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ABSTRACT Maternally inherited bacteria of the genus
Wolbachia are responsible for the early death of embryos in
crosses between uninfected females and infected males in
several insect species. This phenomenon, known as cytoplas-
mic incompatibility, also occurs between strains infected by
different symbionts in some species, including Drosophila
simulans. Wolbachia was found in two species closely related to
D. simulans, Drosophila mauritiana, and Drosophila sechellia,
and shown to cause incompatibility in the latter species but
not in D. mauritiana. Comparison of bacterial and mtDNA
history clarifies the origins of bacterial and incompatibility
polymorphisms in D. simulans. Infection in D. mauritiana is
probably the result of introgression of an infected D. simulans
cytoplasm. Some D. simulans and D. sechellia cytoplasmic
lineages harbor two bacteria as a consequence of a double
infection which probably occurred in a common ancestor. The
descendant symbionts in each species are associated with
similar incompatibility relationships, which suggests that
little variation of incompatibility types has occurred within
maternal lineages beyond that related to the density of sym-
bionts in their hosts.

Wolbachia symbionts are responsible for different modifica-
tions of sexual reproduction in insects and isopods, including
parthenogenesis (1-3), feminization (2, 4), and cytoplasmic
incompatibility (2, 5-11). The latter phenornenon is charac-
terized by anomalies in the first mitoses of the zygote (12-15),
generally a loss of paternal chromosomes, which results in
death of offspring from crosses between uninfected females
and infected males or all male progenies in haplodiploid
species. The death of offspring of uninfected females favors the
spread and maintenance of the infection in natural popula-
tions. Incompatibility also occurs in certain crosses between
infected individuals harboring different bacterial strains (16-
19). In this case, different incompatibility types are distin-
guished on the basis of incompatibility relationships.
Two cases of incompatibility-type polymorphism have been

the subject of detailed studies: the large polymorphism ob-
served in the mosquito Culex pipiens (20-22) and the more
limited one described in Drosophila simulans (15, 19, 23, 24).
In the latter species, uninfected flies (type W) and three
infected types (R, S, and M) have been distinguished from a
large geographical survey. These types are associated with
different mitochondrial types, as expected if both mtDNA and
symbionts are maternally transmitted. However, there was
heritable variation of incompatibility properties of S strains
(23). Incompatibility-type polymorphism can have many
causes, including variation of symbionts themselves or varia-
tion of symbiont density in their hosts (11, 23, 25, 26). In
Drosophila, a simple method to assess density effects in males
is to measure the frequency of infected sperm cysts during
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spermatogenesis (27), while variation of symbionts can be
detected by crosses and experimental transfer of symbionts
(19, 23).

Identification of D. simulans symbionts by partial 16S and
23S ribosomal DNA sequencing has revealed a strikingly high
molecular differentiation (2, 9). The time of divergence of
symbionts is 25-50 million years ago according to estimated
16S rDNA rates (28, 29), whereas mtDNA of their hosts is
estimated to have diverged only 1-2 million years ago (9, 30),
and close relatives of each of these symbionts are present in
other orders of insects (2). This suggests that at least two
separate infection events occurred in ancestors of D. simulans.
To understand the origin of this polymorphism and its rela-
tionship to incompatibility-type polymorphism, we have inves-
tigated the presence and nature of Wolbachia symbionts in the
two island endemics, Drosophila sechellia and Drosophila mau-
ritiana, closely related to D. simulans, and their associated
incompatibility types.t

MATERIALS AND METHODS

Nomenclature of Molecular Types. Mitochondrial types
representing the major subdivisiohs of mitochondrial polymor-
phism are symbolized by two letters for the species, followed
by roman numbers: three mitochondrial types have been
distinguished in D. simulans (sil, sill, and silIl), two in D.
mauritiana (mal and mall), and one (se) in D. sechellia (31).
Drosophila strains are identified by two letters for species,
followed by letters for geographical origin or numbers for year
of collection-e.g., siNo or se8l. Symbiont rDNA sequences
are identified as wNo, wHa, wRi, or wMa in reference to a D.
simulans strain in which they were found or as wSh, wSnl or
wSn2 for D. sechellia. The host strain is sometimes recalled as
follows: wMa(siMa) is symbiont wMa from strain siMa.

