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Transcriptional Regulation of Culex pipiens Mosquitoes
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Abstract

Cytoplasmic incompatibility (Cl) induced by the endosymbiont Wolbachia pipientis causes complex patterns of crossing
sterility between populations of the Culex pipiens group of mosquitoes. The molecular basis of the phenotype is yet to be
defined. In order to investigate what host changes may underlie Cl at the molecular level, we examined the transcription of
a homolog of the Drosophila melanogaster gene grauzone that encodes a zinc finger protein and acts as a regulator of
female meiosis, in which mutations can cause sterility. Upregulation was observed in Wolbachia-infected C. pipiens group
individuals relative to Wolbachia-cured lines and the level of upregulation differed between lines that were reproductively
incompatible. Knockdown analysis of this gene using RNAi showed an effect on hatch rates in a Wolbachia infected Culex
molestus line. Furthermore, in later stages of development an effect on developmental progression in Cl embryos occurs in
bidirectionally incompatible crosses. The genome of a wPip Wolbachia strain variant from Culex molestus was sequenced
and compared with the genome of a wPip variant with which it was incompatible. Three genes in inserted or deleted
regions were newly identified in the C. molestus wPip genome, one of which is a transcriptional regulator labelled wtrM.
When this gene was transfected into adult Culex mosquitoes, upregulation of the grauzone homolog was observed. These
data suggest that Wolbachia-mediated regulation of host gene expression is a component of the mechanism of cytoplasmic
incompatibility.
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Introduction

The intracellular maternally inherited bacterium Wolbachia
pipientis, a widespread endosymbiont of invertebrates [1], can
influence reproduction in arthropods. The most common manip-
ulation is cytoplasmic incompatibility (CI). Sperm from Wolba-
chia-infected males are modified during maturation, prior to the
loss of Wolbachia, such that aberrant events in the male
pronucleus [2-7] lead to embryo developmental arrest when these
sperm fertilize eggs from uninfected females. However, progeny
are rescued when both parents carry compatible Wolbachia and
therefore, infected females have a selective advantage under this
unidirectional pattern of CI.

The Culex pipiens group of sibling species of mosquito, in which
CI was first discovered, provides a model system with useful
features for examining the genetic differences that underlie CI.
Even though only one designated strain of Wolbachia (wPip) is
present in Culex pipiens, complex crossing types including both
unidirectional and bidirectional CI [8-14] occur between popu-
lations. Compatibility or partial CI is most often observed, but
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certain lines will be completely incompatible in one or both
crossing directions with a majority of other C. pipiens lines.
Understanding the basis of this complexity has been a long
standing problem.

Several studies have shown that Wolbachia and its products can
influence host gene transcription, notably a major upregulation of
immune genes in transinfected naive mosquitoes [15-21], which
can contribute to the inhibition of arboviruses and Plasmodium
parasites [18,20,22]. Differential regulation of several candidate
genes has also been observed in Drosophila [23-25]; these genes
have been hypothesized to form part of the CI phenotype, but so
far it has not been possible to confirm a role in incompatibility
generation.

Cytological studies in Drosophila and Nasonia have revealed
that aberrant events in the male pronucleus in an incompatible
fertilization include abnormal histone H3.3 and H4 deposition,
prolonged or incomplete DNA replication, delayed chromosome
condensation/segregation and nuclear envelope breakdown [2—
7]. It has been suggested that cell cycle defects in the male
pronucleus in CI embryos could be due to disruption of cell cycle
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Author Summary

Wolbachia are maternally inherited bacteria that manipu-
late invertebrate reproduction. Cytoplasmic incompatibil-
ity is embryo death that occurs when males carrying
Wolbachia mate with females that do not, or that carry a
different Wolbachia variant; its mechanism is poorly
understood. In Culex mosquitoes, in the presence of
Wolbachia a gene related to a Drosophila melanogaster
gene, grauzone, which has been shown to act as a
regulator of the meiotic cell cycle, showed an elevated
level of expression. When lower levels of expression were
achieved through RNA interference, embryo hatch rates
were affected and the stage of development at which
embryo death occurs was altered. To find Wolbachia genes
that influence cytoplasmic incompatibility, we compared
the genomes of two variants of Wolbachia from Culex that
produce cytoplasmic incompatibility with one another.
Although most segments of these genomes were very
similar, one newly identified gene is predicted to be a
regulator of gene transcription. We cloned this gene into a
plasmid, expressed it in adult mosquitoes and found
higher levels of expression of the Culex grauzone homolog.
This suggests that the Wolbachia transcriptional regulator
may play an important role in manipulating the host in
order to induce cytoplasmic incompatibility.

regulators or the induction of checkpoints that control entry into
mitosis, possibly at the metaphase to anaphase transition [3,6];
these defects are rescued by Wolbachia in females. The D.
melanogaster gene grauzone (grau) encodes a zinc finger
transcription factor that plays a role in the regulation of the
female meiotic cell cycle [26,27]. Meiotic arrest at metaphase I is
released by egg activation, resulting in completion of the two
meiotic divisions; mothers mutant for grau are sterile and lay
eggs presenting aberrant chromosomal segregations at meiosis I,
which arrest their development in metaphase of meiosis II [26].
Among the many cell cycle regulating genes that have been
described, grau is one of only two genes known to be involved in
regulation of metaphase II. Given the parallels between
abnormal chromosome segregations in both CI embryonic arrest
and in grau mutant embryos, and the similarities between
metaphase-anaphase transition in meiosis I and mitosis, we
considered this gene a candidate for involvement in CI
generation.

