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ABSTRACT

Wolbachia-induced cytoplasmic incompatibility (CI) is expressed when infected males are crossed with
either uninfected females or females infected with Wolbachia of different CI specificity. In diploid insects,
CI results in embryonic mortality, apparently due to the the loss of the paternal set of chromosomes,
usually during the first mitotic division. The molecular basis of CI has not been determined yet; however,
several lines of evidence suggest that Wolbachia exhibits two distinct sex-dependent functions: in males,
Wolbachia somehow “imprints” the paternal chromosomes during spermatogenesis (mod function),
whereas in females, the presence of the same Wolbachia strain(s) is able to restore embryonic viability (resc
function). On the basis of the ability of Wolbachia to induce the modification and/or rescue functions in
a given host, each bacterial strain can be classified as belonging in one of the four following categories:
mod" resct, mod~ resc”, mod~ resc”, and mod" resc”. A so-called “suicide” mod* resc” strain has not been found
in nature yet. Here, a combination of embryonic cytoplasmic injections and introgression experiments
was used to transfer nine evolutionary, distantly related Wolbachia strains (wYak, wTei, wSan, wRi, wMel,
wHa, wAu, wNo, and wMa) into the same host background, that of Drosophila simulans (STCP strain), a
highly permissive host for CI expression. We initially characterized the modification and rescue properties
of the Wolbachia strains wYak, wTei, and wSan, naturally present in the yakuba complex, upon their
transfer into D. simulans. Confocal microscopy and multilocus sequencing typing (MLST) analysis were
also employed for the evaluation of the CI properties. We also tested the compatibility relationships
of wYak, wTei, and wSan with all other Wolbachia infections. So far, the cytoplasmic incompatibility
properties of different Wolbachia variants are explained assuming a single pair of modification and rescue
factors specific to each variant. This study shows that a given Wolbachia variant can possess multiple rescue
determinants corresponding to different CI systems. In addition, our results: (a) suggest that wTei appears
to behave in D. simulans as a suicide mod" resc” strain, (b) unravel unique CI properties, and (c) provide a
framework to understand the diversity and the evolution of new Cl-compatibility types.

OLBACHIA is a group of maternally transmitted
intracellular bacteria that infect numerous arthro-

pod as well as filarial nematode species (WERREN 1997;
BANDI ef al. 1998; STOUTHAMER et al. 1999). In arthro-
pod hosts, Wolbachia mainly reside in ovaries and testes.
In many cases, they manipulate host reproduction to
ensure their own transmission by inducing feminization
(RicAauD 1997), thelytokous parthenogenesis (HUIGENS
and StouTHAMER 2003), male killing (HURST et al.
2003) and, most commonly, cytoplasmic incompatibil-
ity (CI) (Bourtzis et al. 2003). In diploid species, CI is
expressed as embryonic lethality of the progeny of a
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male infected by one (or more) Wolbachia strain(s) and
a female that either is uninfected or carries a different
Wolbachia strain (BourTzis et al. 2003).

The molecular mechanism of CI has not yet been
elucidated; currently available data, however, suggest
that Wolbachia modifies nuclear components of the
sperm during spermatogenesis (PRESGRAVES 2000). This
is called the modification action of Wolbachia (mod
function) (WERREN 1997). This modification prevents
the paternal set of chromosomes from entering the ana-
phase of the first mitotic division, resulting in failure of
zygote development unless the same Wolbachia strain(s)
is/are present in the egg and exert(s) the respective
rescue function(s) (resc, for rescue) (Lassy and KArRr
1996; CALLAINT ef al. 1997; WERREN 1997; TrRAM and
SurLLivaN 2002; FERREE and SuLLIVAN 2006). It has been
suggested that mod and resc interact in a lock-and-key
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manner, with a direct inhibition of the mod factor (the
lock) by the resc factor (the key) (PoIiNsot et al. 2003);
recent observations have supported this model (FERREE
and SuLLIvAN, 2006). On the basis of this model, any
Wolbachia/host association can be classified as belong-
ing to one of the four following phenotypic categories:
mod™® resc’, mod™ resc*, mod™ resc”, and mod" resc™,
depending on their modification and/or rescue proper-
ties (PoINsOT et al. 2003). The phenotypes mod™ resc”,
mod resc’, and mod™ resc” have been observed in many
different Wolbachia/host associations (WERREN 1997;
McGRraw and O’NEILL 1999; CHARLAT ef al. 2001, 2002a;
WEEKS et al. 2002; BourTzIs et al. 2003). The mod™ resc™
phenotype describes Wolbachia strains, which are able to
induce CI without being capable of rescuing their own
modification. Such strains have not been found yet, but
theory does not preclude their maintenance in natural
populations (CHARLAT et al. 2001, 2002a).

Wolbachia infections and their association with
Wolbachia-induced cytoplasmic incompatibility phenom-
ena have extensively been studied in Drosophila species.
D. melanogaster seems to harbor a group of very closely
related Wolbachia strains, known as wMel, that induce
variable levels of CI depending on the bacterial and
host genotypes and male age (Horrmann 1988; BoyLE
et al. 1993; HOFFMANN el al. 1994; HOLDEN et al. 1993;
Bourtzis et al. 1994, 1996; SOLIGNAC et al. 1994;
McGraw et al. 2001; REyNoLDs and Horrmann 2002;
WEEKS et al. 2002; MERCOT and CHARLAT 2004; RIEGLER
et al. 2005). D. simulans harbors at least five phylogenet-
ically and phenotypically distinct strains: wRi, wHa, wNo,
wMa, and wAu (MERCOT and CHARLAT 2004). The wRi,
wHa, and wNo strains are able to express both the mod-
ification and the rescue function in their natural host
and are all bidirectionally incompatible (HOFFMANN et al.
1986; O’NEILL and KARR 1990; MERGOT et al. 1995). The
wMa strain is considered a mod~ resc" strain, unable to
express the modification function, but being able to fully
rescue the modification of the wNo strain (ROUSSET and
SorigNAC 1995; MERGOT and PoiNsoT 1998a; CHARLAT
et al. 2003). The wAu strain is considered a mod~ resc
strain (HOFFMANN et al. 1996; POINSOT et al. 1998; MERGOT
and PoiNsoT 1998b; JAMES and BALLARD 2000; REYNOLDS
and HorrmanN 2002; CHARLAT et al. 2003). Two
Wolbachia strains have been described in D. sechellia,
wSh and wSn; both are considered mod" resc" and they
are bidirectionally incompatible (ROUSSET and SOLIGNAG
1995; CHARLAT et al. 2002b). In D. mauritiana, only
Wolbachia strain wMau has been described, which corre-
sponds to wMa following introgression of the genome
of D. mauritiana in the silll cytoplasm of D. simulans
(Rousser and SorigNac 1995). The CI properties
of wMau appear to be identical to those of wMa from
D. simulans: wMau has been shown to be incapable of
expressing a modification function but it can fully
rescue the modification of the wNo strain, thus express-
ing a mod~ resc” phenotype (GIORDANO et al. 1995;

RousseT and SOLIGNAC 1995; BOURTZIS et al. 1998; JAMES
and BALLARD 2000; JAMES et al. 2002). The Wolbachia
strains wYak, wlei, and wSan have been reported to in-
fect D. yakuba, D. teissieri, and D. santomea, respectively
(LAcHAISE et al. 2000; ZABALOU et al. 2004a) . These strains
were shown to be unable to express a mod function; how-
ever, they can fully rescue the wRi modification upon its
transfer into their natural hosts (ZABALOU et al. 2004a).