Hosts Strains. Strains were reared at 20°C. Their mtDNA
types were identified through their Hpa II or Hindlll restric-
tion profiles (32). Isofemale D. simulans lines were siWa
(Watsonville, CA; sill), siRi (Riverside, CA; sill), siHa (Ha-
waii; sil), siMa (Mont d'Ambre, Madagascar; silIl) (6, 19, 23),
and siNo (Noumea, New Caledonia; sil). These strains were
used for cytoplasm injections or crosses. The previously stud-
ied siMa strain (2, 9) was found to be polymorphic for
presence/absence of infection at the time of the present
experiments and an infected subline was selected. Eight ad-
ditional sil strains from the Seychelles, Hawaii, or New Cale-
donia were investigated for the presence of wHa and wNo
sequences by Vsp I digestion (9) and partial sequencing ofPCR
products, including nt positions 561-646.

D. mauritiana lines were ma79 and ma85 (mal, collected in
Mauritius in 1979 and 1985), and 23 other mal and 3 maIl lines
collected in 1985. D. sechellia lines were se8l, se85, and se89
from the Seychelles, collected in 1981, 1985, and 1989, respec-

4The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. X80977-X80979).
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tively. The aposymbiotic se85TC strain was obtained by tetra-
cycline treatment of se85 as in ref. 27.

Experimentally infected strains were obtained by transfer-
ring cytoplasm from infected eggs into uninfected siWa eggs.
Females that developed from such eggs were individually
crossed with siWa males as described (19).

Infection Level of Males. Infection level-i.e., the frequency
of infected sperm cysts in 2-day-old males-was evaluated by
4',6-diamidino-2-phenylindole (DAPI) staining (27).
PCR and DNA Sequencing. We amplified a fragment of the

16S ribosomal DNA homologous to nt positions 83-928 of the
Escherichia coli sequence by using previously described Wol-
bachia primers (8, 19). PCR products were directly sequenced
as described (2). PCR products from siNo, se85, and se89 were
cloned by using pBluescript KS(+) (Stratagene) and se-
quenced according to methods reported in ref. 33. For each
host strain, only sequence variation present in at least two
clones was taken into account. Previously unreported Wolba-
chia sequences wSh, wSnl, and wSn2 from D. sechellia strains
have received accession numbers X80977-X80979 in the Gen-
Bank data base.

Incompatibility. Incompatibility relationships were deter-
mined by measuring the frequency of unhatched eggs pro-
duced by 2- to 4-day-old females mated to 2-day-old males. D.
simulans and D. mauritiana females were reared individually
after mating, but D. sechellia females laid very few eggs in such
conditions and were reared in groups of six. The crossing
experiments with the experimentally infected strain were
performed simultaneously to those described for similarly
obtained strains (19) by using the same methods.

RESULTS
Wolbachia Presence and rDNA Polymorphism. Symbionts

have been found in both D. mauritiana and D. sechellia. In D.
mauritiana, infection was detected by PCR in ma79 but not
ma85, in 12 of 23 other mal strains, and in none of three mall
strains. Infection was found in D. sechellia se8l, se85, and se89
but not in the tetracycline-treated se85TC strain.
Four sequences have been described in D. simulans strains

(8, 9), here referred to as wRi, wHa, wMa, and wNo. Sequenc-
ing the same 803-bp fragment for one D. mauritiana strain and
three D. sechellia strains (Table 1) revealed three different
sequences in D. sechellia and one sequence identical to wMa in
D. mauritiana. The differences were repeatedly observed by
direct sequencing of PCR products and are therefore not due
to cloning artifacts.

