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Abstract

Wolbachia is an intracellular bacterium that blocks virus replication in insects and has been introduced into
the mosquito, Aedes aegypti for the biocontrol of arboviruses including dengue, Zika and chikungunya.
Despite ongoing research, the mechanism of Wolbachia-mediated virus blocking remains unclear. We
recently used experimental evolution to reveal that Wolbachia-mediated dengue blocking could be selected
upon in the A. aegypti host and showed evidence that strong levels of blocking could be maintained by
natural selection. In this study, we investigate the genetic variation associated with blocking and use these
analyses to generate testable hypotheses surrounding the mechanism of Wolbachia-mediated dengue
blocking. From our results, we hypothesise that Wolbachia may block virus replication by increasing the
regeneration rate of mosquito cells via the Notch signalling pathway. We also propose that Wolbachia
modulates the host’s transcriptional pausing pathway either to prime the host’s anti-viral response or to

directly inhibit viral replication.

Keywords: Disease control, Aedes aegypti, Wolbachia pipientis, genetic variation, evolution.
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Introduction:

The Aedes aegypti mosquito transmits arboviruses that cause morbidity and mortality globally, including
dengue, Zika and chikungunya (Kraemer et al. 2019). Wolbachia are vertically-transmitted, intracellular
alpha-proteobacteria that can protect insects from viruses, termed virus ‘blocking’ (Teixeira, Ferreira, and
Ashburner 2008, Hedges et al. 2008). Wolbachia have been artificially introduced into A. aegypti, where
they are stably-inherited (Gloria-Soria, Chiodo, and Powell 2018) and block the transmission of dengue,
Zika and chikungunya viruses (Dutra et al. 2016, Tanetal. 2017, Ye et al. 2015, Moreira et al. 2009, Aliota,
Peinado, et al. 2016, Aliota, Walker, et al. 2016). Wolbachia have since been spread through natural
populations of mosquitoes where they have reduced the incidence of locally-transmitted dengue (Hoffmann,
Ross, and Rasi¢ 2015, Hancock et al. 2016, Walker et al. 2011, O'Neill 2018, Jiggins 2017, Schmidt et al.

2017, O'Neill et al. 2018).

Despite substantial discoveries, the mechanism of Wolbachia-mediated virus blocking remains unclear.
Research using insect cells suggests that blocking impacts early viral genome replication (Rainey et al.
2016, Thomas et al. 2018). Flaviviruses use the host cytoskeleton and alter the endoplasmic reticulum (ER)
to form sites of replication, termed replication complexes (RCs) (Lindsey et al. 2018). Wolbachia also
modify the ER and rely upon it for protein degradation (Geoghegan et al. 2017, Molloy et al. 2016, White
etal. 2017). Moreover, Wolbachia modulates the cytoskeleton to ensure their localization in the cell during
mitosis and meiosis (Lindsey et al. 2018). Together, flaviviruses and Wolbachia are likely to compete for
the ER and cytoskeleton, along with resources (Caragata et al. 2013). Other pathways have also been shown
to affect Wolbachia-mediated blocking but do not seem to be required, e.g. host immune priming (Rancés
et al. 2012, Rancés et al. 2013), the RNAI pathway (Terradas, Joubert, and McGraw 2017), and host
miRNAs (Zhang et al. 2013, Hussain et al. 2011, Rainey et al. 2016), the production of reactive oxygen
species (ROS) (Pan et al. 2012, Pan et al. 2018, Wong, Brownlie, and Johnson 2016) and XRN1-mediated

virus degradation (Thomas et al. 2018).
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Recently, we artificially selected upon Wolbachia-infected A. aegypti mosquitoes (wMel.F strain) to test if
we could increase or decrease the strength of Wolbachia-mediated dengue blocking (Ford et al. 2019). We
were able to isolate mosquitoes that had lost 45% of Wolbachia-mediated blocking compared to randomly-
selected control populations and identified that this resulted from genetic variation in A. aegypti and not
Wolbachia. Interestingly, we could not increase blocking strength and found evidence to suggest that
genotypes exhibiting strong levels of blocking were already at a high frequency due to an inherent fitness
advantage. These data indicate the potential for natural selection to maintain blocking. In addition to this,
these data provide a great opportunity to gain insight into the mechanism of Wolbachia-mediated dengue
blocking. In this previous study, we investigated two candidate genes that had undergone large changes in
allele frequencies as a result of selection on blocking. We found one gene whose expression increased with
blocking strength. This gene encoded a cadherin protein (AAEL023845). Cadherins are cell-cell adhesion
proteins that mediate cell signalling and intracellular trafficking (Yamagata, Duan, and Sanes 2018), yet it

remains unclear how this gene may be involved in Wolbachia-mediated dengue blocking.