Two important points that need to be taken into
consideration to determine the CI properties of host—
Wolbachia associations are: (a) the host nuclear back-
ground and (b) the complete absence of Wolbachia in
antibiotic-treated lines (WEEKS ef al. 2002). Another
important factor is the typing of the given Wolbachia
strain used in the CI crosses. Efficient methods for
Wolbachia strain typing were, until very recently, quite
limited and mostly based on the Wolbachia surface pro-
tein (wsp) gene (ZHOU el al. 1998). However, Wolbachia
is prone to high rates of recombination, especially within
supergroups, and single gene phylogenetics are unreli-
able for resolving close relationships (JIGGINS et al.
2001; WERREN and BarTOs 2001; BORDENSTEIN and
WERNEGREEN 2004; BALDO et al. 2005, 2006a).

Taking a new approach to strain typing, RIEGLER et al.
(2005) reported a number of polymorphic markers, such
as size polymorphisms for IS5 insertion sites or minis-
atellites and the orientation of a chromosomal inver-
sion, to detect and discriminate five different Wolbachia
variants present in D. melanogaster natural populations
and laboratory stocks. Research on Wolbachia depends
critically on the ability to distinguish closely related
strains to provide a solid foundation for understanding
the evolution of phenotypic changes of this variable
endosymbiont. Toward this goal, we recently developed
an MLST system to discriminate closely related Wolbachia
strains (from supergroups A and B) infecting Drosophila
species, including all bacterial strains infecting species
of the D. melanogastersubgroup (PARASKEVOPOULOS et al.
2006). BALDO et al. (2006b) recently developed a second
MLST system, thus increasing the availability of markers
for typing closely related Wolbachia strains.

In this study, we initially aimed at characterizing
Wolbachia infections (wYak, wTei, and wSan), naturally
presentin the yakuba complex, with respect to their modi-
fication and rescue activities in D. simulans, a highly
permissive host for CI expression. Confocal and MLST
analysis were also employed for the evaluation of the
CI properties. Additionally, we tested the compatibility
relationships of wYak, wTei, and wSan with all other
Wolbachia infections naturally present in D. simulans
(wRi, wHa, wAu, wNo, and wMa) and with wMel. Up
to now, the cytoplasmic incompatibility relationships
between different variants could always be explained
assuming a single pair of modification and rescue factors
specific to each variant. This study shows that a single
Wolbachia variant can possess multiple rescue factors
corresponding to different CI systems. In addition, our
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TABLE 1

Drosophila species and strains used in this study and their associated Wolbachia strain

Species Strain Source Wolbachia“
D. yakuba SA3’ Bom Successo, Africa’ wYak
D. teissieri 0257.0¢ NDSRC wTei
D. santomea STO.97 Bom Successo, Africa’ wSan
D. simulans STCP* Mahe Island, Seychelles "
D. simulans STCP 14 (wYak)’ This study wYak
D. simulans STCP 18 (wYak)/ This study wYak
D. simulans STCP 2 (wTei)’ This study wlei
D. simulans STCP 4 (wTei)/ This study wTei
D. simulans STCP 1 (wSan)/ This study wSan
D. simulans STCP 41 (wSan)’ This study wSan
D. simulans STCP (wMel)# PoinsoT et al. (1998) wMel
D. simulnas Riverside HorrMANN et al. (1986) wRi
D. simulans Hawaii O’NEILL and KArr (1990) wHa
D. simulans Coffs Harbor HorrMANN et al. (1996) wAu
D. simulans Noumea MERGOT et al. (1995) wNo
D. simulans Madagascar JamEes and BALLARD (2000) wMa
D. simulans STCP [wRi]" This study wRi
D. simulans STCP [wHa]" This study wHa
D. simulans STCP [wAu]" This study wAu
D. simulans STCP [wNo]" This study wNo
D. simulans STCP [wMa]" This study wMa

“Based on partial wsp gene sequences and MLST analysis.
The D. yakuba strain SA3 was used as donor to establish the D. simulans STCP 14 (wYak) and D. simulans STCP

18 (wYak) lines.

“The D. teissieri strain 0257.0 was used as donor to establish the D. simulans STCP 2 (wTei) and D. simulans

STCP 4 (wTei) lines.

“The D. santomea strain STO.9 was used as donor to establish the D. simulans STCP 1 (wSan) and D. simulans

STCP 41 (wSan) lines.

‘The D. simulans strain STCP was used as recipient to establish the D. simulans STCP (wYak, wTei, and wSan)

lines (PoINSOT et al. 1998).

/The D. simulans STCP (wYak, wTei, and wSan) lines were produced in this study.
¢The D. simulans STCP (wMel) line was produced by PoIiNsoT et al. (1998).
"Introgressed line produced by series of backcrosses in this study.

‘Collected by Daniel Lachaise in Sao Tomé Island (LACHAISE et al. 2000).

/National Drosophila Species Resource Center.
*@, uninfected line.

results: (a) suggest that wlei behaves in D. simulans as a
mod" resc” strain, (b) unravel unique CI properties, and
(c) provide the framework to understand the diversity
and the evolution of new Cl-compatibility types.

MATERIALS AND METHODS

Insects: All Drosophila stocks used in this study and their
origins are presented in Table 1. Flies were grown at 25° on
cornflour/sugar/yeast medium as low-density mass cultures,
since larval crowding can have a negative effect on the
expression of CI (SINKINS et al. 1995). Tetracycline-treated
strains were established by rearing flies for two generations on
medium containing tetracycline at 0.025% (w/v) final
concentration.

Micro-injections: Micro-injections were carried out as pre-
viously reported (ZABaLOU el al. 2004a, 2004b). Using a
microcapillary needle (Femtotips; Boehringer, Indianapolis),
cytoplasm was drawn from infected early embryos and then
injected into slightly dehydrated uninfected recipient early
embryos.

Introgression lines: Introgression lines were produced,
harboring the cytoplasm of different D. simulans infected lines
carrying the Wolbachia strains wRi, wHa, wNo, wAu, and wMa
in the genetic background of D. simulans STCP line. These
introgression lines were generated by six generations of
backcrossing Wolbachia-infected females of a given line to
males of D. simulans STCP. This procedure should theoreti-
cally result in at least 98% genome replacement and the
maintenance of the cytoplasm of the infected parental female.

Nomenclature: For the purposes of this study, we will use the
following nomenclature system to refer to uninfected, tran-
sinfected (through micro-injections), and introgression lines.
The name of each line starts with the species name and strain
indicating the host genetic background followed by an
italicized lower case w followed by the name of the Wolbachia
strain within parentheses (transinfected lines) or within square
brackets (introgression lines). Zero within parentheses or
square brackets denotes an uninfected host. Thus, D. simulans
STCP (wYak) symbolizes a transinfected line, D. simulans STCP
[wHa] an introgression line, while D. simulans STCP (Q)
symbolizes an uninfected line.

Detection, typing, and phylogenetic analysis of Wolbachia
strains: Bacterial DNA was extracted using the DNeasy Tissue
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Kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. The presence of Wolbachia was initially deter-
mined by PCR using the 16S ¥DNA Wolbachia-specific primers
99F and 994R, which yield a product of ~900 bp (O’NEILL et al.
1992) and the wsp primers 81F and 691R, which yield a
product of ~600 bp (BRAIG et al. 1998; Znou et al. 1998). PCR
control reactions were performed to test the quality of the DNA
template using the mitochondrial ¢ytb primers cytb1 and cytb2,
which yield a 378-bp product (CLARY and WOLSTENHOLME
1985). PCR conditions have been described in detail previously
(PArRASKEVOPOULOS el al. 2006). The typing of the Wolbachia
strains was based on a recently developed MLST approach
(PARASKEVOPOULOS ef al. 2006) and partial sequencing of the
wsp gene. Furthermore, the same sequence gene data were
concatenated and phylogenetic relationships were determined
with PhyloBayes, a Bayesian Monte Carlo Markov Chain (MCMC)
sampler (LARTILLOT and PuILIPPE 2004). The CAT mixture
model was used to account for site-specific features of protein
evolution. Seven independent runs were performed with a
total length of 10,000 cycles. The burn-in value was set at 0.95;
the posterior consensus was computed on the 9500 remaining
trees.