Not much is known about which Wolbachia genes are
responsible for the manipulation of host early embryogenesis.
The lack of a transformation system for this intracellular
symbiont, which cannot be cloned or cultured outside of host
cells, has meant that systematic testing of the phenotypic effects of
candidate genes has not been possible. The Pel line of Culex
quinguefasciatus  from which a wPip genome sequence was
generated [28] has been shown to be bidirectionally incompatible
with a Culex molestus line [29]; comparative genome analyses
between these incompatible Wolbachia strains could therefore be
used to determine differences between them that may be involved
in the generation of different crossing types. Comparisons with
the JHB line wPip genome [30,31] are also possible. Therefore,
the aims of this study were to identify a homolog of grau in Culex
and test its potential involvement in the mechanism of CI, and in
parallel to purify, sequence and analyse the wPipMol genome in
order to attempt to identify Wolbachia genes that may be involved
in manipulation of the host, particularly in transcriptional
modification.
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Results

Transcriptional analysis of CPIJ005623

We identified homologs of the D. melanogaster gene grau in
Clulex quinquefasciatus (a member of the C. pipiens complex) by
interrogation of the genome database [31], which revealed the
presence of two paralogs: CPIJ005623 and CPIJ015950. These
two paralogs are identical with the exception of a 56 nucleotide (nt)
indel between nt 994-1049 of CPIJ005623 which is absent in
CPIJ015950, one nt change leading to one amino acid substitution
and one nt deletion near the exonl-exon2 border of CPIJ015950
leading to two amino acid substitutions. PCR analysis revealed
that only CPIJ005623 was present in the Culex lines used in this
study (Figure S1), suggesting that they may just be allelic variants.

Relative transcription of CPIJ005623 was measured in mem-
bers of the C. pipiens complex using quantitative reverse
transcription PCR (qQRT-PCR). We first looked at the transcrip-
tion of the gene in whole adults over time to understand its
expression dynamics in individual mosquitoes that carry Wolba-
chia and their antibiotic-treated Wolbachia-free genetic counter-
parts. In Wolbachia-infected C. quinquefasciatus Pel adult
females, CPIJ005623 transcription showed a peak of over two-
fold upregulation compared to the Wolbachia-cured line PelU at 4
days post pupal eclosion (dpe), which then decreased to similar
levels as the PelU line by 8 dpe (Figure 1A). Differences in
CPIJ005623 transcript levels were found, with an interaction
between Wolbachia infection status (wis) and developmental time
(Two-way Anova: wis:time- F=7.66, Df =1, p<<0.01), where the
difference between wis contributes most strongly to the interaction
(Two-way Anova: wis- F=13.53, Df=1, p<0.001). In males
(Figure 1B), there was an interaction between Wolbachia infection
status (wis) and developmental time (Two-way Anova: wis:time-
F=5.79, Df=1, p=0.025) which was independent from any
difference seen at 6 dpe between the Wolbachia-infected and
uninfected males (Welch’s t-test: t=0.78, Df =4.833, p=0.4716).

We then focused our analysis at single time points where the
expression was found to be highest, separately in ovaries (4 dpe)
and testes (2 dpe) (the tissues where CI is expressed). A similar
pattern of wupregulation (Wilcoxon rank-sum: p<<0.05) of
CPIJ005623 in Wolbachia-infected ovaries (Figure 1C) and testes
(Figure 1D) was seen for two different pairs of C. quinquefasciatus
infected (Pel and Cxq) versus cured (PelU and CxqT) lines, and for
an infected Culex molestus line. A higher level of upregulation in
C. molestus Italy ovaries was observed than in Pel females.

Knockdown of CPLJ005623 in C. molestus females

Given the upregulation of CPIJ005623 detected in the Italy
Wolbachia-infected line compared to uninfected females, we
knocked down the gene in infected females using dsRNA to
investigate whether this change may be involved in the rescue
function of CI. Restoring transcription to uninfected levels in these
females might result in developmental arrest in embryos from
crosses with Wolbachia-infected males (Figure 2A). Knockdown
(KD) levels were assessed in dissected ovaries and a reduction of
approximately 50% was detected in the transcription of
CPIJ005623 in iCPIJ005623-injected females compared to
iLacZ-injected control-KD females at 4 days post injection (dpi)
which were similar to PelU ovarian expression levels (Figure 2B).
An increase in the number of unhatched eggs was detected in a
compatible cross of Italy males with iCPIJ005623 females (48.7%)
compared to control-KDs (37.9%) (Table 1- Welch’s t-test:
t=28.975, Df=39.861, p<<0.0001).

