early Septem-0.156) and was somewhat higher in D. simulans (FST �
ber, and this value decreased to zero in late October.0.0302, P value � 10�5).
This is a very high value for an inbreeding coefficient.Genetic drift in D. simulans populations: Overall these
An average F � 0.59 is expected only after four genera-data suggest that D. simulans samples were collected
tions of brother-sister mating. No D. melanogaster popula-in a neighborhood of a small effective size. Genetic
tions are observed for �7 months, from January to Au-differentiation within species can result from either ge-
gust. D. melanogaster’s developmental time in winternetic drift alone or a balance between migration and
must be very long, since it depends on environmentalgenetic drift. Our sampling design was too simple for
temperature. Development lasts 2 weeks at 25�, butus to test detailed models of breeding structure. One
drops to 4 weeks at 17�, a temperature below whichway to interpret our data is to consider that the changes
males are unable to reproduce. Four generations thusare temporal and mainly involve genetic drift. Estimates
appear a probable maximum for winter populations.for Ne/t for a year using Waples’s (1989) model under
The high inbreeding estimate reported by Danieli andthis assumption are: Ne/t � 352.69 for Bordeaux 1996–
Costa (1977) would mean that, for a considerable pe-1997 (C.I.0.05 � 226.51–633.81); Ne/t � 48.00 for Bor-
riod of the year, fruit flies are virtually reduced to popu-deaux 1 1997–1998 (C.I.0.05 � 39.61–57.77); and Ne/t �
lations of a couple of breeding individuals. However,99.53 for Preignac 1997–1998 (C.I.0.05 � 76.77–130.02).
our data overlapped the same sampling season, and noFor Preignac, we assume that the higher heterozygosity
evidence of consanguinity was found. The cause of thein the second year (1998) results from a return to a
differences between the two studies is unknown. Theynormal value after a population drop in 1997. There
differ in a number of aspects: the sampling device, theare probably many generations per year. However, in
sampling area, the kind of markers used, and the num-summer and autumn, there are huge fruit-fly popula-
ber of loci. Only comparative studies using the sametions: the sampling effect of successive generations
methods in the two areas could solve this point.would not be apparent in a survey of 10 loci on 40

In D. melanogaster from southwestern France, no popu-chromosomes. The very low population level in winter
lation structuring was found over space or over time. Thissuggests that our estimate is close to that of an overwin-

tering generation. species thus appears to form a relatively evenly distributed
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panmictic population at this geographical scale. For simi- rest of the year, the fruit flies from a given area would
retain a gene identity of f � 1/(2Ne � 1) � 1/100,lar latitudes, high population levels (
10,000) were ob-

tained in Japan (Mukai and Yamaguchi 1974) and in despite their high population level. It would be tempting
to estimate a migration rate between sampling sites.the population of Raleigh, North Carolina (Mukai et

al. 1971; Mukai and Voelker 1997) using the allelism of Unfortunately, its estimation would depend on a stable
population model, which is confounded by our results.lethals, with no indication of population substructuring.

An allozyme study by Smith et al. (1978) found no The observation that the decreased heterozygosity in
Preignac in 1997 was completely restored in 1998 (andevidence of microscale structuring in North American

D. melanogaster populations. the FST nonsignificant) suggests that extensive gene flow
occurs.The picture is different in D. simulans. Statistically

significant differences in allele frequencies were consis- For D. melanogaster, no genetic differentiation was de-
tected in this study, but we cannot exclude that fluctua-tently found between locations and between successive

years. It is unlikely that significance was due to local tions also exist. We can note only that no bottleneck
event was detected in D. melanogaster while two strongheterogeneity within vineyards, since this would also

have induced differentiation between sampling sites 4 events were found in D. simulans in the same sampling
sites. Thus there is a difference, but maybe only one ofkm apart. Spatial heterogeneity was associated with a

reduction in heterozygosity between successive years. In intensity. Even though the difference between the two
species may lie in trivial quantitative changes withinthe only case in which this could be observed, the drop

in variation was simultaneous 4 km apart, thus giving a single ecological framework, there are conspicuous
differences in the genetic distribution patterns.the spatial extent of a neigborhood. A 4-km patch is

substantial, and the effective size relatively small (down We do not assume that the difference observed in
southwestern France will be found throughout the over-to �50 individuals) for an organism occurring in huge

populations in summer. lap zone of these two species, but only that they are
able to react differently to their environments in suchEvidence of demographic instability in D. simulans :

