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ABSTRACT Bacterial endosymbionts of insects have long
been implicated in the phenomenon of cytoplasmic incompat-
ibility, in which certain crosses between symbiont-infected
individuals lead to embryonic death or sex ratio distortion. The
taxonomic position of these bacteria has, however, not been
known with any certainty. Similarly, the relatedness of the
bacteria infecting various insect hosts has been unclear. The
inability to grow these bacteria on defined cell-free medium has
been the major factor underlying these uncertainties. We
circumvented this problem by selective PCR ampfflcation and
subsequent sequencing of the symbiont 16S rRNA genes di-
rectly from infected insect tissue. Maximum parsimony anal-
ysis of these sequences indicates that the symbionts belong in
the a-subdivision of the Proteobacteria, where they are most
closely related to the Rickettsia and their relatives. They are all
closely related to each other and are assigned to the type species
Wolbachiapipientis. Lack ofcongruence between the phylogeny
of the symbionts and their insect hosts suggests that horizontal
transfer of symbionts between insect species may occur. Com-
parison of the sequences for W. pipientis and for Wolbachia
persica, an endosymbiont of ticks, shows that the genus Wol-
bachia is polyphyletic. A PCR assay based on 16S primers was
designed for the detection of W. pipientis in insect tissue, and
initial screening of insects indicates that cytoplasmic incom-
patibility may be a more general phenomenon in insects than
is currently recognized.

The phenomenon of cytoplasmic incompatibility has been
observed in a diverse array of insect species from five orders
(1). Incompatible crosses are characterized by abortive
karyogamy (2-5), which for most insect species leads to early
embryonic death. In the case of the haploid/diploid sex
determining Hymenoptera however, incompatibility is not
lethal but, instead, results in a distorted sex ratio biased
toward the haploid sex (2, 5, 6). The molecular basis of
cytoplasmic incompatibility is unknown, but it has been
demonstrated that the genetic determinants are maternally
inherited (7, 8) and correlate with the presence of rickettsia-
like bacterial endosymbionts in the arthropods' gonad tissue
(9-13). In most cases the incompatible cross is that between
infected males and uninfected females, although in some
species reciprocal crosses between infected individuals are
also incompatible, yielding multiple crossing types within and
between species (4, 5, 9). The postmating reproductive
isolation and sex ratio distortions generated by cytoplasmic
incompatibility have intriguing evolutionary implications and
potential for the genetic manipulation of arthropod popula-
tions of economic and public health importance (14-17).
The bacterium associated with incompatibility in the mos-

quito Culex pipiens was first observed and described as

Wolbachia pipientis by Hertig (18). While incompatibility was
first characterized in Culex pipiens (15), it has since been
reported in a number of other insects (1). The relationship
between the symbionts of these other insects and W. pipientis
has been unclear, as has the taxonomic position of W. pipientis
relative to other described members of the genus Wolbachia
and, indeed, their phylogenetic position within the eubacteria.
This uncertainty is largely due to the fastidious nature of these
bacteria, which has prevented them from being cultured
outside their insect hosts (19). The 16S rRNA molecule is now
widely recognized and used as a conservative macromolecule
that allows phylogenetic placement of bacterial species (20). It
has recently been used to resolve the phylogenetic positions of
a variety of bacteria placed in the family Rickettsiaceae (21,
22). Using 16S rRNA primers specific to eubacteria, we have
selectively amplified, cloned, and sequenced symbiont 16S
rRNA genes from total genomic DNA extracted from insect
ovary tissue.§ This approach has enabled us to resolve these
issues by maximum parsimony analysis of sequences of the
16S rRNA genes of the bacteria associated with incompati-
bility. Representative symbionts from six insect species were
analyzed as well as symbionts from two lines of Drosophila
simulans known to possess differing cytoplasmic incompati-
bility crossing types (4).
The data generated from this study have also been used to

develop an assay for determining infection status of individ-
ual insects. Specific PCR primers from the variable V1 and
V6 regions of the 16S gene were designed to detect W.
pipientis infection in insect tissue. Initial studies using this
assay in a survey of pest insect species not previously known
to display incompatibility show that this bacterium, and
likely, therefore, the phenomenon of cytoplasmic incompat-
ibility, is much more pervasive in insects than is currently
recognized.

MATERIALS AND METHODS
Insect Strains. The following insects were used: Culex

pipiens collected from Champaign, IL; Drosophila simulans
Riverside (12); Drosophila simulans Hawaii (2); Hypera
postica western strain (10); Aedes albopictus collected from
East St. Louis, IL; Tribolium confusum BIV (1); and Ephe-
stia cautella lab strain from the U.S. Department of Agri-
culture/Agriculture Research Station, Gainesville, FL.

