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Wolbachia RNase HI contributes to virus
blocking in the mosquito Aedes aegypti

Mazhar Hussain,"? Guangmei Zhang,"? Michael Leitner,’ Lauren M. Hedges,' and Sassan Asgari'-**

SUMMARY

The endosymbiotic bacterium Wolbachia pipientis blocks replication of several
arboviruses in transinfected Aedes aegypti mosquitoes. However, the mecha-
nism of virus blocking remains poorly understood. Here, we characterized an
RNase HI gene from Wolbachia, which is rapidly induced in response to dengue
virus (DENV) infection. Knocking down wRNase Hl using antisense RNA in Wolba-
chia-transinfected mosquito cell lines and A. aegypti mosquitoes led to increased
DENV replication. Furthermore, overexpression of wRNase Hl, in the absence of
Wolbachia, led to reduced replication of a positive sense RNA virus, but had no
effect on a negative sense RNA virus, a familiar scenario in Wolbachia-infected
cells. Altogether, our results provide compelling evidence for the missing link
between early Wolbachia-mediated virus blocking and degradation of viral
RNA. These findings and the successful pioneered knockdown of Wolbachia
genes using antisense RNA in cell line and mosquitoes enable new ways to
manipulate and study the complex endosymbiont-host interactions.

INTRODUCTION

Wolbachia pipientis is an endosymbiotic bacterium that is estimated to infect more than 40% of insect spe-
cies.! In addition to insects, it is found in other arthropods, and nematodes. There are several strains of
Wolbachia that are classified into a number of supergroups (A-F and H-Q).” Wolbachia is mostly known
for reproductive manipulations of its host to facilitate its spread in infected populations, and more recently
also for blocking replication of a number of RNA viruses.** Although virus blocking was first discovered in
Drosophila,”® it was soon found that transinfected Aedes aegypti mosquitoes with different strains of
Wolbachia efficiently block replication of several vector-borne viruses, such as dengue virus, Chikungunya
virus, and Zika virus (e.g.”"'%). This has led to deployment of Wolbachia-infected A. aegypti mosquitoes in
various countries to reduce transmission of arboviruses.'' ™' The mechanism of virus blocking, however,
remains elusive.

There have been a number of mechanisms suggested that contribute toward virus blocking, but none of
them have been found to consistently explain the blocking phenotype. It is possible that there are several
factors that work together in combination to exert virus blocking and that could vary depending on the
host-Wolbachia strain combination. Among these mechanisms are induction of the immune system,“”w
competition for metabolic resources’®?? and space,”® alteration of host pro- and anti-viral genes,
and inhibition of virus entry into host cells.”® Nevertheless, it is evident that one of the main anti-viral
responses in insects toward virus infections, the RNAIi response targeting the virus through short-inter-
fering RNAs, does not play a major role in Wolbachia's virus blocking phenotype.?”*'
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It has been established that the presence of Wolbachia in the cell is required for virus blocking and the 'Australian Infectious Disease
Research Centre, School of

phenotype is not systemically conferred.”” Wolbachia density has also been found to be critical for Biological Sciences, The
displaying the virus blocking phenotype in a few studies; however, it does not always hold. In a recent study, University of Queensland,

it was shown that the wPip strain of Wolbachia transinfected into A. aegypti mosquitoes resides in high Brisbane, QLD 4072, Australia
density, comparable to wMel and wAIbB strains in the midgut and salivary glands, but it does not confer
protection against DENV replication.®® Another recent study also did not find a correlation between
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entry. In our recent study in which transcriptional response of Wolbachia wAlbB strain in A. aegypti Aag2
cells to DENV infection was assessed, an RNase HI gene (wRNase HI) was found induced as early as 1 h after
DENV infection.?” RNase H comprises a family of endoribonucleases that are mostly known for degradation
of RNAin RNA/DNA hybrids and play various roles in prokaryotic and eukaryotic cells including genome sta-
bility and anti-viral response.?®*"" Based on the wRNase Hlinduction result, we formulated a hypothesis that
wRNase HI could be involved in the virus blocking phenomenon. To test this hypothesis, we further analyzed
the transcriptional response of wRNase HIto DENV infection in two strains of Wolbachia, and the RNase ac-
tivity of wRNase Hl in blocking DENV and other insect-specific RNA viruses using ectopic expression of the
gene in mosquito cells. Importantly, we knocked down wRNase Hlin an A. aegypticell line and adult female
mosquitoes and showed that DENV replication was significantly increased both in vitro and in vivo. As far as
we know, knocking down of a gene in an endosymbiotic bacterium has not been shown so far. Our results
open a new avenue in functional analysis of Wolbachia genes using gene knockdown and provide further
insights into the virus blocking mechanism in mosquitoes.

RESULTS

Our recent RNA-Seq study showed induction of an RNase HI gene (NCBI: NP_966104.1) in Wolbachia
wAIbB strain when Aag2.wAlbB cells were infected with DENV.*’ This induction occurred as early as 1 h af-
ter DENV infection. Here, we further characterized the wRNase HI gene in Wolbachia and investigated its
possible role in blocking DENV in Wolbachia-infected mosquito cells.

Differential expression of wRNase HI in wMelPop- and wAIlbB-infected mosquito cells

To examine the expression levels of wRNase HI in mosquito cells transinfected with wMelPop and wAIbB,
we extracted total RNA from Ades albopictus wAlbB-infected Aa23 cells, and Aag2 cells transinfected with
wAIbB (Aag2.wAlbB), or wMelPop (Aag2.wMelPop). RT-gPCR results using specific primers to wRNase H/
demonstrated expression of the gene in all the Wolbachia-transinfected cells, however, significantly higher
transcript levels (4- to 6-fold; Kruskal-Wallis test, p< 0.0036) of wRNase HI were found in Aag2.wMelPop
cells compared to Aa23 and Aag2.wAlbB cells when data were normalized against the Wolbachia 16S
rRNA gene (Figure 1A).

To find out whether the higher expression levels of wRNase HI in Aag2.wMelPop could be because of
higher densities of Wolbachia in the cells or an actual higher expression of the gene in wMelPop, we
analyzed a number of collected samples from Aag2.wAlbB and Aag2.wMelPop cells in which we deter-
mined Wolbachia density and wRNase HI transcript levels. At about comparable densities of Wolbachia
in the two cell lines (131 and 137 Wolbachia per cell) (Figure 1B), the expression level of wRNase HI was
significantly higher (about 2-fold; p< 0.0001) in Aag2.wMelPop cells (Figure 1C). Results suggested that
wRNase Hl is indeed expressed at higher levels in wMelPop compared to wAIlbB.

Furthermore, we conducted expression analysis of wRNase HI in wAlbB transinfected mosquitoes at three
different days post emergence (dpe). Of interest, RT-qPCR revealed the same transcript levels of wRNase
HI at 2 and 6 dpe, which were significantly downregulated (average 2-fold overtime; One-way ANOVA,
p = 0.0016) at 12 dpe (Figure 1D). However, gPCR using gDNA extracted from the same mosquitoes
showed significant increases (average 2.5-fold overtime; One-way ANOVA, p< 0.001) in Wolbachia density
with age (Figure 1E).