Table 1. Wolbachia and mitochondrial variation in the D.
simulans complex

Variable positions
1155555666666678

86667889124488964
Wolbachia types 45918793405623303 mtDNA

Cluster I
wMa taCTctgagtatgaaA- siIII/mal
wNo taCCctgagtatgaaG- sil
wSnl taCCctgagtatgaaA- se
wSn2 taTCctgagtatgaaA- se

Cluster II
wSh TgctTgagacgcagggt se
wRi TgctCgagacgcagggt sill
wHa CgctTgagacgcagggt sil

Variable positions are those found within an 803-bp fragment of
symbiont 16S rDNA. Nucleotide positions (read vertically) are defined
as in ref. 2. Variable nucleotides within each of the two main clusters
are in capitals. Associated mitochondrial types are given in parallel,
combining results presented in text and those in refs. 8, 9, 23, and 34.
Absence of symbionts is found among sill, siIII, mal, and mall strains.

Initially, Wolbachia PCR products amplified from individual
flies were sequenced directly. In some instances, heterogeneity
was detected (bands could be observed in two nucleotide lanes
at some positions of the sequence), and in those cases PCR
products were cloned. In D. simulans, heterogeneity was found
in the siNo strain, which harbors wHa and wNo sequences.
Among the 10 D. simulans sil strains studied, the wHa se-
quence is always present, whereas the wNo sequence is present
in three strains (siNo, but none of three other strains from
Noumea, New Caledonia, and two from Hawaii; wNo is found
in two of four strains from the Seychelles). In D. sechellia, wSh
has been directly sequenced from se8l, cloned from se89, and
detected, together with wSnl or wSn2 by direct sequencing in
strains se85 and se89, respectively. wSnl was also sequenced
after cloning of PCR products from se85, as was wSn2 from
se89. Thus, the three strains harbor the wSh sequence, and two
of them additionally possess one of the two closely related
sequences wSnl or wSn2.
Polymorphism of DNA sequences within individual hosts

can be due to the presence of at least two different ribosomal
operons in the same symbiont or to the presence of two
different symbionts (7). In the present case, this issue was
settled by injection experiments. We have transferred symbi-
onts from D. simulans siNo eggs harboring wHa and wNo
sequences by cytoplasmic injection into eggs of the uninfected
siWa strain. Among the seven lines derived from one female
that developed from a recipient egg and was crossed to siWa
males, two were infected by wHa only (no symbiont was found
in the others). This result demonstrates the presence of two
different symbionts in the donor strain. The wSnl sequence
was similarly isolated (details not shown). Thus, different
symbiont types can be defined by the different sequences, and
the sequence nomenclature can and will be used to distinguish
symbionts. The properties of strains used for crosses are
summarized in Table 2.

Cytoplasmic Incompatibilities. Crosses were performed to
establish the incompatibility properties of the different strains
in relation to the previously identified crossing types and to
characterize the relationships between symbiont types and
crossing types.

Crosses between siWa, siRi, and siHa replicated earlier
results with the same strains (6, 19, 23): siRi and siHa were
bidirectionally incompatible, and males from both strains were
incompatible with uninfected siWa females. siMa behaved in
crosses (Table 3) as an uninfected strain, as did ma79 (Table
4) infected by indistinguishable (on the basis of rDNA) wMa
symbiont: males are compatible with all females irrespective of
infection status, and females are incompatible with males
infected by a different symbiont type. From the ma79 and siMa
isofemale strains studied here, 10 isofemale sublines have been
established and tested by PCR for the presence of symbiont 14
and 19 generations later, respectively. Only three ma79 and

Table 2. Origin and molecular types of strains used for crosses

Drosophila mtDNA Wolbachia
species Origin Strain type type

D. simulans Watsonville, CA siWa sill Uninfected
Riverside, CA siRi sill wRi
Hawaii siHa sil wHa
Madagascar siMa siTll wMa
New Caledonia siNo sil wNo wHa

D. sechellia Seychelles se8l se wSh
Seychelles se85 se wSh wSnl
Seychelles se89 se wSh wSn2
Seychelles se85TC se Antibiotic

treatment
D. mauritiana Mauritius ma79 mal wMa

Mauritius ma85 mal Uninfected
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Table 3. Incompatibility relationships in D. simulans

Male strain, symbiont(s)