CI measurements: All matings were set up with one virgin
female (3 days old) and one virgin male (up to 1 day old).
Crosses were performed at 25° in bottles upturned on agar/
molasses plastic Petri dishes. Males were removed after mating
to avoid remating and females left to lay eggs for 2-3 days. The
dishes were replaced daily to monitor the number of eggs laid.
Females that laid <25 eggs were not included in the analysis.
Hatching rates were scored 36 hr after egg collection. The
parents of each cross were tested by PCR for the presence of
Wolbachia. The females and males from those crosses that did
not produce any larval progeny were tested for fertility by
crossing with a compatible partner. Crosses from sterile
females or males were excluded from further analysis.

mod intensity: To determine if a given Wolbachia strain
expresses the mod function in its natural hosts, and if yes, with
which penetrance, uninfected females were mated with both
infected and uninfected males of the same genetic back-
ground. Strains for which embryonic mortality is significantly
higherin crosses with infected males are considered mod". The
same test was performed with the transinfected lines.

Compatibility relationships: To test if a given Wolbachia
strain (e.g., wA) can rescue the mod function of another
Wolbachia strain (e.g.,, wB), males bearing wB were crossed
with females bearing wA, as well as with uninfected females of
the same genetic background. Rescue is detected if embryonic
mortality is significantly reduced by the presence of wA in
females.

Statistical analysis: Statistical analysis was performed using
various generalized linear models (GLM) with normal error
and the identity link function (NELDER and WEDDERBURN
1972; McCuLLAGH and NELDER 1989). Factors used in these
analyses include “bacterial strain” (separately in males and in
females) and “experimental location” (Greece and France).
More details are given at each analysis in the RESULTS section.
Significance level was set to 5% for all analyses performed.
SPSS (SPSS for Windows 15.0; SPSS, Chicago) was used for all
these models.

Immunofluorescence: Embryos, ovaries, and testes from
1-day-old flies were stained with the Wolbachia surface protein
(WSP) antibody and propidium iodide (PI) (Molecular Probes,
Eugene, OR), as described previously (VENETI et al. 2003,
2004). Images were taken using a Leica confocal laser-scanning
microscope, and Adobe Photoshop 7.0 was used for editing
purposes. For each of the three types of transinfected lines used
in this study, 10 blastoderm-stage embryos stained with WSP
antibody were used for fluorescence quantification. For each

TABLE 2

Summary of transinfection experiments

Recipient: Donor

D. yakuba D. teissieri  D. santomea
D. simulans SA3 0257.0 STO.9
STCP (o) (w¥Yak) (%) (wTei) (%) (wSan) (%)
Injected embryos 1080 720 1380
Survived Gy larvae 193 (17.9) 70 (9.7)¢ 400 (28.9)“
Survived G, females 26 (13.5)" 37 (52.9)" 44 (11.0)*
Fertile G females 22 (84.6)¢ 35 (94.6)° 40 (90.9)°
Wolbachia-infected 2 (9.1)¢ 6 (17.1) 4 (10.0)¢

Gy females

“Percentage of hatched Gy larvae.

b Percentage of survived G, females.
‘Percentage of fertile G, females.

'iPercentage of Wolbachia-infected G, females.

embryo, 1.5 pm-thick sections were taken and fluorescent
pixels for the image stacks were measured using the Image]
software (http:/rsb.info.nih.gov/ij/).

RESULTS

ZABALOU et al. (2004a) showed that naturally Wolbachia-
infected D. yakuba SA3 (wYak), D. leissieri 0257.0 (wTei),
and D. santomea STO.9 (wSan) lines do not express CI.
However, upon transfer of wRi in native hosts of the
above strains, it was observed that all three are able to
fully rescue the wRi modification. The question raised
by this study was whether the mod™ phenotype observed
in the three species forming the yakuba complex is due
to a host or a bacterial property. This study attempts to
address this question through the transfer of the wYak,
wTel, and wSan infections to another host, D. simulans,
which is one of the most permissive Drosophila species
for the expression of CI, as well as a known natural host
of at least five Wolbachia strains.

Establishment of transinfected lines: Injections of an
uninfected (tetracycline-cured) line of D. simulans (POINSOT
et al. 1998), called from now on STCP, were performed
using the naturally Wolbachia-infected D. yakuba SA3
(wYak), D. teissieri 0257.0 (wTei), and D. santomea STO.9
(wSan) as donor lines. The Wolbachia strains wYak,
wlei, and wSan were successfully transferred to and
established in the STCP strain. Two wYak, six wTei, and
four wSan-transinfected D. simulans STCP lines were
obtained (Table 2). Transinfections were confirmed by
PCR of the 16S *DNA and wsp genes of Wolbachia. At the
time of writing, all transinfected lines are still stably in-
fected with no evidence of loss of infection for >200
generations. Two stably transinfected D. simulans STCP
lines for each Wolbachia strain were used in crossing
experiments in the Greek laboratories, while one of the
lines was also independently characterized in the French
laboratory (Table 1). Mann-Whitney tests were carried
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out, prior to the GLM analysis presented below, to
compare these lines in all crossing experiments per-
formed in Greece. No differences were found between
the two stably transinfected D. simulans STCP lines for
each Wolbachia strain (data not shown), and so we
decided to pool these data.

Transinfected and introgression lines were used to
perform a total of 1710 crosses (Table 3) in an attempt
to study the compatibility relationships between nine
different Wolbachia strains (wMel, wYak, wTei, wSan,
wAu, wRi, wHa, wNo, and wMa) in a control host genomic
background (D. simulans STCP). The phylogenetic rela-
tionships of these Wolbachia strains, based on the neighbor-
joining phylogenetic analysis of the concatenated gene
fragments, are shown in Figure 1.

An initial analysis of the embryonic mortalities result-
ing from these crosses was carried out by a GLM with
bacterial strain (in males and in females) and experi-
mental location as factors. A significant interaction was
found by this analysis (P < 0.001) and therefore separate
generalized linear models were run to determine the
modification and the rescue properties of the Wolbachia
strains, particularly those of wYak, wTei, and wSan. It is
also important to note that no major differences were
observed in the results of the crossing experiments
between the two locations (Greece and France).

Do wYak-, wTei-, and wSan-transinfected D. simulans
STCP lines express CI? All Wolbachia-infected (tran-
sinfected and introgression) D. simulans STCP lines
were repeatedly and independently tested for the expres-
sion of the mod function in appropriate single-pair
crosses. All data concerning these crosses are presented
in Table 3. A GLM statistical analysis was carried out with
“bacterial strain in males” and experimental location as
factors. The model proved to be highly significant
(likelihood ratio = 481.5, P < 0.001). The estimated
bparameters (along with their 95% confidence intervals)
and Pvalues are presented in Table 4. These data suggest
that all Wolbachia-infected D. simulans STCP lines tested
are able to express CI with the exception of the wAu- and
wMa-infected ones. The Wolbachia-infected D. simulans
STCP lines that express CI can be classified into three
groups according to the 95% confidence intervals of the
bparameters: (a) the first group includes the wMel-, wRi-,
and wlei-infected D. simulans STCP lines that express
“high” levels of CI (mean CI 89.8-99.9% as shown in
Table 3); (b) the second group includes the wHa and
wNo-infected D. simulans STCP lines that express “me-
dium” levels of CI (45.8-75.4%); and (c) the third group
includes the wYak- and wSan-infected D. simulans STCP
lines that express “low” levels of CI (21.0-26.5%). These
data indicate that the wYak, wTei, and wSan Wolbachia
strains are able to induce Clin D. simulans STCP genomic
background while they were unable to induce this repro-
ductive alteration in their natural host (ZABALOU et al.
2004a). It is worth noting that the wTei- transinfected D.
simulans STCP lines express very high levels of CI (nearly

100%). Is this phenotypic change due to a host or to a
bacterial factor(s)?