It is known that the wMelPop strain imposes a stronger virus blocking effect on virus replication than the
other strains.”? We confirmed this in our cells by infecting Aag2.wMelPop and Aa23 cells (infected with
wAlbB Wolbachia strain) with dengue virus serotype 2 (DENV-2) and analyzed the RNA extracted from
the cells five days post infection (dpi) using a specific probe to the virus short flavivirus RNA (sfRNA) in a
northern blot analysis. The results showed a strong inhibition of DENV-2 replication in Aag2.wMelPop cells
compared to Aa23 cells (Figure S1). These results indicated a correlation between the higher expression
levels of wRNase HI by wMelPop with its stronger virus blocking property.

Rapid induction of wRNase Hl upon DENV infection

To confirm that the expression levels of wRNase HI change on DENV infection, Aag2.wMelPop cells were
infected with 1 MOI of DENV-2 and collected 0.5 h and 1 h following infection. RT-gPCR analysis of RNA
extracted from the cells showed significant induction (about 3-fold; Kruskal-Wallis test, p< 0.0036) of
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Figure 1. Differential expression of wRNase Hl in Wolbachia-infected mosquitoes and cells

(A) Relative expression of wRNase HI in Aag23, Aag2.wAlbB, and Aag2.wMelPop cell lines measured using RT-qPCR in
three biological replicates (N = 3 with a pool of several cells per N). Kruskal-Wallis test was carried out to determine
statistical significance among groups.

(B) Relative density of Wolbachia in mosquito cell lines. The density of Wolbachia was determined by gPCR analysis using
genomic DNA extracted from Aag2.wAlbB and Aag2.wMelPop cells. The numbers on each dataset show the average
Wolbachia density of the biological replicates in each cell line. t-test was carried out to determine statistical significance
between groups.

(C) Relative expression of wRNase Hl in Aag2.wAlbB and Aag2.wMelPop cell lines in (B) confirming higher expression of
wRNase Hl in wMelPop compared to wAlbB. Fold change was calculated by comparing the average of the expression
levels of wRNase Hl in three replicates for each treatment. t-test was carried out to determine statistical significance
between groups.

(D) wRNase Hl expression in female A. aegypti wAlbB-transinfected mosquitoes at 2-, 6-, and 12-day post-emergence (dpe).
(E) Density of Wolbachia was quantified by gPCR in samples in (D). A. aegypti RPS17 or Wolbachia’s 165 rRNA genes were used
as the normalizing genes as indicated on the y axis. One-way ANOVA test was carried out to determine statistical significance
among groups in (D and E) where each data point represents one mosquito. The error bars in all the graphs represent SE of
mean (SEM) of biological replicates. ns, not significant; *, p< 0.05; **, p< 0.01; ***, p< 0.001; ****, p< 0.0001.

wRNase HI in Aag2.wMelPop cells as early as 0.5 h after infection (Figure 2A). Similarly, wRNase HI was
induced (about 1.5-fold; Kruskal-Wallis test, p =0.0036) in Aag2.wAlbB cells infected with 1 MOI of
DENV-2 (Figure 2B). The results confirmed rapid induction of wRNase Hl in Wolbachia on DENV infection.

Considering the presence of an RNase H1 gene in the host A. aegypti genome (Vectorbase: AAELO17101),
we investigated if the gene is induced on DENV infection in the same samples in which wRNase HI was
induced. RT-gPCR results showed no induction (Kruskal-Wallis test, p = 0.1964) of the gene in Aag2.wMel-
Pop or Aag2.wAlbB cells (Figures S2A and S2B). In fact, there was a significant reduction (Kruskal-Wallis
test, p = 0.0036) in the host RNase H1 transcript levels following DENV infection in Aag2.wAlbB cells (Fig-
ure S2B). The gene was not induced (Mann-Whitney, p = 0.7 and p = 0.1) even one day after DENV infection,
either in Aag2 or Aag2.wAlbB cells (Figures S2C and S2D). Overall, these results demonstrate that the host
RNase H1 gene is not induced on DENV infection in the time points assessed.

iScience 26, 105836, January 20, 2023 3



¢? CellPress

OPEN ACCESS

A Aag2.wMelPop B Aag2.wAlbB c
k% %k *
o 37 -l 0 201 —.--. ~ 8-
= T (7] vt
z 2 : 15 £ o
8 24 & <+ <
E g 1.0 oo z 4
o 2
o 1 oo [ >
5 2 0.5- z 2
s K a
° [T]
€ 0-—— & 00777 0-
Mock 0.5h 1h Mock 0.5h 1h ©  ©
w(ﬁ Q(;\
S

§0

Figure 2. Rapid induction of wRNase Hlupon DENYV infection and higher viral RNA degradation in Aag2.wMelPop
cytoplasmic fraction

(A and B) Expression of wRNase Hl was induced by DENV infection in (A) Aag2.wMelPop, and (B) Aag2.wAlbB cells. RT-
gPCR analysis of RNA extracted from mock, wMelPop, and wAlbB cells infected with DENV-2 collected at 0.5 and 1 h post-
infection (hpi). Wolbachia’s 16S rRNA was used as the normalizing gene. Kruskal-Wallis test was carried out to determine
statistical significance among groups. FC, fold change.

(C) The stability of DENV genomic RNA was assessed in the cytoplasmic fractions from Aag2 and Aag2.wMelPop cells.
DENV-2 genomic RNA was incubated with the cytoplasmic fractions of the respective cells. Mann-Whitney test was
carried out to determine statistical significance between the two groups. The error bars in all the graphs represent SE of
mean (SEM) of three biological replicates. *, p< 0.05; **, p< 0.01.

RNA degradation effect of the Aag2.wMelPop cytoplasmic fraction

To compare the cytoplasmic fractions of Aag2 and Aag2.wMelPop cells in degrading viral RNA, 3 pg of
DENV-2 genomic RNA was incubated with the cytoplasmic fractions of the respected cells for 60 min at
37°C. Total RNA was extracted, and RT-gPCR was conducted to quantify DENV genomic RNA levels.
Results showed significantly less (2.2-fold; Mann-Whitney test, p = 0.05) DENV RNA in reactions containing
the cytoplasmic fraction from Aag2.wMelPop cells (Figure 2C) suggesting higher RNase activity in the
cytoplasmic fraction of Aag2.wMelPop cells compared to control Aag?2 cells.