Female siNo, wHa
strain siWa, None siRi, wRi siHa, wHa and wNo siMa, wMa
siWa 0.01 + 0.01 1.00 0.99 + 0.02 0.97 + 0.06 0.04 + 0.03
n 6 15 15 15 6

siRi 0.15 + 0.16 0.11 + 0.04 0.92 + 0.12 0.96 + 0.06 0.09 + 0.04
a1 12 8 13 6 4

siHa 0.17 + 0.17 0.98 ± 0.03 0.14 + 0.08 0.65 + 0.12 0.09 ± 0.08
n 29 14 5 13 4

siNo 0.05 + 0.11 0.98 + 0.02 0.12 + 0.10 0.08 + 0.12 0.07 + 0.05
a1 11 6 6 5 5

siMa 0.05 + 0.04 0.96 + 0.06 0.94 + 0.10 0.94 + 0.04 0.05 + 0.04
n 5 5 7 5 6

Percentage of unhatched eggs ± SE between replicates among eggs laid by the indicated number (n)
of females. The strains siWa, siRi, and siHa are representative of the formerly recognized incompatibility
types W, R (6) and SH (19). The name SHN is proposed for the incompatibility type of strain siNo.

five siMa sublines were still infected. Four males of each
subline were examined, and in all cases, between 50% and
100% of the sperm cysts were infected, showing that the
crossing relationships of these males are not related to a
particularly low infection level.

Incompatibility relationships of the siNo strain carrying wHa
and wNo symbionts were similar to those of the siHa strain
harboring only wHa symbionts (Table 3), except that siNo
males were partially incompatible with siHa females (65%
unhatched eggs, compared with 14% for the siHa intrastrain
cross; one-tailed Mann-Whitney U test; P = 0.0008). This
incompatibility seems to be due to the nature of symbionts
themselves rather than to density effects, since the infection
level ofsiNo males (33% + 25%; n = 9 males) is similar to that
ofsiNo males (29% + 15%; ref. 19). Infected D. sechellia males
are incompatible with uninfected females (Table 5, first line),
and most crosses between infected flies were compatible.
However, crosses between singly infected females and double
infected males were less compatible than other crosses be-
tween infected D. sechellia (P = 0.015). In both species, double
infection of males was correlated to partial incompatibility
with females harboring only one of the two symbionts.

In interspecific crosses between D. simulans females and D.
sechellia males (Table 6), sperm transfer may be low and sperm
can be rapidly used up, so that viable eggs and eggs showing
no development are often found together in the absence of
cytoplasmic incompatibility, as shown in crosses with unin-
fected se85TC males. This obscures the comparisons, and only
strong incompatibility can be detected, as in crosses with either
siWa or siRi females (Table 6, first two lines; P < 0.01 in all
comparisons between infected males and uninfected males
crossed to the same females). This is expected if the incom-
patibility relationships of wHa(siWa) are similar to those of
wSh(se8l) and those of wNo(siNo) are similar to those of
wSnl(se85) and wSn2(se89), or if the presence of wSnl/2 does
not affect compatibility. The reciprocal crosses cannot be
studied because D. sechellia females hardly mate with D.
simulans (35).

Table 4. Incompatibility relationships between one infected and
one uninfected D. mauritiana strain

Female Male strain, symbiont
strain ma85, None ma79, wMa

ma85 0.13 + 0.13 0.14 + 0.12
n 25 15

ma79 0.08 + 0.05 0.07 + 0.06
n 10 14

See Table 3 legend.

Strains harboring wHa symbionts isolated by experimental
transfer from siNo strains showed frequencies of infected
sperm cysts (27% and 4%, each from nine males) comparable
with those of strains HaWa3 and HaWa4 harboring wHa
symbionts isolated from siHa (27% and 10%; ref. 19). The
most infected of these two strains showed partial incompati-
bility with siRi females (frequency of unhatched eggs: 0.52 +
0.18) but not with siHa or siNo females (0.18 ± 0.04 and 0.11
+ 0.07, respectively).