Phylogenetics. Insect ovary tissue was dissected into 50 Al
of STE (100 mM NaCl/10 mM Tris Cl, pH 8.0/1 mM EDTA,
pH 8.0), homogenized with a clean (DNA-free acid-washed)
sterile polypropylene pestle, and incubated with 2 Al of
proteinase K (10 mg/ml) for 30 min at 37°C, followed by 5 min

tPresent address: Department of Epidemiology and Public Health,
Yale University School of Medicine, P.O. Box 3333, New Haven,
CT 06510.
§The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. X61767, X61768, X61769,
X61770, X61771, X62247, and X62248).
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at 950C. Samples were briefly centrifuged in a microcentri-
fuge, and 1 /.l of the supernatant was used as the template in
subsequent PCRs. PCR conditions included 2.5 mM MgCl2,
all four dNTPs (each at 200 tLM), and 400 nM primer
concentration. A temperature profile of 950C for 1 min, 550C
for 1 min, and 720C for 1 min was used for 35 cycles with the
following eubacterial specific primers: 5'-GCTTAACACAT-
GCAAG, Escherichia coli positions 45-61 forward; 5'-
CCATTGTAGCACGTGT, Escherichia coli positions 1242-
1227 reverse. These primers amplified an z1180-base-pair
(bp) fragment of the gene from all insect samples. In addition
the following primers were used to amplify a larger region
from Culex pipiens tissue: 5'-AYTTTGAGAGTTT-
GATCCTG, Escherichia coli positions 2-21 forward (where
Y is a pyrimidine); 5'-ACGGGCAGTGTGTACAAGACC,
Escherichia coli positions 1406-1386 reverse.

Appropriate controls with naturally uninfected and tetra-
cycline-cured lines of insects showed that PCR amplification
only occurred in lines that were known to be carrying the
symbiont of interest, thus only the DNA from the symbiont
was amplified and not that of other contaminating bacteria.
PCR products were cloned directly into the pCR2000 plasmid
vector (TA cloning kit; Invitrogen, San Diego) and three to
six clones from each insect population were sequenced using
Sequenase Version 2.0 (United States Biochemical). A con-
sensus sequence was generated for each species from these
multiple clones to overcome Taq polymerase errors. Se-
quences were manually aligned with assistance from the
preexisting alignments of the Ribosomal Database Project
(23) and subjected to maximum parsimony analysis using
PAUP Version 3.0 for the Macintosh (24).
PCR Assay. DNA extraction and PCR conditions were the

samr as outlined above except that annealing was carried out
at 52-C instead of 550C and the number of cycles was reduced
to 30. Primers designed to be specific for W. pipientis were
5'-TTGTAGCCTGCTATGGTATAACT, which is in the
variable V1 region and corresponds to Escherichia coli
positions 76-99 forward, and 5'-GAATAGGTATGATTT-
TCATGT, which is the reverse complement of the variable
V6 region and corresponds to Escherichia coli positions
1012-994 reverse. The following primers specific for insect
mitochondrial 12S rRNA were used as controls to check for
the quality of each DNA extraction: 5'-AAACTAGGATT-
AGATACCCTATTAT and 5'-AAGAGCGACGGGCGAT-
GTGT, known as 12SAI and 12SBI, respectively (25).

RESULTS AND DISCUSSION
Nearly the entire 16S rRNA gene (1325 bp) was sequenced
from W. pipientis, the symbiont of the mosquito Culex
pipiens, which is the type species for the genus Wolbachia
(18). For the other six insect strains or species, 623-691 bases
of the 5' region of the symbiont 16S rRNA gene were
sequenced. Variation among the six clones sequenced from
Culex pipiens tissue was 0.19%o. Similarly, variation between
the clones sequenced from each of the other insect strains
ranged from 0.04% to 0.20%. This variation might reflect
intercistronic variation, assuming there are multiple cistrons
as is the case for most bacteria, or might result from Taq
polymerase infidelity. Ofthe clones displaying variation from
the consensus at a given site however, none showed further
compensating substitutions in other regions of the gene that
would correct for secondary structure modifications of stems
induced by the initial substitution. Also, none of the variable
sites was sharer. by more than one clone at any given
position. Furthermore, the amount of variation observed is in
the known range for Taq polyinerase incorporation error
rates (26, 27). These observations suggest that most of the
observed variation is due to Taq polymerase infidelity with
intercistronic variation being a minor component at most.
This conclusion is in agreement with findings from related

bacteria in which intercistronic variation is minimal (28). In
addition, of the 21 total intrapopulation variable positions,
only three sites (one from Culex pipiens, one from Tribolium
confusum, and one from Aedes albopictus) possessed sub-
stitutions that could have Seen interpreted as potential syn-
apomorphies in the later a.ialysis. Therefore, intrapopulation
variation was considered to be of negligible influence on the
interpretation ofthe sequence data and a consensus sequence
for each population was used in the phylogenetic analysis.
Maximum parsimony analysis of the nearly full-length se-