wRNase HI degrades ssRNA and RNA/DNA hybrid, but not dsRNA in vitro

RNase Hl is a ribonuclease mainly known for degrading RNA in RNA/DNA hybrids.** Amino acid sequence
alignment of RNase HI from wMelPop and Escherichia coli (NCBI: NP_414750.1) showed 54% sequence
identity between the two sequences and that wRNase HI contains the conserved RNase HI, but also the
RNA/DNA hybrid binding sites (Figure S3). Here, we tested if wRNase HI has any RNase activity against sin-
gle stranded RNA or dsRNA molecules. For this, the full-length gene from wMelPop was cloned into the
bacterial expression vector pQE30 in fusion with an N-terminal 6xHis tag. As a control, the coding region
for wRNase Il was cloned into the same vector. The expression of the proteins was induced by IPTG and
confirmed by Western blot using an anti-His antibody (Figure S4A). The expressed proteins were purified
and incubated with ssRNA and dsRNA of GFP. After 1 h of incubation, the reactions were run on an agarose
gel and visualized with ethidium bromide staining. wRNase HI completely degraded ssGFP RNA compared
to the control, whereas wRNase Ill degraded ssGFP RNA to a lesser extent (Figure 3A). Regarding dsGFP
RNA, neither wRNase Hl nor wRNase Il degraded the dsRNA (Figure 3B). We repeated this experiment, but
this time also included GFP RNA/DNA hybrid in addition to GFP ssRNA and dsRNA, and as control used an
irrelevant 45 kDa protein (CrV1 from the wasp Cotesia rubecula™) cloned into the same vector and purified
with the same procedure as wRNase HI (Figure S4B). Consistently, wRNase HI did not digest dsRNA, but it
digested ssRNA as well as the RNA/DNA hybrid (Figure 3C). In addition, we compared the activity of
wRNase HI with that of E. coli RNase HI using a purified commercial product. Consistent with wRNase
HI, E. coli RNase HI did not digest dsRNA and digested the RNA/DNA hybrid, but unlike wRNase HI, it
did not digest ssRNA (Figure 3D). When ethylenediaminetetraacetic Acid (EDTA) was added to the
RNA/DNA hybrid reactions, both wRNase Hl and E. coliRNase Hl activities were inhibited (Figure 3D). Diva-
lent metal ions are required for RNase HI activity,*” which can be chelated by EDTA. The results suggest
that similar to E. coli RNase HI wRNase HI degrades RNA/DNA hybrids and does not digest dsRNA, but
unlike E. coli RNase HI, it digests ssRNA.
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Figure 3. Confirmation of wRNase HI RNase activity
(A and B) Purified recombinant wRNase HI (wRN) and wRNase Il (RNIlI, as control) proteins expressed in E. coli were incubated with ssRNA and dsRNA for
60 min at 37°C, subsequently ran on an agarose gel, and visualized with ethidium bromide staining. GFP gene was used as the template to generate the

ssRNA and dsRNA substrates. Cont, buffer only.
(C) GFP dsRNA (450 ng), ssRNA (1 ug), and RNA/DNA hybrid (1 ng) were incubated with purified wRNase Hl or a control protein (CrV) expressed in E. coli, or

buffer only (Cont) for 60 min at 37°C, subsequently ran on an agarose gel, and visualized with SYBR Safe staining.
(D) GFP dsRNA (450 ng), ssRNA (1 ng), and RNA/DNA hybrid (1 pg) were incubated with purified wRNase HI (WRN) or E. coli RNase HI (eRN). In eRN* and
wRN* reactions, 50 mM EDTA was added to the reactions. (—), buffer only. The graphs next to each gel image show the relative density of bands determined

by ImageJ, with the controls set at 100%.

wRNase HI suppressed DENV replication in mosquito cells

To explore the blocking effect of wRNase HI on DENV, the full-length gene coding for wRNase HI from
wMelPop was cloned into the plZ/V5-His vector. After confirmation of the sequence of the insert, the
plasmid was transfected into A. aegypti Aa20 cells. Control cells were transfected with no plasmid, plz/
V5-His empty vector (plZ), and plZ/V5-His with an insert coding for wRNase lIl. Three days after transfection,
cells were infected with 1 MOl of DENV-2 and then collected 3 dpi. RT-gPCR analysis of RNA extracted from

iScience 26, 105836, January 20, 2023 5
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Figure 4. wRNase HI suppresses DENV replication in mosquito cell lines

(A) DENV genomic RNA levels were assessed 3 dpi (1 MOI) by RT-gPCR analysis of RNA from A. aegypti Aa20 cells
transfected with plZ/wRNase HI, plZ/RNase Ill, empty plZ vector, or no plasmid (mock). The error bars represent SE of
mean (SEM) of three biological replicates. Kruskal-Wallis test was carried out to determine statistical significance among
groups. **, p< 0.01; FC, fold change.

(B) DENV genomic RNA levels were assessed 3 dpi (1 MOI) by RT-gPCR analysis of RNA in Aag2 cells transfected with
pSLfa/wRNase Hl, pSLfa/GFP, or no vector (Cellfectin). RT-gPCR analyses of extracted RNA was performed using primers
targeting the DENV-2 viral genome and A. aegypti RPS17 as normalizing gene. One-way ANOVA test was carried out to
determine statistical significance among groups. The error bars represent standard error of mean (SEM) of six biological
replicates. ****, p< 0.0001; FC, fold change.

(C) Focus forming assay of the supernatants collected from the experiment described in (B). FFU, focus forming units.
t-test was carried out to determine statistical significance between the two groups. The error bars represent standard
error of mean (SEM) of five biological replicates. ****, p< 0.0001.

(D) RT-gPCR analysis of purified DENV RNA following incubation with cytoplasmic fractions of Aag2 cells transfected with
pSLfa/wRNase HI or pSLfa/GFP. Mann-Whitney test was carried out to determine statistical significance between the two
groups. The error bars represent SE of mean (SEM) of three biological replicates. *, p< 0.05.

(E) Confirmation of wRNase HI expression in pSLfa/wRNase HI and pSLfa/GFP transfected Aag2 mosquito cells. Extracted
recombinant wRNase HI protein was detected by western blot analysis using a specific antibody to wRNase HI.

the cells revealed significant reductions (5-fold; Kruskal-Wallis test, p< 0.0073) in DENV genomic RNA
levels in wRNase Hl-expressing cells compared to the control cells (Figure 4A). Furthermore, we observed
a similar blocking effect of wRNase Hl on DENV in Aag?2 cells after expressing the protein through cloning
the gene from wMelPop in the pSLfa expression vector. RT-gPCR analysis revealed significant reductions
(1.4-fold; One-way ANOVA, p< 0.0001) of DENV genomic RNA in cells transfected with pSLfa/wRNase HI
construct compared to cells transfected with pSLfa/GFP or Cellfectin transfection reagent only (Figure 4B).
A similar significant reduction (2-fold; t-test, p< 0.0001) in the number of DENV virions was obtained when
the supernatants from the treated cells were subjected to focus forming assay (Figure 4C). We also
compared viral RNA levels following incubation of purified DENV RNA with the cytoplasmic fractions
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from Aag?2 cells with and without wRNase HI overexpression. Results showed significant reductions (Mann-
Whitney, p = 0.05) in DENV RNA levels in cells overexpressing wRNase HI compared to cell overexpressing
GFP (Figure 4D). We confirmed expression of wRNase Hl (~16 kDa) in the transfected cells and Aag2.wMel-
Pop cells with western blot analysis using a specific antibody to wRNase HI (Figure 4E and S5A).

We also explored if host mRNAs could be affected by the overexpression of wRNase Hl in Aag2 cells. Three
A. aegypti genes that we had their primers available (actin, RNase H1, and prohibitin) did not show any
change in their transcript levels assessed three days post transfection with pSLfa/wRNase HI, pSLfa/
GFP, or Cellfectin transfection reagent only (Figure S5B; Kruskal-Wallis test; p = 0.0679, p = 0.8179,
p = 0.1750, respectively). The expression of RPS17 that was used as a normalizing gene also remained
stable between the treatments. The results showed that although wRNase HI affected viral RNA, it
did not affect host mRNAs.