The rescue properties of the Wolbachia strains, par-
ticularly those of wTei, wYak, and wSan, used in this
study were assessed by different GLMs carried out with
“bacterial strain in females” and experimental location
as factors. The results of these analyses are presented
below and in Tables 5-10.

Which Wolbachia strains rescue the wTei modifica-
tion in the D. simulans STCP background? The GLM
analysis was shown to be highly significant (likelihood
ratio = 226.24, d.f. = 10, P < 0.001). The estimated
bparameters (along with their 95% confidence inter-
vals) and Pvalues are presented in Table 5. The data
suggest that the wTei, wYak, wSan, wRi, wNo, and wMa
strains can rescue the wlei modification while the wMel,
wAu, and wHa cannot. The Wolbachia strains that
rescue the wTei modification can be classified into two
groups according to the 95% confidence intervals of the
b-parameters: the first group includes the wTei, wYak,
wSan, and wMa strains that exhibit high levels of rescue
capacity (mean CI 37.3-66.3% as shown in Table 3),
while the second group includes the wNo and wRi
strains that exhibit low levels of rescue potential (mean
CI 79.5-80.6%). It should be noted that the crosses
performed in France showed slightly lower levels of
rescue potential; however, no qualititative differences
were observed (Tables 3 and 5).

The efficiency of the wTei, wYak, and wSan strains to
rescue the wTei modification was also assessed by a GLM
analysis. A comparison between the “rescue” crosses
(wTei-, wYak-, and wSan-infected D. simulans STCP
females X wlei-infected males) to the control ones
(wTei-, wYak-, and wSan-infected D. simulans STCP
females X D. simulans STCP males), taking into account
the experimental location, was performed. A significant
difference was observed in the comparison between the
"rescue crosses and the control crosses (Wald’s x> =
28.56, d.f. =1, P < 0.001). These data clearly suggest
that the wTei, wYak, and wSan strains cannot completely
rescue the wTlei modification.

Do the wYak, wTei, and wSan Wolbachia strains
rescue the wRi modification in the D. simulans STCP
background? ZABALOU et al. (2004a) showed that natu-
rally Wolbachia-infected D. yakuba SA3 (wYak), D. teissieri
0257.0 (wTei), and D. santomea STO.9 (wSan) lines
could fully rescue the wRi modification upon its transfer
in their native hosts. Is this rescue function also ob-
served in the D. simulans STCP background? To address
this question, it was necessary to study all Wolbachia
strains in the same host background. The wRi strain was
transferred into D. simulans STCP through a series of
backcrosses. A comparison between the rescue crosses
(Wolbachia-infected D. simulans STCP females X wRi-
infected males) to the control ones (Wolbachia-infected
D. simulans STCP females X D. simulans STCP males) was
performed as shown in Table 3. The GLM statistical
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F1GUre 1.—Phylogenetic tree of the Wolbachia strains, con-
structed using the program MEGA 4.0 on the basis of the
neighborjoining method. Values on the branches represent
the percentage of 10,000 bootstrap replicates.

analysis was highly significant (likelihood ratio = 223.73,
d.f. =8, P<0.001). The estimated b-parameters (along
with their 95% confidence intervals) and Pvalues are
presented in Table 6. These data suggest that wTei, wYak,
wSan, and wRi can rescue the wRi modification while
wAu, wHa, wNo, and wMa cannot.

The data also suggest that the wTei, wYak, and wSan
strains may equally efficiently rescue the wRi modifica-
tion in the D. simulans STCP background and that the
rescue of the wRi modification is as efficient as the one
performed by wRi itself (Table 6).

Do the wYak, wTei, and wSan Wolbachia strains
rescue the wMel modification in the D. simulans STCP
background? The wMel Wolbachia strain has been
reported as a mod" resc" strain in previous studies
(HorrmaNnN 1988; BourTzis et al. 1994, 1996). About
10 years ago, we transferred the wMel Wolbachia strain
into the D. simulans STCP background and showed that
it induces high levels of CI (PoiNsoT et al. 1998). The
fact that all four Wolbachia strains (wYak, wTei, wSan,
and wMel) are present in the same host genomic
background, D. simulans STCP, provided the opportu-
nity to address the above question through a compari-

son between the rescue crosses (Wolbachia-infected
D. simulans STCP females X wMel-infected males) to
the control ones (Wolbachia-infected D. simulans STCP
females X D. simulans STCP males) as shown in Table 3.
The GLM statistical analysis was highly significant
(likelihood ratio = 145.95, d.f. =4, P<0.001). The esti-
mated b-parameters (along with their 95% confidence
intervals) and P-values are presented in Table 7. These
data suggest that only the wTei strain can rescue the wMel
modification (equally well as wMel, as is evident from
the confidence intervals of their respective s-parameters)
while the wYak and wSan strains cannot.

Do the wYak, wTei, and wSan Wolbachia strains
rescue the wHa modification in the D. simulans STCP
background? Wolbachia strain wHa has been reported
as a mod" resc” strain in previous studies (O’NEILL and
Karr 1990). The wHa strain was transferred into
D. simulans STCP through a series of backcrosses, thus
providing the potential to address the above question
through a comparison between the rescue crosses
(Wolbachia-infected D. simulans STCP females X wHa-
infected males) to the control ones (Wolbachia-infected
D. simulans STCP females X D. simulans STCP males) as
shown in Table 3. The GLM statistical analysis was highly
significant (likelihood ratio = 89.35 d.f. =6, P<<0.001).
The estimated s-parameters (along with their 95% con-
fidence intervals) and P-values are presented in Table 8.
These data suggest that only the wHa strain can rescue
its own modification while the wTei, wYak, wSan, wRi,
and wMa strains cannot.

Do the wYak, wTei, and wSan Wolbachia strains
rescue the wNo modification in the D. simulans STCP
background? Wolbachia strain wNo has been reported
as a mod" resc” strain in previous studies (MERGOT el al.
1995). The strain was transferred into D. simulans STCP
through a series of backcrosses, thus providing the poten-
tial to address the above question through a comparison
between the rescue crosses (Wolbachia-infected D. simulans
STCP females X wNo-infected males) to the control ones
(Wolbachia-infected D. simulans STCP females X D.
simulans STCP males), as shown in Table 3. The GLM
statistical analysis was highly significant (likelihood
ratio = 41.41, d.f. = 6, P < 0.001). The estimated
bparameters (along with their 95% confidence inter-
vals) and P-~values are presented in Table 9. These data
suggest that only the wNo strain can rescue the wNo
modification while the wTei, wYak, wSan, and wAu
strains cannot. The significant difference found for
the b-coefficient of wRi means that this strain not only
fails to rescue the wNo modification, but it actually
increases the observed embryonic mortality.