In Culex and other Diptera, arrest can occur at an early (stage I)
or late (stage II+III) stage in embryo development [3,12,32] and
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Figure 1. Transcription analysis of CP/L/005623 in the Culex
pipiens complex. A-B. CPLJ005623 transcription in adult female (A)
and male (B) Culex quinquefasciatus, Pel (Wolbachia-infected) line
relative to the Wolbachia-uninfected PelU, over time (days post pupal
eclosion). Similar decreasing expression dynamics was seen in both
sexes. C-D. Tissue analysis of CPIJ005623 transcription at 4 d in ovaries
(C) and 1 d in testes (D) in C. quinquefasciatus Wolbachia-infected lines
Pel and Cxq (30), their Wolbachia-free counterparts PelU and CxqT, and
Wolbachia-infected ltaly line C. molestus. Upregulation of CPLJ005623
expression is seen in all Wolbachia-infected lines. Average of the mean
values of four biological repeats (+/— standard error-SE) are presented.
Two-way ANOVA statistical analysis was used to determine effect of
Wolbachia infection status (wis) and time on CPlJ005623 expression.
Wilcoxon rank-sum test was used to determine differences between
Wolbachia infection status in CPlJ005623 expression (C-D): *p<<0.05,
**p<0.01, ***p<0.001.

doi:10.1371/journal.ppat.1003647.g001

these stages are identified by distinctive embryo morphologies
(Figure 2C). The proportions of stage I and stage II/III embryos
that did not hatch in the compatible cross after iCPIJ005623 and
control-KD differed (GLM: X2 =28.957, Df=1, p<<0.0001), with
a higher proportion of embryos arresting at stage I in iCPIJ005623
females (Figure 2D).

A lower level of upregulation was observed for CPIJ005623 in
Pel Wolbachia-infected versus uninfected females (Figure 1B). To
understand if grau upregulation is part of a generalized Culex
pipiens group rescue response, we performed KD analysis followed
by a compatible cross in C. quinquefasciantus Pel females
(Figure 3A). Knockdown levels were assessed in dissected ovaries
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and a reduction of up to 40%, similar to uninfected levels was
detected in the transcription of CPIJ005623 compared to control-
KDs at 4 days post injection (dpi) (FFigure 3B). A higher proportion
of embryos arresting at stage I for iCPIJ005623 females was
detected than for control-KD females (Figure 3C, Table 1) (GLM:

?=2923.841, Df=1, p<0.0001). Although in Pel females un-
hatched rates were not affected after grau homolog KD, the shift
from late to early embryo mortality is conserved in the two Culex
lines.

Knockdown of CPIJ005623 in C. pipiens complex males

Since CPIJ005623 was also observed to be upregulated in
infected versus uninfected males, we tested if this upregulation had
a role in inducing CI in crosses between infected males and
uninfected females. We failed to obtain an antibiotic-treated
Wolbachia uninfected C. molestus line due to the low egg
production of this blood meal independent autogenous line. As the
upregulation detected was fairly similar and not statistically
different between the Wolbachia infected lines tested (Figure 1C)
we focused our attention to the C. quinquefasciatus Pel line. The
effect of iCPIJ005623 in Pel sperm was assessed over time
(Figure 4A), in order to determine if CPIJ005623 transcriptional
upregulation produces phenotypic effects either early in sper-
matogenesis or in mature sperm, given that the average time for
spermatogenesis in C. pipiens is 9-11 days [33]. No effect was
observed on the survival of embryos produced by Wolbachia-
uninfected mothers mated with iCPIJ005623 Wolbachia-infected
males. In Culex, when uninfected-females mate with Wolbachia
infected-males, most embryos arrest at an early stage and no
developmental embryo progression occurs. Knocking down
CPIJ005623 in Pel males, by as much as 80% and lower than
CPIJ005623 expression levels in the uninfected line (Figure 4B),
had no significant effect on developmental progression in
unidirectional CI crosses.

The effect of knockdown of CPIJ005623 in an incompatible
cross was then examined using C. quinquefasciatus Pel and the C.
molestus Italy lines, for which zero egg hatch is observed in both
crossing directions. When CPIJ005623 was knocked down in Pel
males which were crossed to Italy females, no significant effect on
hatch rate was observed, but the percentage of embryos that
reached later developmental stages was higher at the two earlier
time points tested (GLM: v} =65.975, Df=1, p<0.0001, T1-
Figure 4C; x?=33.079, Df=1, p<<0.0001, T2-Figure 4D) com-
pared to the progeny of iLacZ injected controls (Table 2).

A double knockdown (double-KD) experiment in both Italy
males and Pel females was also performed, since upregulation of
CPIJ005623 was observed in Pel-infected vs Pel-uninfected
ovaries (Figure 1B). A KD of 40% was detected in Italy testes
using qRT-PCR analysis (Figure 4G). Crossing results show no
significant difference in hatch rates between all four double-KD
combinations; however, as before, Stagel:Stagell/III propor-
tions are significanty different (GLM: %?=23.222, Df=3,
p<<0.0001) in all crosses where CPIJ005623 transcription was
reduced irrespective of the gender of the individual (Figure 4H,
Table 2).

Comparative genomics of wPip

We purified and sequenced the genome of the wPipMol strain
present in C. molestus [29] and together with the previously
sequenced wPipPel [28] and wPipJHB [30,31] performed a three-
way comparative genomic analysis. Crossing experiments revealed
that the JHB line of C. quinquefasciatus is bidirectionally incompat-
ible with Mol, while JHB and Pel are compatible with each other
in both crossing directions (Table S1). Therefore the pattern of
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Figure 2. Knockdown analysis of CP/LJ005623 in C. molestus Italy females. A. Diagram representing experimental design of knockdown (KD)
experiments, d-day post pupal eclosion, T-time point. B. KD assessment of iCPLJ005623 in Italy ovaries. Reduction of CPLJ005623 mRNA levels similar to
uninfected ovaries was observed in infected ovaries when Cl developmental progression was seen. C. Picture examples of developmental
progression in Culex embryos undergoing Cl, Stage I: early arrest, Stage Il and Ill: late arrest. D. Increased percentage of unhatched embryos mimic a
reduced rescue function. Also increased early embryo (stagel) developmental arrest is detected after iCPLJ005623 in compatible Italy male cross.