Antisense RNA-mediated knockdown of wRNase Hl increased DENV replication in
Wolbachia-transinfected cells and mosquitoes

We utilized a gene-specific antisense RNA (asRNA) (195 nt) to knockdown wRNase HIin Aag2.wMelPop cell
line. Although DENV did not induce the expression of A. aegypti RNase H1 (AeRNase H1) (Figures S2A~
S2D), we still checked the similarity of the gene with wRNase HI from wAlbB and wMelPop Wolbachia
strains through sequence alignment. The overall similarity was found to be low with about 52% identity
between AeRNase H1 and wRNase HI genes (Figure S6). Furthermore, the asRNA made to wRNase Hl
does not have a continuous alignment with the AeRNase H1 sequence, and also the similarity is very
low. Consequently, formation of dsRNA by the asRNA and AeRNase H7, as a requisite for the host RNAI
to target AeRNase H1, is unlikely. To ascertain this empirically, we assessed the transcript levels of
AeRNase H1 in Aag2.wMelPop cells transfected with asRNA to wRNase HI (aswRNaseH) compared to
the controls three days post transfection. No change was found in the transcript levels of AeRNase H1 (Fig-
ure S2E). Therefore, we assume there is no potential off-target effect of the asRNA on AeRNase H1
expression.

Aag2.wMelPop cells were transfected with aswRNaseH or asGFP as control and after 24 h, they were infected
with 1 MOI of DENV-2. Cells were collected three days after infection from which RNA was extracted. RT-
gPCR analysis showed statistically significant downregulation (average 30%; One-way ANOVA, p< 0.0001) of
wRNase Hl in aswRNaseH transfected cells compared to cells transfected with asGFP or Cellfectin only (Fig-
ure 5A). To assess levels of DENV RNA, RT-gPCR analysis of RNA extracted from the cells showed significant
increases (1.8-fold; One-way ANOVA, p< 0.0001) of virus genomic RNA in wRNase HI knocked down cells
compared to the controls (Figure 5B). Similarly, titration of the supernatants collected in the experiment revealed
significant increases (2.4-fold; t-test, p< 0.0001) in the number of DENV virions (Figure 5C). As a control, we also
transfected Aag?2 cells (without Wolbachia) with aswRNaseH, asGFP, and Cellfectin only to find out if aswRNaseH
has any non-specific effect on DENV replication. Results showed no change (Kruskal-Wallis test, p = 0.3765) in
replication of DENV between the treatments (Figure S7).

We were interested to assess if increases in DENV replication could be because of a possible decrease in
Wolbachia density in wRNase Hl knocked down cells. However, gPCR analysis of the cells showed no reduc-
tion in Wolbachia density (p = 0.075) (Figure 5D). We further carried out wRNase HI knockdown in Aag2.
wMelPop and looked at Wolbachia density at 2 and 5 days after transfections. We found that although
there was a significant decline (50%,; Kruskal-Wallis test, p = 0.005) in wRNase Hl levels at 2 days post trans-
fection, the knockdown effect disappeared by 5 days post transfection (Figure S8A). Nevertheless,
Wolbachia density was not affected (Kruskal-Wallis test, p = 0.7463) by wRNase HI knockdown (Figure S8B)
as also shown in Figure 5D three days post transfection. Overall, the results suggest that DENV was able to
replicate more efficiently in reduced amounts of wRNase HI even when Wolbachia density remained
unchanged.

To explore if gene knockdown also works in another strain of Wolbachia, we knocked down wRNase Hl in
Aag2.wAlbB cells. RT-qPCR results showed significant reductions in the abundances of wRNase HI (50%;
One-way ANOVA, p< 0.0001) in Aag2.wAIbB cells four days after transfection (Figure S9A). However, aswR-
NaseH transfection did not affect the transcript levels of three Wolbachia non-target genes (wsp, M23
family peptidase [DEJ70_04815], and outer membrane protein assembly factor BamD [DEJ70_04508]) sug-
gesting specificity of the knockdown (Figures S9B-S9D). When the transfected cells with aswRNase HI or
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Figure 5. Antisense RNA-mediated knockdown of wRNase Hl increased DENV replication in Wolbachia-
transinfected cells

(A) RT-gPCR analysis of RNA extracted from Aag2.wMelPop cells transfected with antisense RNAs, aswRNase HI and
asGFP as control, and infected with 1 MOI of DENV-2 and collected 3 dpi.

(B) Increased genomic DENV RNA levels as a result of wRNase HI knockdown. Cells transfected with asGFP and Cellfectin
reagent only were used as controls. RT-gPCR analysis was performed using Wolbachia’s 16S rRNA gene and A. aegypti
RPS17 as the normalizing genes in A and B, respectively.

(C) Focus forming assay of the supernatants collected from the experiment described in (B). FFU, focus forming units.
(D) Relative Wolbachia density following wRNase Hl knockdown. gPCR analysis of extracted genomic DNA using primers
to Wolbachia's wsp gene and the host cell RPS17 gene showed no reduction in Wolbachia density after wRNase HI
knockdown when compared to controls 3 days post transfection. For statistical analysis, One-way ANOVA with Tukey's
post-hoc test was carried out to determine statistical significance between groups in (A and B), t-test in (C), and Kruskal-
Wallis test in (D). The error bars in all the graphs represent SE of mean (SEM) of biological replicates each represented by a
data point. ns, not significant; ****, p< 0.0001. FC, fold change.
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the controls were infected with DENV-2 (1 MOI), RT-qPCR analysis of the cells 3 dpi showed significant in-
creases (One-way ANOVA, p< 0.0001) in genomic RNA levels of DENV in the wRNase Hl-knocked down
cells (Figure S9E), consistent with the results in Aag2.wMelPop cells. Although increases in virus replication
in the case of knocking down wRNase Hlin Aag2.wMelPop or Aag2.wAlbB was only about 2-fold, it is worth
mentioning that the efficiency of knockdown was not very high (about 30-50%). Nevertheless, the effect on
DENV was reproducible in several independent experiments. With further optimisation to increase the
efficiency of knockdown, the effect on DENV replication could be stronger. Again, knocking down wRNase
Hlin Aag2.wAlbB cells had no effect on Wolbachia density (Figures S8C and S8D). Furthermore, similar to
Aag2.wMelPop cells (Figure S8A), knockdown of wRNase HI was evident at 2 days post-transfection, but
not at 5 days post-transfection (Figure S8C). As a control, we knocked down another Wolbachia gene
(SPFH domain-containing protein) in Aag2.wAlbB cells (40% reduction; Kruskal-Wallis test, p = 0.025;
Figure S9F), however, we did not find increases in DENV replication, but in fact some reductions in virus
replication (Kruskal-Wallis test, p = 0.025; Figure S9G). These results confirmed specific blocking of
DENV by wRNase HI.