Overall, the genetic variation in D. simulans is much a location. Microhabitat studies show that D. melanogaster
is more abundant than D. simulans in villages and inhigher than that in D. melanogaster, showing that long-

term population size is substantial. The significant fixa- houses. This has been observed in a number of areas,
including tropical Africa (David 1979) and Tunisiation indices between samples indicate fluctuations in

population size in this species. For this reason, we do (Rouault and David 1982). This ecological difference
is likely to restrict D. simulans to unsheltered microhabi-not interpret the significant FST values in D. simulans as

reflecting stable geographic differentiation at a 30-km tats. Moreover, ecophysiological studies carried out by
Boulétreau-Merle (1992) on reproduction in Dro-scale, but as temporary, probably annual, local changes

in effective population size. No strong contrast was ap- sophila from southeastern France showed that D. sim-
ulans is less adapted to temperate areas than is D. melano-parent in population abundance between D. melanogas-

ter and D. simulans. Depending on the year, either of gaster. Temperate D. melanogaster females differ from
tropical populations in the control of fecundity, thusthe two species was the most frequent. This suggests

that the difference in effective population size was not allowing them to cope with annual environmental
changes through individual adaptation. This is not ob-due to demographical differences in summer, but prob-

ably to differences in winter. It is reasonable to assume served in D. simulans, where tropical and temperate
females behave similarly in experimental designs simu-that winter populations of either species are fragmented

into small overwintering isolates that expand locally in lating the two environments (Boulétreau-Merle 1992).
These ecological differences would contribute to limitsummer, coalesce, and finally restore a dense and con-

tinuous population. The most likely population regime population level in D. simulans. A study of 15 D. melano-
gaster populations over a 700-km north-south gradientwould involve two steps, with random genetic drift oc-

curring in winter and gene flow in summer. We can in southeastern France by Girard and Palabost (1976)
showed no allozyme frequency differences. However,thus imagine the D. simulans population as a field of

neighborhoods. Fruit flies from a given area would origi- groups of populations differed significantly in ovariole
number, suggesting ecological adaptations. Unfortu-nate from a limited number of surviving individuals,

resulting in a temporary level of inbreeding. However, nately, no corresponding study is available for D. sim-
ulans.the resulting structuring would not last long, since popu-

lations exchange individuals. Our lowest estimates of Practical consequences for population genetic stud-
ies: Of the two species used in this study, D. melanogastereffective population size in D. simulans in Bordeaux is

Ne/t � 48 for a 1-year cycle. Since the effective popula- appears to form a large and stable population, whereas
D. simulans appears to be fragmented into small driftingtion size of a population over some period of time is

the geometric mean of the elementary population sizes demes. These population profiles are reminiscent of
the conceptions of population put forward by Fisher andof each generation, our estimates are likely to be close

to the size of the winter breeding population. For the Wright, respectively. The boundaries of our observation



786 E. Gravot, M. Huet and M. Veuille

design set a limit to the generality of this conclusion, �(V,S), where V � 4Nev and S � 4Ne(h � f ), given
that v is the lethal mutation rate, f is the inbreedingwhich should be confirmed by independent evidence.

It is, however, important to consider its potential impli- coefficient, and h is the dominance disadvantage of le-
thal heterozygotes. It is assumed that the selection coef-cations, since these two species are widely used as models

in evolutionary biology. The FST can be interpreted in ficient of lethal homozygotes is s � 1. The expected
frequency of lethals E(q) � v/(h � f ) is independentterms of a decomposition of genetic diversity. Of the

total variation that is present within a 30-km area, a local of the effective population size, but depends on the
inbreeding coefficient.population of D. simulans represents only 1 � FST �

97.0% (using the average FST between sampled sites in In our results, a striking difference between species
lies in f, the inbreeding coefficient of populations. Itsthis study). The balance is the amount of variation that

would be locally and temporarily lost in the overwinter- value is negligible in this study in D. melanogaster, but
significant in D. simulans. A consequence of this woulding sampling process.