doi:10.1371/journal.ppat.1003647.g002

genome variation that is initially of most interest, with respect to
different crossing types in the C. pipiens group, are any differences
that may exist between wPipMol and wPipPel where wPipPel and
wPipJHB are identical. The wPipPel and wPipMol genomes
proved to be highly similar and the great majority of genes have
identical sequences; only thirty-three non-synonymous SNPs
(single nucleotide polymorphisms) were identified in total, in
twenty-three genes (Table S2, S3). However, three genes in three
mserted or deleted regions were present in wPipMol but absent in
wPipPel and wPipJHB (Table 3). One of these newly identified

genes, ankM1, encodes ankyrin (ANK) repeats, and ankM2 encodes
ANK and Tetratricopeptide (TPR) repeats, both of which function
in mediating protein-protein interactions [34-36]. The ankMI
gene is a homolog of WD0596 from Wholbachia strain wMel of
Drosophila  melanogaster [37]. The other newly identified gene,
labeled wtrM, contains DNA binding domains associated with
transcriptional regulators. Five inserted or deleted regions each
comprising one to five genes were identified in wPipPel and
wPipJHB but absent in wPipMol (table 3), all of which are within
or adjacent to prophage regions.

Table 1. CPLJ005623 KD effects in C. molestus ltaly and C. quinquefasciatus Pel females in compatible crosses.

Time Point Gene KD Ind# :;:;a:;;& P [%] p-value’ Mean embryo/ind [%] St p-value®
H [V} T STI STIN
Compatible Cross: Italy KD females x Italy males
T1 iLacZ 20 374 62 38 7.1 3.6 34 50:50
iCPJI005623 20 396 51 49 <0.0001 9.6 7.6 2 80:20 <0.0001
Compatible Cross: Pel KD females x Pel males
T iLacZ 19 1450 88 12 9 3 6 30:70
iCPJI005623 19 1235 83 16 0.588 11 7 4 60:40 <0.0001

Il 'and lI;

doi:10.1371/journal.ppat.1003647.t001
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KD, Knockdown; Ind #, number of Individuals, P[%)], percentage of hatched (H) and unhatched (U) embryos;
®p-value, Welch’s t-test on difference between hatched and unhatched embryos;
Mean embryo/ind, mean number of unhatched embryos undergoing Cl and scored for developmental progression stage per individual; T =total; STI, stage I; STIlI, stage

Sp-value on difference between stage | and stage lI&lll embryo proportions determined via GLM with binomial error structures.
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Figure 4. Knockdown analysis of CPLJ005623 in C. pipiens males. A. Diagram representing experimental design of knockdown (KD)
experiments, d-day post pupal eclosion, BF- Blood feed, T-time point. B. KD assessment of iCPIJ005623 in Pel testis. Reduction of CPLJ005623 mRNA
levels was observed in testis when Cl developmental progression was seen. C-F Embryo developmental progression after iCPLJ005623 males in an
incompatible Italy female cross. Timepoints under dsRNA early effect (C-T1; D-T2) show an increased proportion of Stage II&Ill embryos compared to
control KDs. No effect was seen at later time points (E-T3; F-T4). G. KD assessment of iCPIJ005623 in Italy testes. H. Double KD analysis of CPLJ005623 in
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lines examined, Mol and Italy, which generate bidirectional CI
with a selection of other C. pipiens group line with which they have
been crossed (Table S1). This gene is a member of a family of
Wolbachia transcriptional regulator genes, with seven genes in the
wPipPel genome and six in the D. melanogaster wMel Wolbachia
genome (Figure 5A). One of the genes missing in wPipMol but

wPipPel genome but absent from wPipMol (4-7).

Table 2. CPIJ005623 KD effects in C. pipiens males in incompatible crosses.
Total o
Time Point Gene KD Ind# egg#  Percentage [%] Mean embryo /Ind [%] StEILIl  p-value®
hatch unhatch Total ST 1 ST &l
Incompatible Cross: Italy females x Pel KD males
T1 iLacZ 16 648 0 100 40 26 13 70:30
iCPJI005623 16 628 037 99.6 39 16 23 40:60 <0.0001
T2 iLacZ 21 874 0.34 99.7 42 28 14 70:30
iCPJI005623 21 941 0.21 99.8 45 23 22 50:50 <0.0001
T3 iLacZ 15 654 0.15 99.9 44 28 16 70:30
iCPJI005623 15 651 0 100 43 27 17 65:35 0.387
T4 iLacZ 16 639 0 100 40 27 13 70:30
iCPJI005623 16 632 0.79 99.2 40 26 13 70:30 0.538
Incompatible Cross: Pel KD females x Italy KD males
T female iLacZ x male 10 399 0 100 40 18 22 45:55
iLacZ
female iLacZ x male 10 373 1.6 98.4 37 13 24 35:65 0.005
5623
female i5623 x male 10 410 1 99 41 14 27 35:65 0.0005
iLacZ
female 5623 x male 10 493 0.4 99.6 49 15 34 30:70 <0.0001
i5623
Incompatible Cross: Pel KD females x Italy males (control)
T1 iLacZ 32 2594 0.23 99.8 81 36 45 45:55
iCPJI005623 32 2519 0.16 99.8 79 21 57 30:70 <0.001
KD, knockdown; Ind #, number of individuals; Mean embryo #/ind, mean number of unhatched embryos undergoing Cl and scored for developmental progression
stage per individual; ST, stage;
“p-value on difference between stage | and stage II&lIl embryo proportions determined via GLM with binomial error structures.
doi:10.1371/journal.ppat.1003647.t002