Considering the availability of a specific polyclonal antibody against the wsp gene of the wMelPop strain of
Wolbachia that we previously raised,*® we examined the effect of knocking down wsp using asRNA at the
protein level. For this, Aag2.wMelPop cells were transfected with Cellfectin only, asGFP, or asWSP. Knock-
down of wsp with asWSP was confirmed by RT-qgPCR when cells were examined 3 days post transfection
(about 40% reduction; Figure ST0A). Western blot analysis of cells also showed reductions in the wsp pro-
tein levels (Figures S10B and S10C). These results further provided proof-of-concept evidence for success-
ful knockdown of Wolbachia genes using asRNA.

To find out if Wolbachia gene knockdown can be achieved in vivo, and if the effect of knocking down
wRNase HI on DENV in cells can be replicated in mosquitoes, 2-day-old wAlbB Wolbachia-transinfected
female mosquitoes were injected with aswRNaseH, asGFP, or buffer only. Two days after injection, mosqui-
toes were fed on blood containing 1x10”/mL DENV-2. Unfed mosquitoes were discarded, and the remain-
ing were maintained on sugar solution for four days. RT-gPCR analysis of RNA extracted from mosquitoes
using primers to wRNase HI gene showed significant downregulation (50% reduction; One-way ANOVA,
p< 0.0001) of the gene in aswRNaseH-injected mosquitoes compared to asGFP and buffer-only injected
mosquitoes suggesting successful downregulation of the Wolbachia gene in the mosquitoes (Figure 6A).
RT-qPCR showed significant increases (2.5-fold; One-way ANOVA, p = 0.0022) in DENV genomic RNA
levels in aswRNaseH-injected mosquitoes compared to the controls (Figure 6B). In one of the aswRNa-
seH-injected mosquitoes in which there was no wRNaseH knockdown, the mosquito had the lowest
DENV gRNA because of Wolbachia blocking (Figure 6A and 6B, red dots), whereas the mosquito with
the highest DENV gRNA had about 50% wRNase HI knockdown (Figure 6A and 6B, blue dots). Altogether,
the in vitro and the in vivo results suggest that wRNase HI limits DENV replication in mosquitoes
contributing to Wolbachia's virus blocking phenotype.

The effect of wRNase HI on insect-specific viruses

It has been established that Wolbachia blocks replication of positive sense RNA viruses, but not that of negative
sense RNA viruses.” 7 Aag2 cells are persistently infected with Cell fusing agent virus (CFAV, a positive sense
flavivirus) and Phasi Charoen-like virus (PCLV, a negative sense bunyavirus).48 To test the effect of wRNase Hl on
these viruses, Aag2 cells were transfected with Cellfectin transfection reagent only, pSLfa/GFP, or pSLfa/wRNase
HI. Three days after transfection, total RNA was extracted from the cells and subjected to RT-gPCR using specific
primers to each virus. Results showed significantreduction (One-way ANOVA; p< 0.0001) in CFAV gRNA levelsin
pSLfa/wRNase HI transfected cells compared to the controls (Figure 7A), whereas no statistically significant
(One-way ANOVA,; p = 0.44) effect was found on PCLV (Figure 7B). The results are consistent with the effect
of Wolbachia on positive and negative sense RNA viruses.

DISCUSSION

Wolbachia has been shown to confer anti-viral protection by inhibiting the replication of positive sense
RNA viruses in primary arbovirus mosquito vectors, however, the mechanism of blocking remains
unknown.&10:50.51 Currently, these mechanisms revolve around host immune induction®'"831 and compe-
tition for resources and space.®'%? Studies have also shown that virus blocking occurs in cells where
Wolbachia is present, and the protection cannot be conferred to the adjacent cells.'%*? Here, we
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Figure 6. Antisense RNA-mediated knockdown of wRNase Hl increased DENV replication in Wolbachia-
transinfected mosquitoes

(A) RT-qPCR analysis of RNA extracted from mosquitoes injected with antisense RNAs, aswRNase HI and asGFP, as
control, or APS buffer only. Wolbachia’s 16S rRNA gene was used as the normalizing gene.

(B) Increased genomic DENV RNA levels as a result of wRNase HI knockdown in wAlbB-transinfected mosquitoes.
Mosquitoes were injected with aswRNase Hl, asGFP, or APS buffer only. Two days after injection, mosquitoes were fed on
DENV-2 and analyzed four days following virus feeding. RT-qPCR analysis was performed using A. aegypti RPS17 as the
normalizing gene. For statistical analysis, One-way ANOVA test was carried out to determine statistical significance
between groups. The error bars represent SE of mean (SEM) of biological replicates (individual mosquitoes). **, p< 0.01;
*** < 0.001; FC, fold change. The red and the blue dots in (B) represent mosquitoes with the lowest and the highest
DENV gRNA levels, respectively, corresponding to the same color dots and mosquitoes in (A) with no wRNase HI
knockdown and about 50% wRNase HI knockdown, respectively.

demonstrate the ability of Wolbachia’s RNase HI to degrade positive-sense single-stranded viral RNA, and
as a result contributes to suppressing DENV replication and production of infectious virus particles.

wRNase Hlis a gene that we recently found induced in Aag2.wAIbB cells as early as 1 h after DENV infection.?’ In
this study, we confirmed this induction in both wAlbB and wMelPop strains of Wolbachia as early as half an hour
after DENV infection. This induction does not seem to be because of introduction of foreign RNA (Figure 5A and
S9; compare Cellfectin with asGFP). Of note, the host RNase H1, which does not show a high level of sequence
similarity to wRNase HI, was not induced by DENV. Furthermore, we found the wMelPop strain of Wolbachia
exhibited 2- to 3-fold higher expression of wRNase HI transcript levels in contrast to wAlbB-infected Aa23
and Aag2.wAlbB cells at comparable Wolbachia densities. This higher expression of wRNase HI by wMelPop
is correlated with stronger virus blocking in Aag2.wMelPop cells. Consistently, studies have shown that the
wMelPop strain confers a stronger virus blocking effect on virus replication compared to other Wolbachia
strains.’>>' Furthermore, we investigated the expression of wRNase Hlin wAlbB mosquitoes and observed iden-
tical wRNase Hl transcript levels at 2 and 6 dpe, however, these were significantly downregulated at 12 dpe.
Despite the decline in wRNase HI expression over the lifetime of the mosquitoes, the Wolbachia density
increased with age at 2, 6, and 12 dpe, respectively. This is consistent with studies showing that Wolbachia-
conferred DENV blocking was neither Wolbachia density-dependent nor tissue specific in A. aegypti.”**>*
Lack of correlation between wRNase Hl transcript levels and Wolbachia density may have different reasons. It
could be because of Wolbachia's response to changes in the host cellular environment as the mosquito ages,
or that gene expression may not necessarily correlate with density depending on the functional role of the
gene. It remains to be determined what exact role wRNase Hl plays in Wolbachia's biological processes.
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Figure 7. Effect of wRNase HI on insect-specific viruses CFAV and PCLV

(A and B) Aag2 cells were transfected with pSLfa/wRNase HI, and pSLfa/GFP, or Cellfectin reagent only as controls. Three
days after transfection, total RNA was extracted from cells and subjected to RT-gqPCR using primers specific to (A) CFAV
and (B) PCLV. A. aegypti RPS17 was used as the normalizing gene. One-way ANOVA was carried out to determine
statistical significance between groups. The error bars represent SE of mean (SEM) of biological replicates each
represented by a data point. ns, not significant; ****, p< 0.0001.