DISCUSSION
The different sequences of Wolbachia found in the D. simulans
complex can be grouped into two clearly defined phylogenetic
clusters (Table 1), in agreement with a global phylogeny of
Wolbachia (2). Divergence between Drosophila symbionts
within each cluster is very limited, such that parallel changes
and reversions are highly unlikely. The double infections
described here are the only examples that could be detected by
direct sequencing of Wolbachia symbionts in 12 host species
among the Drosophilinae (F.R., unpublished data). However,
a double infection can be suspected in three Nasonia species
(7). In such a situation, sequences obtained after amplifying
together closely related sequences and cloning the PCR prod-
ucts are subject to artifacts similar to recombination or con-
version events between the original sequences (36, 37). Such
artifacts yield sequences with an apparently very high level of
homoplasy, as was indeed observed for Nasonia symbionts. By
contrast, there is little homoplasy in sequences of symbionts
from singly infected hosts (2, 3, 8, 38).

Incompatibility Types. In a previous study (24), siMa was
found to cause incompatibility. In contrast to this observation,
males of the present siMa strain are compatible even with
uninfected females. The same result is obtained with ma79
males infected by wMa. The absence of incompatibility in D.
mauritiana has also been observed by R. Giordano (personal
communication). Such absence of incompatibility may have
favored the appearance of uninfected individuals in the orig-
inal siMa strain (see Materials and Methods) and its sublines.

Crosses ofsiHa females with siWa males infected by the wHa
symbionts of siNo (obtained after experimental transfer) are
compatible. Thus wHa from siHa and wHa from siNo may
belong to the same incompatibility type, and the additional
symbiont wNo of doubly infected males is responsible for a
partial incompatibility with females harboring only wHa. This
situation is analogous to the typical incompatibility observed
between infected males and uninfected females. Incompati-
bility between singly infected females and doubly infected
males is a likely explanation for the pattern of partial unidi-
rectional incompatibility previously observed among sil strains

Evolution: Rousset and Solignac
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Table 5. Incompatibility relationships between four D. sechellia strains

Male strain, symbiont(s)

Female se85TC, se81, se85, wSh se89, wSh
strain None wSh and wSnl and wSn2

se85TC 0.23 + 0.12 0.71 + 0.15 0.81 + 0.07 0.90 + 0.06
n 12 12 12 12

se8l 0.00 0.03 ± 0.01 0.35 ± 0.12 0.39 + 0.02
n 6 12 12 12

se85 0.11 ± 0.07 0.12 ± 0.11 0.15 ± 0.05 0.12 ± 0.06
n 12 12 26 18

se89 0.07 ± 0.01 0.14 + 0.07 0.22 ± 0.05 0.15 ± 0.05
n 12 12 12 12

See Table 3 legend.

(Table 6 of ref. 23, last column, from which it may be inferred
that the D. simulans Seychelles 81 strain is doubly infected, as
well as another strain from the Seychelles and at least three
from New Caledonia).
siIII/mal mtDNA Lineages. The mal mitochondrial type is

very closely related to silll (only one nt difference was found
in 2527 bp; ref. 30), and its presence in D. mauritiana most
probably results from cytoplasmic introgression by D. simulans
females carrying the sillI mtDNA (31, 39). The presence of
indistinguishable (on the basis of rDNA sequences) wMa
bacteria in mal and siIII individuals strongly suggests that
some of the D. simulans introgressing cytoplasms were in-
fected. How the initial infection has been maintained up to
now is not clear, since the symbionts do not (or no longer)
cause incompatibility.
The mtDNA type closest to silll is sill, but the wRi

symbionts found associated with the latter are distantly related
to wMa. This can be explained only by independent infections
of the silI and silIl lineages. There is evidence that the wRi
infection is recent, as it is found associated with a particular
subtype of sill mtDNA (40, 41), whose differentiation is itself
recent (42).
Double Infections in sil/se mtDNA Lineages. D. sechellia

flies harbor wSh either alone or associated with wSnl or wSn2.
This situation closely parallels that found in D. simulans sil
flies where wHa is "equivalent" to the closely related type wSh
and wNo to wSnl/2, since all flies possess the wHa sequence
and sometimes wNo. As D. sechellia mtDNA is related to D.
simulans sil (Fig. 1), the results are best explained by consid-
ering that a cytoplasm ancestral to sil and D. sechellia flies
possessed two types of bacteria-i.e., the ancestors of the two
groups of equivalent symbionts-one ofwhich was lost in some
descendants in both species. For some reason-e.g., reduced
bacterial density within males from natural populations (41)-
incompatibility would not have been strong enough to prevent
wNo-free cytoplasms from becoming common in D. simulans