present in wPipPel, WP0457, is also a member of this family of
transcriptional regulators. WP0457 is identical to WP1341, located
in a highly similar cluster of prophage-associated genes. Both of
these loci are located close to patatin family phospholipase genes,
which encode bacterial virulence factors that can disrupt cell
membranes [38,39].

Table 3. Inserted or deleted regions identified in the wPipMol genome that are absent from wPipPel (1-3), or present in the

Indel (WO location) Gene Putative protein function/domain
1 ankM1 Ankyrin repeat motif; similar to WD0596
2 ankM2 Ankyrin and TPR repeat motif
3 wtrM Transcriptional regulator
4 (W03 end) WP0348-WP0351 All hypothetical
5 (WO04) WP0453 Hypothetical; transmembrane helix
WP0454 Endonuclease
WP0455 Patatin family phospholipase
WP0456 Hypothetical; membrane lipoprotein attachment site
WP0457 Transcriptional regulator
WP0458 Hypothetical
6 (WO5 end) WP1286-WP1288 All hypothetical
7 (WO5) WP1337 Ankyrin repeat motif (ank57); Transmembrane domain

doi:10.1371/journal.ppat.1003647.t003
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Figure 5. Analysis of transcription factor wtrM. A. Phylogenetic tree of Wolbachia transcriptional regulator (wtr) genes. An unrooted maximum
likelihood phylogenetic tree, constructed using PHYLIP, of transcriptional regulator genes in the wPip and wMel genomes from amino acid
alignments. Bootstrap percentages for 100 trees are shown for each node. B. Transcription of wtrM in Culex mosquitoes. Expression of wtrM was
validated by RNA extraction and PCR on the cDNA using primers internal to the open reading frame of the gene. There is no transcription of wtrM
detectable in control untransfected ovaries (a) or carcasses (b) from Pel. There is a high level of transcription of wtrM in ovaries from untransfected
Mol mosquitoes (c) but not in carcasses (d). In Pel mosquitoes transfected with wtrM by injection into the thorax (e, f) there is no transcription
detected in ovaries (e) but strong expression in carcasses (f). Transfection of wtrM into the abdomen of Pel mosquitoes produced no detectable
transcription in ovaries (g) but transcription readily detected in carcasses (h). An untransfected whole female of Pel (i) and Mol (j) are also shown. C.
CP1J005623 upregulation in transfected Culex females. Transcription of the Culex gene CPIJ005623 in Pel females transfected with the wPipMol gene
wtrM, compared to Pel females transfected with the same plasmid but containing no insert. Difference was significant at p<<0.01 using a Wilcoxon

rank sum test.
doi:10.1371/journal.ppat.1003647.g005

Transfection of Wolbachia gene wtrM into Culex females
We hypothesised that the protein products of the Wolbachia
transcriptional regulator w#M might be secreted, translocated to
the host nucleus and modify host gene transcription as a means to
manipulate the host. To investigate this possibility, in the absence
of a transformation system for Wolbachia, host transfection was
used. In the Mol line (wPipMol-infected) C. molestus mosquitoes,
expression of wirM was strongly localised to the ovaries in females
(Figure 5B), which is where the majority of Wolbachia are located
and are the important tissues with respect to CI. The w#rM gene
was cloned into an insect expression plasmid and transfected into
females of Pel C. quinquefasciatus in order to examine whether CI-
like phenotypes could be induced; expression or translocation of
WtrM protein in the ovaries would be required for this purpose.
The transcription of wirM was confirmed using RT-PCR in whole
females transfected by intra-thoracic injection; however the
transcript could not be detected in dissected ovaries, suggesting
that the transfected plasmid did not cross the Peritoneal Sheath
and enter the ovary (Figure 5B). Using quantitative RT-PCR,
levels of transcription of CP[7005623 were then compared with
control females transfected with plasmid that did not contain
witrM. There was more than five-fold up-regulation of CP[7005623
in wirM-transfected females compared to the females injected with
the plasmid alone ($<<0.01, Wilcoxon rank sum test) (figure 5C).

Discussion

Several lines of evidence support the hypothesis that the
differential regulation of a Culex homolog of the D. melanogaster
gene grau plays a direct role in CI generation. The presence of
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Wolbachia induced changes in CPIJO05623 transcription levels
and the degree of upregulation of CPIJ005623 varied between
incompatible C. pipiens group females. A decrease in embryo
hatch rates was detected in a C. molestus line when CPIJ005623
expression was knocked down in females of an otherwise
compatible cross. This increase in levels of CI suggests a role for
CPIJ005623 in CI rescue in C. molestus females. The knockdown
of CPIJ005623 also extended the mean developmental stage
reached by embryos in incompatible crosses. When reversal of CI
might have been expected (male KDs), more embryos arrested at a
later stage and when increased levels of CI might have been
expected (female KD), more embryos arrested at an early stage.