We found significantly higher RNase activity and consequent DENV RNA degradation in the cytoplasmic
fraction of Aag2.wMelPop cells compared to Aag2 cells. This conforms with studies in Aag2.wMel and
RML-12.wMel cells,” and A. albopictus and Drosophila melanogaster cells transinfected/colonized with
Wolbachia wStri and wMel strains,>> which reported that incoming DENV and Sindbis virus RNAs were
almost immediately degraded in contrast to their Wolbachia-free counterparts.

By cloning the full-length wRNase HI gene into a bacterial expression vector, we confirmed the RNase
activity of wRNase HI and that it specifically degrades ssRNA and RNA/DNA hybrid, but not dsRNA
in vitro. This observation supports the hypothesis of degradation of the viral genome, that is in the form
of ssRNA, by wRNase HI. Although wRNase Hl appeared to digest ssRNA, E. coliRNase HI, which is a classic
RNase HI enzyme that digests RNA in RNA/DNA hybrids did not digest ssRNA. The two proteins share
conserved RNase HI and RNA/DNA hybrid binding residues, but identification of residues that contribute
to the ssRNA activity of wRNase Hl requires further investigation. Subsequently, overexpression of wRNase
Hlin transfected A. aegypti cell lines with insect-specific plasmid vectors, which were subsequently infected
with DENV, showed a reduction in DENV genomic RNA levels and virion production, which further
establishes the inhibitory functionality of wRNase HI on DENV.

Genetic manipulation of Wolbachia is not currently feasible. However, we were able to knockdown
Wolbachia's RNase HI gene by transfecting Wolbachia-transinfected mosquito cells with an antisense
RNA (asRNA) to the gene. In addition to wRNase Hl, we could also knockdown two other Wolbachia genes,
SPFH and wsp, using asRNA, with knockdown of the latter confirmed at the protein level. Although it is un-
likely that wRNase HI mRNA is transported outside Wolbachia into the host cytoplasm for interaction with
asRNA, it is more likely that asRNA transverses into Wolbachia. This is not unlikely considering transfection
of mitochondria with lipofectamine for RNAi has been achieved.” In addition, gene silencing/knockdown
has been demonstrated in non-endosymbiotic bacteria with natural or artificial antisense nucleic acids,
including RNA and DNA, which is distinct from gene silencing through RNAi observed in eukaryotic
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cells.”*% Although Ago proteins are not essential for antisense gene silencing in bacteria,
research shows that Ago-like proteins are also present in bacteria that can facilitate gene silencing.
The interaction of the antisense nucleic acid with complementary target sequences leads to prokaryotic
gene silencing through interference with transcription initiation or translation or combination of both
(reviewed in®"). Knocking down wRNase Hlin Aag2.wMelPop and Aag2.wAlbB cells resulted in downregu-
lation of wRNase HI expression, while concurrently increasing levels of DENV genomic RNA in vitro and
in vivo. It is important to note here that knockdown of wRNase HI did not have any significant effect on Wol-
bachia density indicating that DENV replicates more efficiently in the absence or lower amounts of wRNase
HI; although we cannot rule out the possibility of reduction in fitness of Wolbachia when wRNase Hl is
knocked down which could potentially aid DENV replication. We obtained similar results when quantifying
infectious particles by focus forming assay where knocked down wRNase HI cells generated higher titers of
DENV virions compared to control cells with a fully functioning wRNase HI. Furthermore, knocking down
wRNase HI in wAlbB-transinfected mosquitoes, by injecting them with wRNase HI asRNA, led to higher
amplification of DENV. The ability of RNase HI to target and degrade RNA/DNA hybrids generated during
viral replication and its potential role in anti-viral defense is widely supported.**'

We also investigated the effect of overexpressing wRNase HI on insect-specific viruses in the absence of
Wolbachia, by transfecting Aag2 cells persistently infected with CFAV (a positive sense flavivirus) and
PCLV (a negative sense bunyavirus), which resulted in significant reduction in CFAV gRNA levels, but no
effect on PCLV. Our results are coherent with observations made involving the blocking of +ssRNA viruses
belonging to Flaviviridae (DENV-2, CFAV) and Togaviridae (Sindbis virus, Chikungunya virus) families, but
not -ssRNA viruses belonging to Bunyavirales (PCLV) and Mononegavirales (Aedes anphevirus).>>4/ =754

In summary, we demonstrate that wRNase Hl is rapidly induced in Wolbachia-transinfected mosquito cells
in response to DENV infection and is able to degrade the viral genomic RNA. Considering the higher
degradation of DENV RNA in the cytoplasmic fraction from Wolbachia-infected cells compared to that
of the control cells, wRNase Hl is likely secreted from Wolbachia cells into the host cytoplasm. However,
this needs to be experimentally confirmed. We show the possibility of knocking down Wolbachia genes
using antisense RNA, which opens a significant opportunity for exploring functions of Wolbachia and
perhaps other endosymbiotic bacterial genes in their interaction with hosts in the absence of tools to
genetically manipulate them. Knockdown of wRNase HI led to significant increases in DENV replication
both in vitro and in vivo. Furthermore, overexpression of wRNase HI in mosquito cells persistently infected
with insect-specific viruses mimicked Wolbachia's effect on inhibition of +ssRNA viruses and not-ssRNA vi-
ruses. Our findings reveal and provide compelling evidence for the missing link between early Wolbachia-
mediated virus blocking, degradation of positive-sense single-stranded viral RNA, and inhibitory effect on
the production of infectious viral particles. However, virus blocking is most likely due to a combination of
different factors in which wRNase Hl is one of the contributors. In regard to inhibition of dsRNA viruses by
Wolbachia (only one example has been shown that was in planthoppers infected with wStir strain®?),
wRNase HI could possibly target the +ssRNA that is produced during viral replication from which the-
ssRNA is reverse transcribed forming a dsRNA genome,“® which needs to be experimentally tested. This
mechanism, however, does not explain the inhibition of eukaryotic microorganisms (e.g., Plasmodium or
filarial worms) by Wolbachia, in which case other factors such as competition for space and resources could
be more applicable. Future studies should also expand to other Wolbachia strains, including those that do
not block virus replication, and other host species.

Limitations of the study

Our study investigated wRNase HI in two strains of Wolbachia, wMelPop and wAlbB, in the mosquito
A. aegypti; the two strains known to block virus replication. Our study did not include a strain of Wolbachia
that does not block virus replication, and experiments were done only in A. aegypti. Another limitation of
the study is that the antibody raised against wRNase HI was not very specific and could not be used for
immunofluorescence or immunoprecipitation studies.
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mosquitoes

The Wolbachia wAlbB infected A. aegypti (strain wAlbB2-F4) mosquitoes®® were reared by hatching eggs in
27°C water and feeding larvae daily with fish food (Hikari Cichlid Gold) ad libitum. Adults were maintained
at 27°C, a 12 h:12h day/night cycle with relative humidity ranging between 65 and 75%, and allowed to feed
ad libitum on 10% sucrose. All mosquito experiments were performed using female adults.