Table 6. Interspecific crossing relatiohships between D. simulans
females and D. sechellia males

Male strain, symbiont(s)

Female se85TC, se8l, se85, wSh se89, wSh
strain None wSh and wSnl and wSn2

seWa 0.19 + 0.23 0.93 ± 0.10 0.88 ± 0.11 ND
n 13 3 5

siRi(wRi) 0.26 + 0.24 0.90 ± 0.10 0.96 ± 0.05 0.93 ± 0.06
n 20 8 3 3

siHa(wHa) 0.70 ± 0.32 0.16 + 0.13 ND 0.70 + 0.14
n 21 9 4

siNo(wHa
and wNo) 0.54 + 0.41 0.31 ± 0.26 0.47 + 0.22 0.52 ± 0.24
n 22 7 4 15

See Table 3 legend. ND, not done (no insemination).

sil populations (7 of the 10 strains studied; data are lacking for
D. sechellia).
An alternative explanation would be that one of the infec-

tions (wHa/wSh) would be ancestral to divergence of cyto-
plasmic lineages and the other infection had arisen indepen-
dently in each host species, resulting in three distinct bacterial
types (wNo, wSnl, and wSn2). Their sequences share a C
residue in position 561 which is not found in any other pub-
lished Wolbachia sequence and additional sequences from
symbionts of eight other Drosophila species and a mite (F.R.,
unpublished data). This explanation would imply that two (or
even three) infections by symbionts harboring this autapomor-
phy occurred precisely in two closely related maternal lineages
and only there.
A Synthesis. Congruencies between mitochondrial and bac-

terial relationships have been found at the level of the silIll
mal and sil/se lineages. At lest two infections occurred in
sil/se. A third probably occurred in the sill lineage (by wRi)
(40, 41). Doubts remain as to whether wMa, wNo, wSnl, and
wSn2 derive from a single infection of a common maternal
ancestor (which would imply at le.ast one more loss in the silI
lineage) or by separate infections (implying a fourth infection
by the ancestor of wMa). Each of these infections can have
occurred earlier than shown in Fig. 1 without any consequence
other than implying additional losses. It should be noted that
an infection event in a maternal lineage can be due to an
occasional paternal inheritance within the ancestral host pop-
ulations if it was polymorphic for mtDNA lineages, a rare
situation at present (42) or to horizontal transfer from an
extraspecific source.

Horizontal transfers are important for the subsistence of
symbionts without favorable effects on their hosts (43), but
their mechanisms are unknown and their frequency may be
difficult to estimate; for any infection detected here many
others have been rapidly eliminated because the probability of
spread after infection of one female is small (44).

Differentiation of Incompatibility Types. Bidirectional in-
compatibility is a cause of postmating isolation between two
Nasonia species (13, 17). Such incompatibility can be the
consequence of two independent infections or the result of
independent divergence of incompatibility types in popula-
tions separated after one infection event. D. sechellia and D.
simulans sil populations are of particular interest in suggesting
that such divergence is not straightforward; their separation
occurred more than 0.5 million years ago (45), and in this time,
independent evolution of wHa from wSh, and probably of
wSnl/2 from wNo, has not caused divergence of incompati-
bility types leading to postmating isolation (Table 6). Within D.
simulans, the different incompatibility types (Table 3) can be
related to the different infection events, and there is little
evidence for a variation of incompatibility properties after
such events, beyond that related to fluctuations of bacterial
density in individual hosts (19, 46). The most significant
alternative would be that all symbionts of cluster I have
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mtDNA & Wolbachia
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siII