It has been hypothesized based on its mutant-sterile phenotype
that D. melanogaster grau could be involved in egg activation, act
as a negative regulator of the cyclin B complex stabilizing factor
mvolved i meiotic cell cycle regulation, and/or regulate
microtubules; these are not mutually exclusive possibilities [26].
Molecular changes that could affect cell cycle regulation fit with
the known cell biology of CI [2-5]. Differential transcription
leading to inappropriate levels of GRAU protein in the presence of
Wolbachia during spermatogenesis/oogenesis could therefore be
causally linked to the fact that cell cycle events in the male and
female pronuclei are asynchronous.

Given that there was no complete reversal of embryo hatch
rates in the rescue cross following CPIJ005623 knockdown, it is
likely that differential regulation of CPIJ005623 is a component of
CI but not the only molecular change that underlies the
phenotype. It also seems likely that different Wolbachia strains
produce different combinations of molecular manipulations, given
the mutual incompatibilities that can exist among Wolbachia
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strains. The differences in grau homolog upregulation and KD
analysis between the two C. pipiens group lines presented in this
study reflect that. Further work is needed to determine what other
factors along with grau are involved in this complex phenotype
and whether other completely independent pathways are targeted
in different Wolbachia strain-host associations where CI is
induced. In light of the female-sterile phenotype produced by
grau mutations, it would also be interesting to search for and
examine the expression of grau homologs in Asobara tabida,
where Wolbachia has become essential for the completion of this
wasp’s oogenesis [40-42].

The identification of a Wolbachia gene that modifies transcrip-
tion levels of a non-immune host gene is a significant step forward
in understanding the molecular methods by which this endosym-
biont manipulates its hosts. This Wolbachia gene is one of only a
small number that vary between two incompatible populations.
Although it was not possible to directly assay the effects of wtrd! on
crossing patterns using transfection, since the plasmid did not enter
the ovaries, the upregulation of CPIJ005623 in wtrM-transfected
females does provide clear support for the hypothesis that wirM
has a role in the generation and/or rescue of CI between these
Culex lines. The fact that the natural expression levels of w#rM in C.
molestus were highest in ovaries is of interest given that CPIJ005623
knockdown in C. molestus females changed embryo development
and hatch rates whereas CPIJ005623 knockdowns in males
produced little effect. It should be noted that although wtrAl
appears to play a role in this particular Wolbachia - host interaction,
there may well be a number of other Wolbachia genes beyond this
family of homologous transcriptional regulators that interact
directly with host genomes.

The small number of differences between the genomes of
incompatibility-generating wPip strains makes this a promising
system for better elucidating the molecular mechanism of CI. All
the genes identified here that vary between mutually incompatible
wPip substrains provide new avenues for investigation; their
concentration in the wPip prophages also underlines the impor-
tance of these hypervariable regions in wPip recent genome
evolution [13]. Ultimately, the development of a methodology for
Wolbachia transformation may be required in order to produce a
direct phenotypic confirmation of implicated Wolbachia genes in
generating/rescuing Cl. Despite considerable effort this remains a
highly challenging goal, since it is an obligately intracellular
microbe. Transformation of the host insect to express Wolbachia
genes could be carried out, as was performed in Drosophila with
several Wolbachia Ankyrin repeat-encoding genes [43]. However,
given the possible differences in the activity of proteins when
expressed in host cells rather than Wolbachia, for example in post-
translational processing, folding and in epistatic interactions with
other Wolbachia proteins within the bacteria, failure to generate a
sterility phenotype does not rule out the involvement of candidate
genes in CL

Recently, Wolbachia has attracted considerable scientific and
public interest as a control tool for mosquito-borne diseases. In the
Aedes mosquito vectors of dengue virus, the introduction of several
non-native Wolbachia strains produced a strong inhibitory effect on
dengue virus transmission. Given its population invasion capacity,
Wolbachia-based strategies seem very promising as a new dengue
control tool [16,44-47]. A better understanding of the molecular
basis of CI has implications for the effectiveness of Wolbachia-
based disease control strategies. It would assist in the design of
multi-strain  superinfections for spread into wild Wolbachia-
infected populations or, in the event of the development of
pathogen resistance, for achieving successive invasions of different
Wolbachia strains [48]. Furthermore, knowledge of the host genes
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involved in this process could also aid the development of gene
drive systems for spreading nuclear genes through pest insect
populations [49].

Materials and Methods

Mosquito rearing, antibiotic treatment and mass crosses

C. pipiens complex laboratory lines Pel (Wolbachia infected C.
quinquefasciatus, Sri Lanka) [13], Cpq (Wolbachia infected) and
Cpg-T (Wolbachia uninfected C. quinquefasciatus USA) (kind gift
from R. Glazer) [50], and Italy (Wolbachia infected) C. molestus
line (kind gift from M. Petridis, collected in 1991 in Granarolo-
Italy, by A. Medici and G. Rossi) were reared using standard
mosquito rearing procedures at low larval densities in standard
insectary conditions (27°C, 70% relative humidity) with a 12 h
light/dark cycle.