For instance, Veuille et al. (2004) showed that, for be a larger load of lethal mutations in D. melanogaster
than in D. simulans. We can use the above model tothe 10 loci used in this study, heterozygosity in a D.

simulans population from Zimbabwe (H � 0.505) was evaluate the magnitude of this effect using realistic val-
ues. The average heterozygous disadvantage of a lethallarger than that in populations from France (H �

0.437). This is in agreement with earlier results from mutation in Drosophila is thought to be �h � 1/40.
Let f � 0 in D. melanogaster and f � 1/100 in D. simulans.Hamblin and Veuille (1999) showing that non-African

populations from this species are less variable than Afri- Then, the average equilibrium frequency of lethals in
D. simulans would be only 0.715 times its value in D.can ones and probably originated through a population

bottleneck. If we assume, however, that this species is melanogaster. In other words, temporal fluctuations in
effective population size would result in an almost 30%structured as a metapopulation in France and not in

Zimbabwe, then using a single local sample introduces decrease of lethals. The breeding structure could also
affect the mildly detrimental load. These factors woulda bias. The value of H is underestimated for Europe

and should be corrected as H/(1 � FST) � 0.450. This decrease the effect of background selection. The muta-
tion load is thought to decrease the amount of segregat-should also occur if the two sexes migrate differently

between demes in the metapopulation. For instance, if ing neutral variation by a factor f0 � exp[�v/(hs � r)]
females migrate less than males, then genetic structur- (Hudson and Kaplan 1995; Nordborg et al. 1996),
ing for mitochondria and for X chromosomes will be where r is the local recombination rate. In this expres-
increased. This may inflate contrasts when comparing sion, the mean selective disadvantage hs of mutant het-
populations from different continents for X-linked erozygotes depends only on dominance, whereas our
genes (Hamblin and Veuille 1999). results suggest that it could also be affected by the breed-

A fragmented overwintering population may also in- ing structure of populations. Provided that the interspe-
troduce changes in the genomic makeup of a species. cific difference in breeding structure extends over a
For instance, homozygotes for deleterious mutations are substantial part of their range, this might be an addi-
more likely to appear during strong bottlenecks. This tional factor involved in differences in genetic variation
may purge the genome of many deleterious variants, between the two fruit-fly species. The D. simulans ge-
especially lethal genes, and decrease the effect of back- nome not only is more variable than that of D. melanogas-
ground selection (Charlesworth et al. 1993). A theo- ter at the nucleotide level (Aquadro et al. 1988; Mori-
retical study by Wright (1937) showed that the steady- yama and Powell 1996), but also is less variable for
state frequency of recessive lethals is smaller in small natural inversion polymorphisms (Lemeunier and Aul-
populations than in large ones (see Wright 1969, pp. ard 1992). In this and in the differential chromosome
363–366). This model considered strictly recessive le- patterns of molecular variation in its African range
thals. However, many lethal and mildly detrimental al- (Andolfatto 2001), it resembles D. melanogaster X vari-
leles in Drosophila have a dominant effect and are thus ation more than autosomal variation. A possibility is that
eliminated as heterozygotes in large populations (Green- the purging effect of temporal variations in population
berg and Crow 1960). Models taking this into account size contributes to all of these effects.
show that the size of the population still contributes to It thus appears that, even though D. melanogaster and
the load through random fluctuations in allele frequen- D. simulans are very closely related, a correct interpreta-
cies (Kimura et al. 1963; Nei 1968). However, the mating tion of the differences in their population genetic pa-
system could also contribute to the load adjustment by rameters may require an extensive knowledge of the
eliminating lethals as homozygotes. Temporal inbreed- demographic regime of the populations from which the
ing in a natural population could thus be a key factor samples are collected, knowledge which is as yet lacking.
in determining variation patterns.
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