siII

& wRPi

mal & wMa

siIII & wMa

siI & wHa

siI & wHa wNo

se & wSh wSn2
se & wSh wSnl
se & wSh

maII

mtDNA phylogeny Wolbachia infection events

FIG. 1. History of cytoplasmic lineages and Wolbachia infections in the D. simulans complex. In the center are indicated the 10 different
cytoplasmic genomes-associations of mitochondrial and bacterial types. Double infections are underlined. A firmly established mitochondrial
phylogeny (Left, ref. 30) traces the evolutionary history of cytoplasmic lineages which occurred within 1-2 million years and Wolbachia infections
(Right) can be placed in this context, as discussed in text. (a) and (b) are infections by ancestors of wRi and wMa respectively. The siIII-wMa
association has invaded D. mauritiana by cytoplasmic introgression. Infection occurred in the ancestor of sil and se lineage by (c), leading to wHa
and wSh, and probably by (d) leading to wNo and wSnl/2. A possible alternative to (b) and (d) gains is a single earlier infection-e.g., on the branch
marked by a star, more than 1 million years ago-implying at least one loss in the sill lineage. An alternative to (d) gain and (e and f) losses is
discussed in the text.

diversified from a single infection of the ancestral maternal
lineage at least 1 million years ago (Fig. 1), in which case
differentiation of incompatibility types within Drosophila pop-
ulations would still be slow. It will be interesting to compare
this situation with that found in other species, particularly
Culex pipiens, where rapid divergence has been proposed to
explain the much greater polymorphism of incompatibility
types (21).

We thank E. de Stordeur and D. Vautrin for their help, and L. D.
Hurst, S. L. O'Neill, N. Pasteur, and M. Raymond for discussion. This
is contribution 95-034 of the Institut des Sciences de l'tvolution.

1. Stouthamer, R., Luck, R. F. & Hamilton, W. D. (1990) Proc. Natl. Acad.
Sci. USA 87, 2424-2427.

2. Rousset, F., Bouchon, D., Pintureau, B., Juchault, P. & Solignac, M. (1992)
Proc. R. Soc. London B 250, 91-98.

3. Stouthamer, R., Breeuwer, J. A. J., Luck, R. F. & Werren, J. H. (1993)
Nature (London) 361, 66-68.

4. Legrand, J.-J., Juchault, P., Moraga, D. & Legrand-Hamelin, E. (1986) Bull.
Soc. Zool. Fr. 111, 135-147.

5. Yen, J. H. & Barr, A. R. (1973) J. Invertebr. Pathol. 22, 242-250.
6. Hoffmann, A. A., Turelli, M. & Simmons, G. M. (1986) Evolution 40,

692-701.
7. Breeuwer, J. A. J., Stouthamer, R., Barns, S. M., Pelletier, D. A., Weisburg,

W. G. & Werren, J. H. (1992) Insect Mol. Biol. 1, 25-36.
8. O'Neill, S. L., Giordano, R., Colbert, A. M. E., Karr, T. & Robertson, H.

(1992) Proc. Natl. Acad. Sci. USA 89, 2699-2702.
9. Rousset, F., Vautrin, D. & Solignac, M. (1992) Proc. R. Soc. London B 247,

163-168.
10. Holden, P. R., Jones, P. & Brookfield, J. F. Y. (1993) Genet. Res. 62,23-29.
11. Solignac, M., Vautrin, D. & Rousset, F. (1994) C. R. Acad. Sci. Ser. III317,

461-470.
12. Ryan, S. L. & Saul, G. B. (1968) Mol. Gen. Genet. 103, 29-36.
13. Breeuwer, J. A. J. & Werren, J. H. (1990) Nature (London) 346, 558-560.
14. Legrand, J.-J. & Juchault, P. (1986) Bull. Zool. 53, 161-172.
15. O'Neill, S. L. & Karr, T. L. (1990) Nature (London) 348, 178-180.
16. Subbarao, S. K. (1982) in Recent Developments in the Genetics of Insect

Disease Vectors, eds. Steiner, W. W. M., Tabachnick, W. J., Rai, K. S. &
Narang, S. (Stipes, Champaign, IL), pp. 313-341.