quence of W. pipientis from Culex pipiens tissue, aligned with
representative eubacteria, revealed that W. pipientis is situ-
ated in the a-subdivision of the Proteobacteria (29) (Fig. 1).
This subdivision contains most of the purple nonsulfur pho-
tosynthetic bacteria and many nonphotosynthetic endosym-
bionts ofeukaryotic cells, including the mitochondria (30). The
nearest relatives of W. pipientis are Anaplasma marginale,
Ehrlichia risticii, and the Rickettsia spp., all arthropod-born
pathogens of mammals (21, 22). This placement with the
rickettsia confirms many observations, primarily using the
electron microscope, that these endosymbionts are rickettsia-
like (9-13). Closer examination ofthe relationship between W.
pipientis and these rickettsial relatives, whose sequences can
be aligned with more confidence, confirmed that Anaplasma
marginale represents the sister group of W. pipientis (Fig. 1).
They have, however, diverged significantly as indicated by
their deep branchings in the tree. For example, although W.
pipientis aligns most closely with these mammalian pathogens,
it is not pathogenic to mammals (19).
The only other member of the genus Wolbachia for which

16S rRNA sequence data are available is the tick symbiont
Wolbachia persica (21). It is clear from comparison ofthe 16S
sequences of W. persica and W. pipientis that the two
bacteria are not closely related, W. persica belonging in the
y-subdivision of the Proteobacteria (21). If the genus Wol-
bachia is constrained to be monophyletif. prior to parsimony
analysis, the shortest tree that can be generated is 85 steps
longer than the tree of 2165 steps presented in Fig. 1. Clearly,
the genus Wolbachia as currently defined is polyphyletic, and
since W. pipientis is the type species for the genus, W. persica
should be removed from the genus Wolbachia.

Partial 16S rRNA sequences were obtained for symbionts
of the beetles Hypera postica and Tribolium confusum, the
mosquito Aedes albopictus, the moth Ephestia cautella, and
two bidirectionally incompatible strains of Drosophila sim-
ulans originally taken from Hawaii and Riverside, California
(4). The sequences from these symbionts show them to be a
monophyletic assemblage with divergences ranging from
0.2% to 2.6% for the 623-bp 5' region of the gene (Fig. 2). The
relevance of 16S rRNA divergence to species status in
bacteria is a relatively new issue and no set rules are
established (31). Some species, which have been described
and generally accepted as distinct, exhibit low divergence
(<2%) in 16S rRNA sequence. Examples include the Bacillus
thuringiensis group (32) and the Rickettsia spp. shown in Fig.
2. In others, subspecies show divergence bordering on 3%,
for example, in the genus Fusobacterium (33). In the absence
of any other differentiating characters, *the similarity in
ecology and phenotypic effect that these Wolbachia sym-
bionts have on their hosts provisionally warrants that they be
classified as members of the same species, W. pipientis.
Similarly, closely related sequences have been obtained
independently from the symbionts of parasitic wasps of the
genus Nasonia (35), confirming that the 1 acteria responsible
for cytoplasmic incompatibility in different hosts are all
closely related. We conclude that cytoplasmic incompatibil-
ity is not a general physiological response to infection by a
diverse range of bacteria, rather it is associated with a
specialized bacterium that infects a wide range of different
arthropod hosts.
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FIG. 1. Phylogenetic tree derived from maximum parsimony analysis of the 16S rRNA genes from W. pipientis (taken from Culex pipiens

mosquitoes) (GenBank accession no. X61768) and other representative proteobacteria from the a, 8, and y subdivisions. The Gram-positive
bacterium Bacillus subtilis was used as the outgroup. The 1325 bases determined for W. pipientis were manually aligned to the corresponding
regions from the other bacteria. This tree is the most parsimonious generated by the Heuristic algorithm of PAUP Version 3.0. Deletion of the
variable regions V1-V9 from the alignment did not alter the relationships. A more restricted analysis was performed to examine more closely
the relationship of Wolbachia and its rickettsial relatives. In this case the Rickettsia spp. were used as the outgroup and the topology shown
in this figure was confirmed by the Exhaustive algorithm of PAUP Version 3.0, yielding a tree of 459 steps with Anaplasma marginale as the
sister group of W. pipientis versus a tree of 466 steps to make Ehrlichia risticii the sister group.