Wolbachia uninfected PelU was generated by treating PelA with
rifampicin (1 ml of 2.5 mg/ml added every 3 days in roughly 1 L
H,0) throughout larval development for 5 consecutive generations.
Adults were not treated with antibiotic. The line was subsequently
reared in the absence of antibiotic for at least 5 generations more
before experiments were performed. Removal of Wolbachia was
confirmed by PCR and the line has been kept Wolbachia free
since 2011. Cpg-T generation is described in detail in [50]. In
brief Cpq adults were treated for one week on 1 mg/ml
tetracycline (pH 7) in 10% sucrose. Wolbachia removal was
confirmed by PCR and the line has been kept Wolbachia free since
2010.

For crosses conducted to establish patterns of compatibility
between lines, mass crosses containing 50 individuals of each sex
were set up, blood fed at three to five days post eclosion and
embryos collected four days later; hatch of at least 800 embryos
were scored per cross [13]. Where there was no embryo hatch
from a cross, the experiment was repeated and females separated
mnto individual containers for egg laying, and spermathecae then
dissected to ensure that only progeny from inseminated females
were scored.

Genomic (g)DNA extractions

Adult mosquitoes were homogenized in STE buffer (10 mM
Tris-HCL, 1 mM EDTA and 100 mM NaCl) and incubated for
10 min at 95-99°C. Samples were centrifuged for 5 minutes at
maximum speed at 4°C. Supernatant, containing gDNA, was kept
and used for Polymerase Chain Reaction (PCR); all oligonucle-
otides are listed in table S5.

RNA isolation

Adult female and male RNA was extracted from 4-5 adult
mosquitoes using TRIzol Reagent (Invitrogen-Life Technologies)
following manufacturer’s instructions. TRIzol-extracted RNA was
DNase I treated for genomic DNA elimination and purified via
standard phenol chloroform extraction. RNA from both mosquito
ovaries and testes (30 individuals for each sample), was extracted
and purified via the RNeasy Mini protocol for animal tissue
(Qiagen). All purified RNA samples were quality checked via
Nanodrop analysis and only highly pure (A260:230 and A260:280
ratios of >2.00) were kept. Exception was made for testes RNA for
which the maximum A260:230 achieved were 1:50-1.80 even
when using a highly optimised protocol.

cDNA synthesis and gRT-PCR

cDNA synthesis was performed in 10 ul (adults) or 20 ul
(ovaries and testes) reaction volumes with 100, 300 or 900 ng of
total RNA for the testes, ovaries and adult (male or female)
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samples respectively, using the iScript c¢cDNA synthesis kit
(BioRad). qRT-PCRs were performed on 1:10, 1:20 and 1:30
dilutions of the cDNAs from the testes, ovaries and adult samples
respectively, using 1) SYBR Green PCR mastermix (BioRad), a
DNA Engine thermocycler (M] Research) with a Chromo4 real-
time PCR detection system (Bio-Rad) and the following cycling
conditions: 95°C for 3 minutes, then 41 cycles of 95°C for 10 s,
60°C for 30 s, with fluorescence acquisition at the end of each
cycle and a melting curve analysis after the final cycle. The cycle
threshold (C,) values were determined and background fluores-
cence was subtracted. Transcription levels of target genes were
calculated by the standard curve method, as described in technical
bulletin #2 of the ABI Prism 7700 Manual (Applied Biosystems-
Life Technologies), relative to the endogenous reference genes and

RpS7.

Gene knockdown experiments

T7-tailed primers were used to amplify a PCR template for
CPIJ005623 and the control LacZ gene from Culex cDNA and
E.coli DNA respectively. DsRNAs were synthesized using the T'7
Megascript Kit (Ambion-Life Technologies) following manufac-
turer’s advice. Purified dsRNAs were diluted to a concentration of
3 ug/ul and 69 nl were injected into the thorax of cold
anesthetized mosquitoes using a Nanoject microinjector (Drum-
mond Scientific). After dsRNA injections and at the indicated time
points, testes and ovaries from 30 male and female mosquitoes
were dissected. RNA was extracted by using the RNeasy Mini
protocol for animal tissue (Qiagen) in order to verify the successtul
knockdown of the CPI[7005623 transcript. Amplifications were
performed using primers RpL32 (F-R) and CPI[7005623 (F1-R1) for
Culex Pel, RpLS7 and CP[j005623 (F3-R3) for Culex Italy as
described above.

Crossing experiments following knockdowns were carried out
using 50 virgin individuals of each sex obtained by sexing and
isolating pupae for mosquitoes. On the day of pupal eclosion, 50
male or 50 female mosquitoes were injected with dsRNA. Injected
individuals were allowed to recover and on the dates represented
in the experimental design diagrams mating partners were added
to the injected individuals for the designated times indicated
(Fig. 3A, 4A and 5A). After egg lay, female spermathecae were
examined for the presence of sperm if the hatch rate was zero to
confirm insemination and only progeny of inseminated females
were scored. The F, generation progeny from crosses were
characterised by i) total number of rafts; ii) total number of eggs,
i) mean proportion of hatched eggs and iv) for unhatched
embryos mean proportion of developed embryos.

Statistical analysis

Transcription levels were analysed using a non-parametric
Wilcoxon rank-sum test in the case of 2 sample variables and by a
two-way ANOVA (with replication) analysis of variance for 3
sample variables. Embryo developmental results were analysed by
using generalized linear models (GLM) with binomial error
structures (where reaching SII or beyond is classed as a success).
Differences between hatched and unhatched embryos were
determined via a Welch two sample t-test. All calculations were
performed using the R software (R Development Core Team,
2004).