17. Breeuwer, J. A. J. & Werren, J. H. (1993) Heredity 70, 428-436.

18.

19.
20.

21.

22.
23.

24.
25.

26.
27.
28.
29.

30.
31.
32.

33.

34.
35.

36.
37.

38.

39.
40.
41.

42.

43.

44.
45.
46.

Braig, H. R., Guzman, H., Tesh, R. B. & O'Neill, S. L. (1994) Nature
(London) 367, 453-455.
Rousset, F. & de Stordeur, L. (1994) Heredity 72, 325-331.
Laven, H. (1967) in Genetics ofInsect Vectors of Disease, eds. Wright, J. &
Pal, R. (Elsevier, Amsterdam), pp. 251-275.
Barr, A. R. (1982) in Recent Developments in the Genetics ofInsect Disease
Vectors, eds. Steiner, W. W. M., Tabachnick, W. J., Rai, K. S. & Narang, S.
(Stipes, Champaign, IL), pp. 153-158.
Magnin, M., Pasteur, N. & Raymond, M. (1987) Genetica 74,125-130.
Montchamp-Moreau, C., Ferveur, J.-F. & Jacques, M. (1991) Genetics 129,
399-407.
Nigro, L. (1991) Heredity 66, 41-45.
Boyle, L., O'Neill, S. L., Robertson, H. M. & Karr, T. L. (1993) Science 260,
1796-1799.
Breeuwer, J. A. J. & Werren, J. H. (1993) Genetics 135, 565-574.
Bressac, C. & Rousset, F. (1993) J. Invertebr. Pathol. 63, 226-230.
Ochman, H. & Wilson, A. C. (1987) J. Mol. Evol. 26, 74-86.
Moran, N. A., Munson, M. A., Baumann, P. & Ishikawa, H. (1993) Proc. R.
Soc. London B 253, 167-171.
Satta, Y. & Takahata, N. (1990) Proc. Natl. Acad. Sci. USA 87, 9558-9562.
Solignac, M. & Monnerot, M. (1986) Evolution 40, 531-539.
Solignac, M., Monnerot, M. & Mounolou, J.-C. (1986) J. Mol. Evol. 23,
31-40.
Stephen, D., Jones, C. & Schofield, J. P. (1990) Nucleic Acids Res. 18,
7463-7464.
Hoffmann, A. A. & Turelli, M. (1988) Genetics 119, 435-444.
Lachaise, D., David. J. R., Lemeunier, F., Tsacas, L. & Ashburner, M.
(1986) Evolution 40, 262-271.
Jansen, R. & Ledley, F. D. (1990) Nucleic Acids Res. 18, 5153-5156.
Meyerhans, A., Vartanian, J.-P. & Wain-Hobson, S. (1990) Nucleic Acids
Res. 18, 1687-1691.
Campbell, B. C., Bragg, T. S. & Turner, C. E. (1992) Insect Biochem. Mol.
Biol. 22, 415-421.
Aubert, J. & Solignac, M. (1990) Evolution 44, 1272-1282.
Hale, L. R. & Hoffmann, A. A. (1990) Evolution 44, 1383-1387.
Turelli, M., Hoffmann, A. A. & McKechnie, S. W. (1992) Genetics 132,
713-723.
Baba-Aissa, F., Solignac, M., Dennebouy, N. & David, J. (1988) Heredity
61, 419-426.
Hurst, G. D. D., Hurst, L. D. & Majerus, M. E. (1992) Nature (London)
356, 659-660.
Rigaud, T. & Rousset, F. (1995) Biodiv. Conserv., in press.
Hey, J. & Kliman, R. M. (1993) Mol. Biol. Evol. 10, 804-822.
Hoffmann, A. A., Turelli, M. & Harshman, L. G. (1990) Genetics 126,
933-948.

Evolution: Rousset and Solignac