Typing Wolbachia strains in transinfected lines: We
have recently developed and applied an MLST system to
type Wolbachia strains infecting different Drosophila
species (PARASKEVOPOULOS et al. 2006). This MLST
approach was used to type the Wolbachia strains present
in all donor and transinfected lines used in our study.
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TABLE 4

Generalized linear model results on the modification properties of the Wolbachia strains used in this study

95% Wald confidence interval

Male infection b Lower Upper X’ d.f. Prvalue
(Intercept) 3.777 3.278 4.275 220.753 1 0.000
wYak —0.114 —0.188 —0.040 9.188 1 0.002*
wTei —0.851 —0.925 —0.776 502.798 1 0.000"*
wSan —0.109 —0.183 —0.034 8.204 1 0.004*
wRi —0.763 —0.862 —0.663 225.310 1 0.000*
wMel —0.870 —0.968 —-0.772 303.383 1 0.000"*
wAu —0.021 —0.126 0.085 0.150 1 0.699¢
wNo —0.323 —0.426 —0.220 37.494 1 0.000"*
wHa —0.619 —0.729 —0.508 119.853 1 0.000*
wMa 0.018 —0.075 0.110 0.143 1 0.706*
Location 0.009 —0.044 0.062 0.113 1 0.737"

*Significant at 5% level.

“ Pvalue for the comparison of the “modification” cross (D. simulans STCP female X Wolbachia-infected
D. simulans STCP male) to the control cross (D. simulans STCP female X D. simulans STCP male)
" Pvalue for the comparison between the data obtained in Greece and France.

The results were as follows: (a) both donor and
transinfected Drosophila lines harbor Wolbachia strains
with identical MLST profiles, and (b) no evidence of
multiple infections was observed in any of the donor
and the transinfected lines. In addition, we sequenced
part of the wsp gene of the Wolbachia strains present
in both the donor and the wYak-, wTei-, and wSan-
transinfected lines: all sequences obtained were identi-
cal to one another and closely related to that of the D.
simulans Coffs Harbor Wolbachia strain (wAu, EMBL
accession no. AF020067) analyzed by ZHOU et al. (1998).

These results are consistent with those reported by

CHARLAT et al. (2004) and ZABALOU et al. (2004a). Taken
together, these data suggest that the donor lines D.
yakuba (wYak), D. teissieri (wlei), and D. santomea (wSan)
and the wYak-, wTei-, and wSan-transinfected D. simulans
STCP lines carry very closely related Wolbachia strains
(Table 1).

Immunofluorescence analysis: Immunofluorescence
experiments and confocal analysis were performed in
embryos, testes, and ovaries of wYak-, wTei-, and wSan-
transinfected D. simulans STCP lines, using an anti-WSP
antiserum as described previously (CLARK et al. 2002,
2003; VENETI et al. 2003, 2004). Our analysis shows that

TABLE 5

Generalized linear model results on the rescue potential of different Wolbachia strains against
the wTei modification

95% Wald confidence interval

Female infection b Lower Upper X° d.f. Prvalue
(Intercept) —1.139 —1.693 —0.585 16.223 1 0.000
wYak 0.459 0.353 0.565 71.657 1 0.000*
wTei 0.552 0.471 0.632 180.636 1 0.000*
wSan 0.491 0.394 0.588 99.376 1 0.000*
wRi 0.141 0.024 0.257 5.573 1 0.0187
wMel 0.066 —-0.073 0.206 0.875 1 0.350¢
wAu —0.006 —0.117 0.105 0.012 1 0.912¢
wNo 0.130 0.026 0.233 6.033 1 0.014*
wHa 0.001 —0.105 0.107 0.000 1 0.990¢
wMa 0.363 0.258 0.468 46.165 1 0.000*
Location —0.121 —0.191 —0.052 11.771 1 0.001%*

*Significant at 5% level.

“ Pvalue for the comparison of the “rescue” cross (Wolbachia-infected D. simulans STCP female X wTei-infected
D. simulans STCP male) to the control cross (D. simulans STCP female X wTei-infected D. simulans STCP male)
" Pvalue for the comparison between the data obtained in Greece and France.
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TABLE 6

Generalized linear model results on the rescue potential of different Wolbachia strains against the
wRi modification

95% Wald confidence interval

Male infection b Lower Upper X’ d.f. Pvalue
(Intercept) —1.288 —1.956 —0.620 14.276 1 0.000
wYak 0.554 0.434 0.673 81.950 1 0.000*
wTei 0.646 0.536 0.756 132.124 1 0.000*
wSan 0.495 0.383 0.606 75.836 1 0.000*
wRi 0.549 0.410 0.688 59.724 1 0.000*
wAu —0.067 —0.194 0.060 1.073 1 0.300"
wNo 0.016 —0.113 0.145 0.060 1 0.806"
wHa —0.016 —0.148 0.115 0.060 1 0.806"
wMa 0.011 —0.115 0.136 0.027 1 0.868

*Significant at 5% level.

“ Pvalue for the comparison of the “rescue” cross (Wolbachia-infected D. simulans STCP female X wRi-
infected D. simulans STCP male) to the control cross (D. simulans STCP female X wRi-infected D. simulans

STCP male)

the D. simulans STCP (wYak), D. simulans STCP (wTei),
and D. simulans STCP (wSan) lines carried 4000 = 200,
3900 * 600, and 1700 * 200 bacterial counts respec-
tively. ANOVA analysis indicated significant differences
between the bacterial densities of embryos of the three
transinfected lines (F= 11.70, d.f. = 2.27, P < 0.001).
Tukey’s honestly significant differences (HSD) test
showed grouping of wYak-infected and wlei-infected
D. simulans STCP lines together, while the wSan-infected
D. simulans STCP line exhibited the lowest numbers.
Overall, embryos from all three transinfected lines
exhibited relatively low Wolbachia densities and tight
posterial localization (Figure 2), similar to those ob-
served in the native hosts (VENETI ¢ al. 2004). The vast
majority of the sperm cysts of all three transinfected
lines used in this study were uninfected. Only a small
number (<5%) contained few bacteria, probably scat-
tered in the somatic part of the testes (Figure 2), asit has
been described for their native hosts (VENETI ef al.

2003). Finally, the Wolbachia distribution in ovaries
showed bacterial accumulation in the posterior part of
the oocyte (Figure 2), as observed for the native hosts
(VENETI et al. 2004). We therefore conclude that the
D. simulans genomic background did not significantly
affect the distribution of the wYak, wTlei, and wSan
bacteria.

DISCUSSION

ZABALOU et al. (2004a) have shown that the naturally
occurring host-Wolbachia associations D. yakuba SA3
(wYak), D. teissieri 0257.0 (wTei), and D. santomea STO.9
(wSan) do not express CI, but that they are able to fully
rescue the wRi modification in the corresponding
wRi transinfected native hosts. This poses the question
whether the modification function is absent from these
Wolbachia strains or merely hidden in the native
hosts. Transfers of the Wolbachia strains into the same

TABLE 7

Generalized linear model results on the rescue potential of different Wolbachia strains against the
wMel modification

95% Wald confidence interval

Male infection b Lower Upper X d.f. Prvalue
(Intercept) —0.335 —0.522 —0.148 12.308 1 0.000

wYak 0.065 —0.007 0.138 3.095 1 0.079
wlei 0.626 0.544 0.708 223.920 1 0.000*
wSan 0.034 —0.032 0.100 1.004 1 0.316"
wMel 0.606 0.518 0.694 182.314 1 0.000*

*Significant at 5% level.