Mosquito cell lines

Aedes albopictus Aa23 cells persistently infected with wAIbB strain of Wolbachia,”” wMelPop-infected
Aag?2 cells (Aag2.wMelPop),%” wAlbB-infected Aag2 cells (Aag2.wAlbB),’® and uninfected Aag2 cells
were maintained as cell monolayers in flask in a 1:1 mixture of Mitsuhashi-Maramorosch and Schneider’s
Insect Media (Invitrogen), supplemented with 10% fetal bovine serum (FBS) at 27°C. A. aegypti Aa20 cells’'
were maintained in L-15 medium (Invitrogen) supplemented with 10% tryptose phosphate broth and 5%
FBS at 27°C. For infection, cells were infected with DENV-2 (ET-300 strain) at the multiplicity of infection
(MOI) of 1.

METHOD DETAILS

RNA extraction

Cell pellets collected from various experiments were subjected to total RNA extraction using Qiazol (QIAGEN)
according to the manufacturer’s instructions. Extracted RNA samples were treated with DNase using Turbo
DNase (Ambion) according to the manufacturer’s instructions and examined for quantification and quality by
Epoch spectrophotometer (BioTek).

Reverse transcription qPCR (RT-qPCR)

RNA samples were reverse transcribed using M-MulV reverse transcriptase (New England Biolabs) accord-
ing to the manufacturer’s instructions. Synthesized cDNAs were diluted 1:10 in Ultrapure DNase/RNase-
free water (Invitrogen) and used in gPCR reactions with a Rotor-Gene Q machine (QIAGEN). PCR
amplification was performed according to the instructions of QuantiFast SYBR Green PCR Kit (QIAGEN).
gPCR was followed with melt curve analysis for all products. A. aegypti ribosomal protein S17 (RPS17)
gene or Wolbachia 16S rRNA gene were used as the reference genes depending on the experiment.
Primers used in this study are listed in Table S1. All gPCR experiments were run with at least three biological
and two technical replicates.

Cell lysate preparation and incubation with DENV RNA

The cell lysate from Aag2 and Aag2.wMelPop cells were prepared by sonicating the cells. The cell lysate
was centrifuged at 16,000 g for 5 min to pellet the cell debris, with the supernatant collected as the
cytoplasmic fraction. Five hundred plL of the cytoplasmic fraction and 3 ng of DENV RNA were mixed
and incubated at 37 °C for 60 min. RNA was extracted from the reactions and subjected to RT-qPCR as
above.

Northern blotting

DENV genomic RNA was detected by northern blot analyses using 10 pg total RNA run on 1% agarose
formaldehyde gels. DNA probes were labeled with *?P-dCTP using a random primer DNA labeling kit
(GE Healthcare) and all hybridization and washing steps were carried out at 65°C. Blots were then exposed
to a phosphorimager screen for 2 h and radioactive signals were detected using a Storm phoshorimager
scanner (GE Healthcare).

Overexpression of Wolbachia ribonucleases in E. coli

The full-length wRNase HI and wRNase Il genes (NCBI: CP046921.1) were amplified from wMelPop and
inserted into the pQE30 vector (QIAGEN) and transformed into E. coli. The expression of the proteins
was induced by 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Samples were collected at 2 and
4 h after induction to confirm overexpression with western blotting using an anti-His antibody conjugated
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with alkaline phosphatase (Sigma). The overexpressed proteins were purified with Ni-NTA resin beads from
the soluble (RNase HI) and insoluble (RNase Ill) fractions according to the manufacturer’s instructions
(QIAGEN). pQE/CrV1 expressing the CrV1 protein from C. rubecula was also used as a control and purified
similar to wRNase HI as CrV1 was previously found to be in the soluble fraction.™

Production of ssRNA, dsRNA, and RNA/DNA hybrid, and in vitro RNA cleavage

For production of RNA substrates for wRNase HI RNase activity, GFP gene was used in combination with
forward and reverse GFP primers containing T7 promoter sequences. MEGAscript T7 transcription kit
(Invitrogen) was used for in vitro synthesis of ssRNA (600 nt; using only the reverse primer) and dsRNA
(500 nt; using both forward and reverse primers) according to the manufacturer’s instructions. To produce
GFP RNA/DNA hybrid, GFP ssRNA produced as above was reverse transcribed with M-MulLV reverse
transcriptase without RNase H activity according to the manufacturer’s instructions (New England Biolabs).

For in vitro cleavage assays, 450 ng dsRNA, 1 ng of ssRNA, or 1 ng of RNA/DNA hybrid substrates was incu-
bated with 10 nmol of purified proteins or E. coli RNase Hl in RNase Hl buffer (New England Biolab) at 37°C
for 1 h and analyzed on 1.5% agarose gel. To block the RNase HI activity, 50 mM EDTA was added to the
reactions.

Wolbachia density

Genomic DNA was extracted from cells with EconoSpin silica membrane columns (Epoch Life Science)
using a previously described protocol.”” The relative densities of wAlbB and wMelPop in Aag2 cells
were quantified by qPCR using specific primers for the relevant strain’s Wolbachia surface protein (wsp)
gene and the A. aegypti RPS17 gene for normalizing the data. Primer sequences can be found in Table S1.

Extraction of DNA and RNA from single mosquitoes

Mosquitoes were ground to fine powder in liquid nitrogen individually in Eppendorf tubes with pestle. The
ground material was resuspended thoroughly in 200 puL PBS and divided equally into two tubes for total
RNA as well as genomic DNA extractions as described above.

Western blot analysis

Protein samples were run on 12% SDS-PAGE gels followed by western blot transfer using Mini-Cell Module
Il (BioRad). After blocking the blots with 5% non-fat dry milk in TBST (10 mM Tris-HCI, pH 8.0, 150 mM NaCl,
0.05% Tween 20) for 1 h, they were washed three times in TBST. For detection, an anti-His antibody conju-
gated with alkaline phosphatase (1:5000; Sigma) was used for bacterially expressed proteins, an anti-
wRNase HI antibody (1:2000) detected by anti-guinea pig antibodies (1:10,000; Sigma) conjugated with
alkaline phosphatase for wRNase HI protein overexpressed in mosquito cells, polyclonal anti-wsp anti-
bodies’® (1:2000) detected by anti-rabbit goat antibodies (1:10,000; Sigma) conjugated with alkaline phos-
phatase to detect the wsp protein, and anti-GAPDH antibodies (1:5000; Sigma) as loading control. The anti-
wRNase HI antibody was raised in guinea pigs against the peptide (RKDIYGREENTTNNK, wRNase HI aa
33-47) at Monash University. Blots with the antibodies were incubated in 1% non-fat dry milk in TBST for
2 h. Blots were then washed with TBST and developed using nitro blue tetrazolium chloride (NBT) and
5-Bromo-4-chloro-3-indolyl phosphate (BCIP) reagents (Sigma).