Data from the 16S rRNA gene provide a limited number of
characters that are informative for the phylogeny of the
strains of W. pipientis, so the topology of the Wolbachia
branches of the tree presented in Fig. 2 is not very robust.
However, aspects of the tree appear to be informative. For
example, the symbionts of the fruitfly Drosophila simulans
are more closely related to those of the moth Ephestia
cautella than they are to the symbionts ofthe other dipterans,
Culex pipiens and Aedes albopictus. This lack of congruence
ofthe phylogenies ofthe Wolbachia and their insect hosts can
be examined more rigorously by constraining the symbionts
from hosts of different insect families and orders to be
monophyletic prior to parsimony analysis. By using Ana-

plasma marginale as the outgroup for this closer comparison,
the most parsimonious tree that can be generated under these
constraints is 33 steps long, 11 steps longer than the most
parsimonious unconstrained topology in Fig. 2. This analysis
suL tests that the symbiont has been at quired more than once
by different insects, further justifying the classification of
these bacteria as members of the same species and arguing
against naming the symbionts after the insect hosts they
infect (34). Thorough analysis of the strains of W. pipientis
will require additional data from a more rapidly evolving gene
sequence.
The observation that incompatibility is associated with a

specific group of bacteria and the acquisition of sequence

Culex pipiens

Tribolium confusum

Hypera postica
Aedes albopictus

Drosophila simulans Hawaii

Ephestia cautella

Drosophila simulans Riverside

Anaplasma marginale

Rickettsia prowazekii

Rickettsia typhi

LRickettsia rickettsin

FIG. 2. Phylogenetic tree derived from maxi-
mum parsimony analysis of 623 bases sequenced
from the 5' region of the 16S rRNA gene of sym-
bionts from the following insect hosts: Hypera
postica (GenBank accession no. X62248), Tri-
bolium confusum (X62247), Culex pipiens
(X61768), Aedes albopictus (X61767), Drosophila
simulans Riverside (X61770), Drosophila simulans
Hawaii (X61769), and Ephestia cautella (X61771),
aligned with the corresponding regions of the gene
from Ehrlichia risticii, Anaplasma marginale, and
the Rickettsia spp. The Rickettsia spp. were defined
as the outgroup, and this tree is one of four most
parsimonious trees generated by the Branch-and-
Bound algorithm of PAUP Version 3.0, the other
three differing in details of the arrangement of the
most closely related Wolbachia strains. The names
of the insect hosts are not italicized to indicate that
these are not considered to be specific names for the
Wolbachia.
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FIG. 3. PCR assay for Wolbachia infection using the specific
76-99 forward and 1012-994 reverse primers in lanes b-h, and the
specific 76-99 forward primer combined with the general eubacterial
1242-1227 reverse primer in lanes i and j. Mitochondrial 12S rRNA
primers were also used in separate PCRs as a control for the quality
ofthe DNA extraction (band at 400 bp). For the purpose ofthis figure
the PCR products from both reaction mixtures were combined and
electrophoresed on a 1.2% agarose gel, stained with ethidium bro-
mide, and visualized with UV. Lanes: a, BRL 1-kilobase ladder; b,
Drosophila simulans Riverside (naturally infected) (12); c, Droso-
phila simulans Riverside (tetracycline-cured strain) (4); d, Droso-
phila simulans Watsonville (naturally uninfected) (12); e, Hypera
postica western strain (naturally infected) (10); f, Hypera postica
eastern strain (naturally uninfected) (10); g, Culex pipiens (naturally
infected); h, Aedes albopictus (naturally infected); i, Tribolium
confusum BI (naturally uninfected) (1); j, Tribolium confusum BIV
(naturally infected) (1).

data from variable regions of the 16S gene have allowed
design of species-specific oligonucleotide primers that dis-
tinguish W. pipientis from other members of the a-Proteo-
bacteria for which sequence data are currently available.
These primers have been used in PCRs to determine reliably
the infection status of infected, uninfected, and tetracycline-
cured strains of Drosophila simulans, Tribolium confusum,
Hypera postica, Culex pipiens, and Aedes albopictus. DNA
extracted from single ovaries was adequate for detection
(Fig. 3). The application of this assay to DNA extractions
from ovaries of various other insect species has revealed a
number of cases of infection in insects that were previously
unknown to harbor such symbionts. Examples include the
rice moth Corcyra cephalonica, the angoumois grain moth
Sitotroga cerealella, the western corn rootworm Diabrotica
virgifera virgifera, the black carpet beetle Attagenus uni-
color, the apple maggot fly Rhagoletis pomonella, the blue-
berry maggot fly Rhagoletis mendax, and the Caribbean fruit
fly Anastrepha suspensa (R.G., unpublished data). Whether
these insects also display cytoplasmic incompatibility is
unknown.
The observed diversity of the known host range of this

bacterium and a growing number of examples of infection
suggest that the phenomenon of cytoplasmic incompatibility
is likely to be more pervasive among arthropods than cur-
rently suspected. The finding that cytoplasmic incompatibil-
ity in different insects is associated with a single species of
bacterium suggests that the mechanism of incompatibility
will prove to be similar in different insect species.
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