“ Pvalue for the comparison of the “rescue” cross (Wolbachia-infected D. simulans STCP female X wMel-
infected D. simulans STCP male) to the control cross (D. simulans STCP female X wMel-infected D. simulans

STCP male)
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TABLE 8

Generalized linear model results on the rescue potential of different Wolbachia strains against the wHa
modification

95% Wald confidence interval

Male infection b Lower Upper X’ d.f. P~value
(Intercept) —0.184 —0.846 0.479 0.294 1 0.587
wYak —0.006 —0.173 0.160 0.006 1 0.940°
wTei —0.042 —0.210 0.127 0.232 1 0.630“
wSan 0.058 —0.113 0.230 0.444 1 0.505“
wRi 0.106 —0.048 0.260 1.809 1 0.179¢
wHa 0.694 0.534 0.854 72.275 1 0.000*
wMa 0.127 —0.028 0.282 2.568 1 0.109“

*Significant at 5% level.

“ Pvalue for the comparison of the “rescue” cross (Wolbachia-infected D. simulans STCP female X wHa-
infected D. simulans STCP male) to the control cross (D. simulans STCP female X wHa-infected D. simulans

STCP male)

D. simulans (STCP) genomic background, through
either embryonic cytoplasmic injections or introgres-
sions, enabled us to address this question as well as to
study the compatibility relationships of wYak, wTei, and
wSan with other Wolbachia strains (WEEKS et al. 2002).

Transinfection experiments are a powerful tool in
studies of host=Wolbachia interactions; it should, how-
ever, be used with caution. Transinfections may result in
the transfer of “hidden” Wolbachia strains to the new
host, where they may find a suitable environment for
multiplication and persistence (for a documented case
see ZABALOU el al. 2004b). It is therefore important to
always type the transferred Wolbachia strain(s). Using a
recently developed MLST approach (PARASKEVOPOULOS
et al. 2006), we typed all Wolbachia strains present in
naturally infected, transinfected, and introgressed Dro-
sophila lines used in this study.

The phenotypic shift: The wYak, wlei, and wSan
strains are very closely related judging from their identical
wsp gene sequences (LACHAISE ¢t al. 2000; ZABALOU et al.

2004a) and their position in the same MLST-assigned
clonal complex (PARASKEVOPOULOS et al. 2006). All three
strains were transferred from their native hosts (D. yakuba,
D. teissieri, and D. santomea) to D. simulans STCP through
cytoplasmic injections. The transinfected lines were used
in single-pair genetic crosses to study their CI properties
(Table 3). A clear phenotypic shift was observed upon
the transfer from their native hosts to D. simulans STCP.
It was observed that the wYak- and wSan-transinfected
D. simulans STCP lines expressed low levels of CI, while
the transinfected D. simulans STCP (wTei) symbiotic as-
sociation expressed very high levels of CI (nearly 100%).
According to VENETI et al. (2003), there are three re-
quirements for the expression of CI in a host-Wolbachia
association: (i) Wolbachia has to be able to modify sperm
(mod" genotype), (ii) Wolbachia has to be harbored by
a permissive host, and (iii) Wolbachia has to infect
sperm cysts. How can this phenotypic shift from mod~
to mod" be explained? There are at least four possible
explanations:

TABLE 9

Generalized linear model results on the rescue potential of different Wolbachia strains against the
wNo modification

95% Wald confidence interval

Male infection b Lower Upper X° d.f. Prvalue
(Intercept) 0.474 —0.160 1.107 2.146 1 0.143
wYak 0.000 —0.162 0.163 0.000 1 0.995¢
wTei —0.111 —0.268 0.047 1.890 1 0.169°
wSan 0.055 —0.088 0.199 0.571 1 0.450°
wRi —0.186 —0.354 —0.018 4.692 1 0.030*
wAu —0.140 —0.308 0.028 2.653 1 0.103¢
wNo 0.366 0.194 0.538 17.382 1 0.000*

*Significant at 5% level.

“ Pvalue for the comparison of the “rescue” cross (Wolbachia-infected D. simulans STCP female X wNo-
infected D. simulans STCP male) to the control cross (D. simulans STCP female X wNo-infected D. simulans

STCP male)
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Eggs
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F1GURE 2.—Representative Wolbachia density and distribu-
tion is shown in embryos at syncytial blastoderm stage, testes
and ovaries of wYak-infected, wTei-infected, and wSan-in-
fected D. simulans STCP lines. Wolbachia are stained green-
yellow and host nuclei red. Most bacteria are concentrated
in the posterior part of the eggs and oocytes. Eggs are ori-
ented with the anterior part to the left. A few bacteria are scat-
tered across the testes, and infected sperm cysts are rare, if
present at all, in all three lines. Wolbachia cells are abundant
in the ovaries, especially in the early stages of oogenesis for all
three lines tested (shown only for wlei-infected ovary). For
later stages, no real differences between the three lines are
observed. Scale bar: embryos, 100 wm; testes, 100 wm; ovaries,
50 pm.

a. It could be that the new host environment of
D. simulans STCP is permissive for the expression of
the modification function of wYak, wTei, and wSan.
Previous reports showed similar phenotypic changes in
the behavior of Wolbachia strains upon their transfer to
novel hosts (POINSOT et al. 1998). BORDENSTEIN et al.
(2003) also showed that host genotype rather than
Wolbachia strain differences determines the type and
levels of cytoplasmic incompatibility in the Nasonia spe-
cies complex (but see also BORDENSTEIN and WERREN
2007). In addition, recent transinfection experiments
showed that the same Wolbachia variant could induce
two distinct reproductive phenotypes, CI and male
killing, in different host species (SAsSAKI et al. 2005).

b. Significant differences in the percentage of infected
spermatocysts could exist between the native and the
transinfected symbiotic associations. Confocal anal-
ysis did not provide evidence for this: there was no
difference in either the distribution and density or
the percentage of the native and the transinfected
symbiotic associations (Figure 2; see also VENETI e/ al.
2003). It remains possible, however, that differences
in the wlei (wYak or wSan) replication rate in larval
testes could explain the ability of wlei (wYak or
wSan) to modify the paternal chromosomes. Alter-

natively, sperm could be modified at some point in
development, where differences in Wolbachia distri-
bution and density cannot be detected (CLARK et al.
2002, 2003; VENETI et al. 2003).

Also, the distribution and infection levels of wYak,
wlei, and wSan in embryos and ovaries of the
transinfected D. simulans STCP lines was not differ-
ent from that observed in their native hosts (VENETI
et al. 2004).

c. The transfer of Wolbachia-infected embryonic cyto-
plasm from the native hosts could result in the estab-
lishment of a previously undetected mod" strain(s) in
the novel host D. simulans STCP. Given the uncultiva-
ble nature of Wolbachia, this hypothesis was investi-
gated on the basis of MLST and wsp gene sequencing
analyses. The results were clear: (a) both naturally
infected and transinfected lines carry Wolbachia strains
having identical MLST profiles and wsp gene sequen-
ces and (b) no evidence of multiple infections was
observed in any of the donor or the transinfected
lines. Thus, a transfer of a previously undetected mod*
strain from the native hosts to the novel D. simulans
STCP is not likely to have occurred.

d. If we assume that wTei (wYak or wSan) is a genotyp-
ically mod~ strain in its native host, then the fourth
possible explanation could be a genotypic change
of wlei (wYak or wSan) from mod to mod" upon its
transfer to the novel host D. simulans STCP. This genetic
change could be due to a single point mutation, a
chromosomal rearrangement, a recombination event,
or a transposable element. All of these explanations are
made extremely unlikely by the fact that more than one
line with mod™ phenotype for each one of the three
Wolbachia strains (wYak, wlei, and wSan) was gener-
ated through their transfer to D. simulans STCP.