Ectopic expression of wRNase HI in Aag2 cells and assessment of replication of DENV and
insect-specific viruses

The full-length wRNase HI from wMelPop was cloned in the mosquito expression vector pSLfa-PUb-MSC
(Addgene) under the A. aegypti polyubiquitin promoter (pSLfa/RNaseHI). For control, Green Fluorescent
Protein (GFP) gene was cloned into the same vector (pSLfa/GFP). The cloned inserts were confirmed by
Sanger sequencing. Plasmids were transfected into Aag2 cells in 12-well plates using Cellfectin Il reagent
(Invitrogen) according to the manufacturer’s instructions. Cellfectin-only treated cells were used as addi-
tional control. Three days after transfections, cells were collected from which total RNA was extracted as
above.

To find out if ectopic expression of wRNase Hl in Aag2 cells has any effect on Cell fusing agent virus (CFAV),

a positive sense flavivirus, and Phasi Charoen-like virus (PCLV), a negative sense bunyavirus, RNA was
reverse transcribed using reverse primers specific to each virus (Table S1). Subsequently, cDNAs were
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subjected to gPCR using forward and reverse primers specific to each virus (Table S1). Aag2 cells are persis-
tently infected with CFAV and PCLV.*®

We also assessed the effect of wRNase Hl expression in Aag2 cells on DENV replication using pSLfa/RNase
HI. Cells were transfected as above and after two days, they were infected with 1 MOI of DENV. They were
then collected at 3 dpi and subjected to RT-qPCR. The effect of wRNase HI on DENV replication was also
assessed in another A. aegypticell line (Aa20) by overexpressing the gene using the plZ/V5-His vector using
a similar approach as above. Plasmids expressing the GFP gene were used as control in both experiments.

Cytoplasmic fraction of wRNase Hl overexpressing cells and effect on DENV RNA

For overexpression of wRNase HI, pSLfa/RNase HI (4 pg/well) and pSLfa/GFP as control were transfected
into Aag? cells in a 6-well plate using Cellfectin Il reagent (Invitrogen). Three days after transfections, cells
were collected for preparation of cytoplasmic fractions using Paris kit (Thermofisher) according to the man-
ufacturer’s instructions. For viral genomic RNA (gRNA) isolation, Aag2 cells were infected with 1 MOI of
DENV, and cells as well as supernatants were collected at 7 dpi. Viral RNA was isolated from 200 pL super-
natant using QlAamp viral RNA kit (QIAGEN) and total RNA was extracted from cells with RNeasy mini kit
from cells (QIAGEN) following the manufacturer’s protocols. To find out the effect of overexpressed
wRNase HI protein on DENV gRNA, 600 ng viral gRNA was mixed with 10 pL of the cytoplasmic fractions
and incubated at 37°C for 1 h. Levels of DENV gRNA were analyzed by RT-qPCR as described above.

In vitro synthesis of antisense RNA and wRNase HI knockdown in Wolbachia

Primers were designed to the sequence of wRNase Hlto amplify a PCR product for in vitro synthesis of anti-
sense RNA (asRNA). While different forward primers were used for wMelPop and wAlbB wRNase HI genes,
the same reverse primer was used for both genes due to high sequence similarity (Table S1; see Figure S11
for sequence alignment). wMelPop and wAlbB wRNase HI are 86 and 89% identical at the DNA and amino
acid levels, respectively. Forward primer started from —15 position from ATG and reverse primer designed
in the coding region ending at +180 nt. T7 promoter sequence was added to the reverse primer (Table S1).
Similarly, for the control asRNA, primers were designed to amplify the first 200 bp of the GFP sequence. To
make asRNA to the wsp gene, a similar strategy was adopted by amplifying a DNA fragment covering
nucleotides from —11 position from ATG to +200 nt in the coding region. MEGAscript T7 transcription
kit (Invitrogen) was used for in vitro synthesis of asRNAs according to the manufacturer’s instructions.

To knockdown wRNase HI in Wolbachia in vitro, about 0.6 million Aag2.wMelPop cells in three replicates
were transfected with 2 pg of asRNA. Control cells were transfected with asGFP. Cellfectin Il transfection
reagent was used for transfection according to the manufacturer’s instructions (Invitrogen).

To knockdown wRNase HI in mosquitoes, the Wolbachia wAlbB-infected A. aegypti mosquitoes, strain
wAlbB2-F4,%* were used in this study. Mosquitoes were maintained at 27°C with about 75% humidity on
10% sugar solution. Thirty 2-day-old female mosquitoes per treatment were chilled on ice and subse-
quently intrathoracically injected with 200 nL of asRNAs (1 ng) to wRNase Hl or GFP, or only Aedes phys-
iological solution (APS; 150 mM sodium chloride, 4 mM potassium chloride, 0.1 mM sodium bicarbonate,
0.6 mM magnesium chloride, 1.7 mM calcium chloride, 25 mM HEPES Buffer at a pH of 7.0). A Nanoject Il
(Drummond) and pulled glass needles were used for injections. Two days after injection, mosquitoes were
fed on human blood donated by Red Cross (ethics approval UQ 2016000870) containing 1x 10”/mL DENV-2
(ET-300 strain) using glass feeders. Those mosquitoes that did not take a blood meal were discarded and
the remaining were maintained for four days as above. Subsequently, total RNA was extracted from
individual mosquitoes and subjected to RT-gPCR.

Focus forming assay

To titrate DENV virions, focus forming assay was conducted according to a previously described method”?
with slight modifications by infecting C6/36 cells in 96-well plates with serial dilutions of media collected
from experiments in triplicates. For infection, 10 pL/well of supernatants collected from DENV-infected
Aag2 (wRNase HI ectopic expressing) or Aag2.wMelPop (knocked down wRNase HI) cell lines were
used. Plates were first incubated at room temperature on a rocker for 1 h and then incubated at 37°C for
an extra hour. At 3 dpi, cells were fixed in ice-cold 80% acetone in PBS for 20 min at —20°C, and then dried
overnight. Then cells were blocked with 5% skimmed milk in PBST at 37°C for 30 min. This was followed by
incubating cells with antisera specific to DENV-2 E protein, 4E11 (1:1000) in 0.1% skimmed milk in PBST for
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2 h at 37°C. After that, plates were washed three times with PBST followed by probing with secondary anti-
body IRDYE 800CW Goat anti-Human (1:2500) for 1 h at 37°C. Plates were washed three times with PBST
and dried as above and scanned for foci detection and counting by LI-COR Biosciences Odyssey infrared
Imaging System according to manual instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 9 was used for all the statistical analyses and production of the graphs. Data were
tested for normality using Shapiro-Wilk test and those that passed the test were considered for analysis.
Non-parametric tests were used to determine significance levels between treatments for comparing two
treatments (Mann-Whitney test) or more (Kruskal-Wallis) when samples sizes were smaller than six. One-
way ANOVA was used to determine significance levels between three or more treatments when sample
sizes were six or more. More details are provided in the relevant figure legends. gPCR data were analyzed
using the relative expression ratio method (Ratio = (Eta,get)ACP
as described previously.”* Gene expression levels or DENV gRNA levels in controls were adjusted to 1 and
the transcript levels in treatments are expressed as fold changes relative to the controls. The raw data
related to each figure where quantification was performed can be found in the Data S1 file.

ACP
target(control — sample)/(Eref) ref(control — sample))
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