Genome assembly and SNP identification

The purification of Wolbachia wPip DNA from Mol early
embryos, library construction, general PCR conditions and
crossing experiments were as previously described [10]. The
genome was assembled from three independent 454 runs. One
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half-plate from a standard single-end FLX library generated
14 Mb of data from 80,752 reads, with an average length of
174 bp. Two quarter-plates from a similar library generated
30.9 Mb of data from 80,954 reads with an average length of
264 bp. Finally one quarter-plate from a 3.2 kb paired-end
Titanium library generated 48.6 Mb from 157,851 reads with
an average length of 232 bp. Together these runs produced a total
of 93.5 Mb of data, which was combined and assembled with
Newbler (Roche), using default parameters. The final assembly
gave 194 contigs >500 bp with a mean coverage of 41 x and N50
of 19.5 kb, linked into 24 scaffolds plus 79 unscaffolded contigs,
with an N50 of 567 kb, and a total length of 1,435,676 bp. 99.6%
of bases had a quality value >Q40. The sequences generated have
been submitted to the EMBL/GenBank/DDBJ database with the
accession number HG428761.

Phylogenetic trees were constructed based on Maximum
Likelihood using PhyML [51], using the Whelan and Goldman
substitution model, on an amino acid alignment created with
ClustalW; one hundred data sets were generated for boot-
strapping.

Contigs and scaffolds were mapped against the wPip genome as
a reference using mummer. SNPs were called where the mapped
sequences differed from the reference sequence. The contig and
scaffold SNPs were mostly at contig boundaries and phage regions,
where mapping was difficult. Only SNPs which were agreed upon
by both the contig and scaffold mapping were considered strongly
supported.

PCR for SNP genotyping

For PCR analysis, genomic DNA was extracted from whole
mosquitoes as above. Primers were designed to flank SNP regions
and amplified using standard PCR conditions (94°C for 30 sec, 52
to 60°C for 30 sec and 72°C for 30 sec to 60 sec x38 cycles). PCR
products were purified using a Qiagen PCR purification kit and
sequenced using GATC Biotech sequencing. The C. pipiens group
lines used for these PCR experiments were as previously described
[13,28,29] with an additional colony assayed from the Italy
(Granarolo) collected in 1991.

Construction of plasmids

The transcriptional regulator wirM was PCR amplified from the
strain of Wolbachia found in Culex molestus. DNA was extracted as
above. PCR was conducted with Phusion 7ag polymerase
(Finnzymes) according to manufacturer’s instructions. PCR
products were digested and ligated into the Notl-Sacl site of
insect cell expression vector, pIEX8 (Novagen). Plasmids were
purified using endotoxin free maxi preps (Qiagen).

Transfection experiments

Adult C. quinquefasciatus Pel line mosquitoes less than 24 hours
post eclosion, infected with Wolbachia wPipPel were intrathorac-
ically injected with 200 ng plasmid DNA and Cellfectin II
(Invitrogen) transfection reagent according to a previously
published protocol [52]. Using a hand-held Nanoject (Drum-
mond), adults were injected with either pIEX8-w#M or a control
plasmid with no insert and left to recover. Adults were isolated for
total RNA extraction in groups of 2 to 4 individuals: 10 replicates
of 3—4 individuals (n=32) in pIEX and 10 replicates of 2-3
individuals (n=27) for pIEX w#M. cDNA synthesis was
performed in 10 pl reaction volumes with 1000 ng of total RNA
using the iScript cDNA synthesis kit (BioRad). qRT-PCRs were
performed on 1:20 dilutions of the cDNA using DyNAmo
Colorflash (Fisher), a DNA Engine thermocycler (M] Research)
with a Chromo4 real-time PCR detection system (Bio-Rad) and
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the cycling conditions as above. Transcription levels were
calculated by the standard curve method relative to the
endogenous Culex reference gene RpL32.

Supporting Information

Figure S1 Comparative analysis between CPIJ005623 and
CPIJ015950. A. Schematic representation of the gene architecture
of CPIJ005623 and CPIJ015950. The two predicted genes are
virtually the same with the exception of 1 nucleotide (nt) change
leading to a P-S substitution at the N-terminus of the predicted
proteins, 1 nt deletion near the exonl-exon2 border of
CPIJ015950 leading to two amino acid substitutions and the
56 nt deletion leading to the loss of a Zinc-finger C2H2 type
domain signature (PS00028). B. Analysis of 56 nt indel region of
CPIJ015950. Specific primers flanking the 56 nt deletion region of
CPIJ015950 that amplify an 84 basepair (bp) and a 141 bp
fragment of CPIJO15950 in predicted cDNA and gDNA,
respectively and a 141 bp fragment of CPIJ005623 in predicted
gDNA or cDNA were used in electrophoresis analysis following
PCR. Only a fragment around 140 bp, consistent with the
presence of only CPIJ005623, was amplified in these two C.
pipiens group lines. RpS7 PCR with specific primers spanning an
intron were run in parallel to check the quality of gDNA, cDNA
and PCR reaction; No T =no template control.

(TIF)

Table S1 Crossing relationships between a selection of C. pipiens
group lines (at least 800 embryos counted per cross); other crossing
data between these lines are listed in table 1 and in previous
publications [13,28,29].

(DOC)

Table 82 Genes containing at least one non- synonymous SNP
when the Wolbachia wPip Mol and Pel genomes are compared. The
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