BORDENSTEIN et al. (2006) recently suggested that
Wolbachia symbiosis should be considered as a tripartite
association between the host, the bacterium, and the
phage. If the phage plays indeed a causative role in the
modification mechanism, and if the D. {feissier: host
background is more permissive for the lytic action of the
endogenous wlei phage(s) compared to the D. simulans
STCP background, the presence of the same Wolbachia
strain could resultin low CI levels in D. teissier:due to the
high Iytic action of Wolbachia phase (WO) and high CI
levels in D. simulans due to the low lytic phage activity. In
any case, if phage activity is different in native and
transinfected hosts, differences in density should be
expected. Our currently available data do not support
this hypothesis.

On the basis of the above and considering the
available genetic, cellular, and molecular evidence it
seems most likely that D. simulans STCP is a more
permissive host for CI expression by wlei, wYak, and
wSan than their native hosts, D. teissieri, D. yakuba, and
D. santomea, respectively.
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TABLE 10

Compatibility relationships (expressed in D. simulans STCP background) between the Wolbachia strains used in this study

Male infection

Female infection — wYak wlei wSan wRi wMel wAu wHa wNo wMa
STCP Low CI High CI Low CI High CI High CI No CI Medium CI Medium CI No CI
wYak NA“ Low CI ND’ No to low CI High CI No CI Medium CI Medium CI No CI
wlei NA Low CI NA No to low CI Low CI No CI Medium CI Medium CI No CI
wSan NA Low CI NA No to low CI High CI No CI Medium CI Medium CI No CI
wRi NA Medium to high CI NA No to low CI No to low CI No CI Medium CI Medium CI No CI
wMel NA High CI NA Medium CI°  No CI ND ND ND ND

wAu NA High CI NA High CI ND No CI ND Medium CI ND

wHa NA High CI NA High CI ND ND No CI ND No CI
wNo NA High CI NA High CI ND No CI ND No CI ND

wMa NA Medium CI NA High CI ND ND Medium CI No CI* No CI

CI, cytoplasmic incompatibility

“NA, not assessed (as discussed in the text, the rescue potential of different Wolbachia strains against the wYak and wTei mod-
ification cannot be validly determined due to the low levels of CI expressed in wYak- and wSan-infected D. simulans STCP lines).
"ND, these crosses have not been performed in the D. simulans STCP genomic background.

‘Based on previous reports (PoINsSOT et al. 1998).

“Based on previous reports (BOURTZIS ¢f al. 1998; MERGOT and PoiNsoT 1998a,b).

Compatibility relationships: The presence of nine b.
different Wolbachia strains belonging to the A and B
supergroups (wYak, wlei, wSan, wRi, wMel, wHa, wAu,
wNo, and wMa) in the same host genomic background
(D. simulans STCP) made genetic crosses possible to study
their compatibility relationships. The crosses revealed
interesting compatibility patterns between wYak, wTei,
wSan, and the other Wolbachia strains (see Table 10):

a. An unexpected finding was that wTei could not fully
rescue its own modification (Table 5). To our knowl-
edge, this is the first fully documented report of a
Wolbachia strain that is unable to fully rescue its own
modification. Although the incomplete rescue of
wCer2 and wCer4 modifications by wCer2 and wCer4
themselves in transinfected medfly lines has pre-
viously been reported in Ceratitis capitata, the pres-
ence of multiple infections in those cases could notbe
excluded (ZaBaLou et al. 2004b). RIEGLER et al.
(2004) also reported that wCer2 cannot fully rescue
its own CI, when transferred to D. simulans STCP;
however, the authors concluded imperfect transmis-
sion to be the likely explanation. This is not the case c.
in our study, since wTei exhibits perfect maternal
transmission in the transinfected line of D. simulans
STCP (data not shown). It is worth noting that both
wYak and wSan Wolbachia strains can, with the same
efficiency as wTei, partially rescue the wTei modifica-
tion in the D. simulans STCP background, suggesting
that all three Wolbachia strains probably share the
same genetic rescue properties (see also below). It
should be noted at this point that the question of
which Wolbachia strains can rescue the wYak and
wSan modification could not be validly addressed due
to the low levels of CI induced by these strains.

The wYak, wTei, and wSan Wolbachia strains can fully
rescue the wRi modification in the D. simulans STCP
background, as shown in Table 6. The wYak, wTei,
and wSan strains exhibited the same rescue activity as
in their native host background, D. yakuba, D. teissieri,
and D. santomea, respectively (ZABALOU et al. 2004a).
On the other hand, wRi exhibits a very low rescue
activity of the wTei modification in the D. simulans
STCP background, as shown in Table 5. Such
asymmetrical CI relationships have been reported
in the Culex pipiens—Wolbachia system (SINKINS et al.
2005) as well as for wMel and wRi (POINSOT et al.
1998). PoinsoT et al. (1998) reported a unidirec-
tional CI pattern between the two mod" strains, wMel
and wRi: wRi can fully rescue the wMel modification,
while wMel can only partially rescue the wRi modi-
fication. A similar asymmetrical CI pattern was
observed in our study between wTei and wRi in the
same host background, D. simulans STCP: wlei can
fully rescue the wRi modification while wRi can only
slightly rescue the wTei modification.
The wYak, wlei, and wSan Wolbachia strains exhibit
different compatibility relationships with the wMel
strain in the D. simulans STCP background, as shown
in Tables 5 and 7. The wYak and wSan strains do not
rescue the wMel modification. However, the wTei strain
does rescue the wMel modification, although the
rescue is not complete. On the other hand, the wMel
strain does not rescue the wlei modification. These
data suggest the presence of another asymmetrical CI
pattern, this time between wTei and wMel: wTei can
partially rescue wMel while wMel cannot rescue wTei.
In addition, the data of our study allow us to discuss
the compatibility relationships between wMel and wRi.



Wolbachia Modification and Rescue Factors 2157

PoiNsoT et al. (1998) could not address the question of
whether the assymetrical CI relationship between wRi
and wMel was qualitative or quantitative. In our study, it
is demonstrated that wSan and wYak can rescue the wRi
modification but not the wMel modification, suggest-
ing that the genetic determinants of modification are
qualitatively different between wMel and wRi.

d. As shown in Table 8, wYak, wTei, and wSan cannot
rescue the wHa modification. In addition, the wHa
strain cannot rescue the wTlei modification, suggest-
ing that wTei and wHa are bidirectionally incompat-
ible. Also, the wAu strain neither induces CI in the
D. simulans STCP background nor rescues the wTei
modification (see Table 5), confirming once again its
mod~ resc” status (HOFFMANN et al. 1996).

e. The compatibility relationships of the wYak, wTei,
and wSan (A-supergroup Wolbachia strains) with two
B-supergroup Wolbachia strains, wNo and wMa, were
also studied (Tables 5 and 9). Our results showed
that the wYak, wTei, and wSan strains do not rescue
the wNo modification. On the other hand, the wNo
strain can partially rescue the wlei modification.
These data suggest that the Wolbachia strains wTei
and wNo are bidirectionally incompatible, exhibiting
a unique asymmetrical CI pattern. It should also be
noted that this is the first report of a B-supergroup
Wolbachia strain, the wNo, being able to rescue, if only
partially, the modification induced by an A-supergroup
Wolbachia strain. Similarly, and as shown in Table 5,
another B-supergroup Wolbachia strain, wMa, which
is considered a mod~ resc* strain (BOURTZIS et al. 1998;
MERGOT and PoiNsoT 1998a,b; but see also JAMES
and BALLARD 2000), was also shown to partially rescue
the modification induced by wTei. Thus, both wNo
and wMa are able to partially rescue the wTei modi-
fication. Given the fact that wMa fully rescues the
wNo modification (Bourtrzis et al. 1998; MERCOT
and PoinsoT 1998a,b), these results further support
the genetic and phylogenetic evidence that wNo and
wMa are very closely related (BOURTZIS et al. 1998;
MERGOT and PoinsoT 1998a,b; JAMES and BALLARD
2000; PARASKEVOPOULOS et al. 2006).

In conclusion, the above discussed observations sug-
gest that wlei exhibits a unique combination of CI
properties in the D. simulans STCP background: being
bidirectionally incompatible with wHa, exhibiting a
complex pattern of modification and rescue relation-
ships (partial and/or complete) with both A-supergroup
(wYak, wSan, wMel, and wRi) and B-supergroup (wNo
and wMa) strains and at the same time being unable
to fully rescue its own modification. How can such a
peculiar CI pattern be explained?

Presence of multiple rescue factors in a Wolbachia
strain? A hypothesis that can explain the puzzling com-
bination of CI properties present in the wTei strain is
that this Wolbachia strain carries in its genome at least

three functional rescue factors for wTei, wRi, and wMel,
respectively. This conclusion is based on our genetic
crosses, which clearly suggest that wlei can partially
rescue wleiand fully rescue wRi, while it can only partially
rescue wMel. Itis also evident that the wRi strain carries at
least two rescue determinants for wRi and wMel: wRi fully
rescues WRi and wMel. Similarly, the wMel genome
contains at least two rescue determinants for wMel and
wRi: wMel fully rescues wMel and partially rescues wRi.
In addition, also the wNo and wMa strains carry at least
two rescue factors: (a) the first functional rescue factor is
specific for wNo since both of these strains can fully
rescue the wNo imprint, and (b) wNo and wMa also carry
asecond, less functional, rescue factor for wTei, since they
can partially rescue the wlei imprint. This study clearly
indicates that single Wolbachia strains can carry multiple
genetic determinants for rescue functions, belonging
to different CI systems. An alternative more qualitative
hypothesis could also be proposed. The question is whether
“generalist” rescue determinants could exist. Can the
degree of specificity of the modification and rescue
functions also be questioned? Since the molecular basis
of CI is not known, this hypothesis cannot be excluded.

It is worth noting in this context that mosquitoes of
the C. pipiens complex exhibit very complex CI patterns
between populations, with a high frequency of uni- or
bidirectional incompatibilities (SUBBARAO 1982; MAGNIN
et al. 1987; O’NEILL and PATERSON 1992; GUILLEMAUD
et al. 1997; SINKINS ef al. 2005). Extensive studies on the
wPip Wolbachia variants revealed no polymorphism in
the nucleotide sequences of 16S rRNA, fisZ and wsp
genes, the only differences being restricted to the trans-
posons and ankyrin genes (STOUTHAMER ef al. 1993;
GUILLEMAUD ¢ al. 1997; DURON et al. 2005; SINKINS
et al. 2005). On the basis of the above studies, itis evident
that the compatibility relationships of the wPip variants
infecting species in the C. pipiens complex are not in
accordance with a single pair of modification and rescue
factors, similar to our observations described above for
Drosophila; the major difference being that, while all
Wolbachia strains are closely related in C. pipiens (all
closely related members of B supergroup), the strains
used in our study are rather divergent (members of both
A and B supergroups).

Presence of multiple modification factors: It is
difficult to determine if a Wolbachia strain possesses
multiple modification factors. However, in the case of
wTei, the question arises. The wTei strain appears to
bear three independent genetic rescue determinants
(RESCrg1 ", RESCgr; ", and RESCygr,"). Does it also pos-
sess the corresponding Mod determinants?

The results obtained using the strain D. simulans STCP
[@No] allow an inference for the RI and MEL systems.
D. simulans STCP [wNo] females are completely incom-
patible with D. simulans STCP [wRi] and D. simulans STCP
[wMel] males. If the wTei variant does possess the func-
tional Mod factors characterizing wRi and wMel, these
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D. simulans STCP [wNo] females should be completely
incompatible with D. simulans STCP (wTei) males, which
is not the case, the crosses being partially compatible.
The negative answer is confirmed, in the case of the MEL
system, by D. simulans STCP (wYak) and D. simulans STCP
(wSan) females. Indeed, these females are incompatible
with males from the D. simulans STCP [wMel] line but are
compatible with D. simulans STCP (wTei) males. There-
fore, the wTei variant seems only to express the TEI mod
factors. The alternative hypothesis would be that wTei
possesses the genetic Mod factors for RI and MEL but
that these determinants are not expressed fully in this
Wolbachia variant. However, our results do not support
this possibility.

Is wTei a suicide Wolbachia variant? As shown above,
wlei can only partially rescue its own imprint. This was
an unexpected finding and represents the first docu-
mented case of an, even partial, suicide Wolbachia strain
reported as yet. How can this partial rescue then be
explained?

There are two possible explanations: the first possible
explanation is that wlTei is a suicide variant in a quali-
tative manner; thatis, it is a true suicide strain. Different
mathematical approaches based on the “lock-and-key”
model (PoiNsoT et al. 2003) suggest that new CI types
can evolve through a two-step process (CHARLAT et al.
2001, 2005; but see also DoBsoN 2004 for an alternative
hypothesis): the first step involves drift on the modifi-
cation variants, whereas the second step involves selec-
tion on the rescue variants. Let us assume a strain that
develops a new modification factor (modB) that cannot
be rescued by either the wild-type (modA rescA) or the
mutant strain (modB rescA). If the modB rescA mutant
strain reaches a high frequency in the population, a
second mutant, modB rescB, is selectively favored and
replaces both the wild-type modA rescA and the first
mutant, modB rescA (CHARLAT et al. 2001, 2005).
However, it has been determined that even a very small
degree of partial compatibility between the new modB
and rescA function plays an important role in the
likelihood of the evolution of a novel CI type (CHARLAT
et al. 2005; ENGELSTADTER et al. 2006). The wTei strain
may represent the equivalent of such newly evolved
modB rescA mutant strain.

The second possible explanation is that wTei is not a
suicide variant in a qualitative way but rather in a
quantitative way: too much modification factor may be
expressed in D. simulans STCP (wTei) young males for
the rescue function to neutralize it completely. The
same kind of phenomenon can be found with other
Wolbachia variants, when using very young males
(YAMADA et al. 2007). In the case of wTei, however, it is
difficult to test this, since the Cl levels expressed by wTei
decrease very fast with age in D. simulans (our unpub-
lished observations). Alternatively, the female germ line
may have less rescue capacity than the one needed for the
complete rescue of the wlei modification (i.e., low levels

of rescue product being due to low Wolbachia density).
Our study shows that the wTei distribution and infection
levels in embryos, ovaries, and testes of the transinfected
host D. simulans STCP (wTei) are similar to those ob-
served in its native host D. teissieri (wlei). In addition, the
wlei strain infecting D. simulans STCP females can fully
rescue the modification of heavily wRi-infected D. simu-
lans STCP males, thus, a mechanism based on density
levels is not likely. However, it should also be noted that
another factor, which may be influencing both the
modification and the rescue functions, is the lytic state
of the Wolbachia phage (WO), as recently reported by
BORDENSTEIN et al. (2006). The phage may be entering its
Iytic phase at a particular tissue and/or developmental
stage, thus reducing the Wolbachia levels and influenc-
ing the modification and/or rescue functions in a tissue-
and developmental stage-specific manner.

An alternative hypothesis could also be proposed.
Even though wTei might behave as a suicide variant in
D. simulans, this phenotype is not expressed in the native
host where wTei does not induce CI, suggesting that the
genetic determinants of CI might evolve neutrally (at
least on the CI phenotype).
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