In this study, we investigate 61 A. aegypti genes that exhibited significant changes in allele frequencies
between the mosquito populations that we selected for high and low Wolbachia-mediated dengue blocking
(Ford et al. 2019). We then used these data to generate novel and testable hypotheses surrounding the
mechanism of Wolbachia-mediated dengue blocking. We found that genes under selection for blocking
were significantly enriched for signal transduction and transcription regulation. More specifically, we found
that genes involved in neurogenesis, the Notch signalling pathway and cell-cell adhesion are the most
commonly selected upon, leading to the hypothesis that Notch-mediated cell replenishment may be
important for Wolbachia-mediated viral blocking. We also revealed that the host’s transcriptional pausing
pathway could be involved in blocking and find evidence for the host’s oxidative stress response and

cytoskeleton, consistent with previous studies.
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98  Results and Discussion

99  Gene ontology (GO) term enrichment analysis
100  We investigated 61 A. aegypti genes that showed significant changes in allele frequencies between the
101  mosquito populations selected for high and low Wolbachia-mediated blocking (Supplementary File 1) in
102 our previous study (Ford et al. 2019). We explain the generation of these significant genes in the Materials
103  and Methods. We tested for enriched gene ontology (GO) terms using the Singular Enrichment Analysis
104  (SEA) available on AgriGo v2 for the AaegL 3.3 locus ID (VectorBase) (Fig. 1 and Supplementary File 2,
105  generated by AgriGo v2). The most specific GO terms (as measured by “Bgitem”, which is the total number
106  of genes annotated with that GO term in the A. aegypti genome) that were significantly enriched included:
107  ‘regulation of gene expression” (Fisher test with Benjamini-Hochberg false discovery rate, FDR, P-value
108  adjustments P=0.018), ‘nucleobase-containing compound metabolic process’ (FDR-corrected P=0.0113),
109  “‘cellular macromolecule metabolic process’ (FDR-corrected P=0.0186) and ‘signal transduction’ (FDR-
110  corrected P=0.0174).
111
112 Cell replenishment
113 We then grouped the genes by function, using the OrthoDB, Uniprot and Interpro databases (Table 1).
114  Consistent with the significant GO term ‘signal transduction’, we found genes for neurogenesis, the Notch
115  signalling pathway, cell cycle and cell-cell adhesion, including the previously described cadherin gene
116  (AAEL023845). Together, this gene profile suggests that cell replenishment pathways could be important
117  for Wolbachia-mediated dengue blocking. It has been found that the Notch signalling pathway confers
118  resistance to the dengue virus in A. aegypti by controlling host cell regeneration rate whereby mosquitoes
119  with faster cell regeneration in the midgut are significantly more resistant to the dengue virus (Taracena et
120  al. 2018). Moreover, the depletion of cadherin proteins is known to downregulate the Notch signalling
121  pathway and so cell replenishment (Hatakeyama et al. 2014, Sasaki et al. 2007).

122
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We therefore hypothesise that Wolbachia could block virus by increasing cell-adhesion and host cell
regeneration rate via Notch signalling. This hypothesis would be consistent with our previous observation
that the reduction in viral blocking was associated with reduced expression of the cell-cell adhesion gene,
cadherin (Ford et al. 2019). Slower cell regeneration would also explain the inherent fitness cost that we
observed in mosquitoes with weaker viral blocking (Ford et al. 2019). How Wolbachia might alter this
pathway is unknown, but Wolbachia has been found to stimulate mitosis in nematodes (Foray et al. 2018)

and increase mosquito metabolism (Evans et al. 2009).
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Table 1. Functional groups of annotated genes under selection for Wolbachia-mediated dengue
blocking. A. aegypti genes that contain single nucleotide polymorphisms (SNPs) that were significantly
differentiated between mosquito populations selected for high vs. low Wolbachia-mediated dengue blocking
(Ford et al. 2019). The genes are listed if they have been annotated and are grouped based upon their
function according to OrthoDB, Uniprot and Interpro databases. The genes are listed by the number of
significantly differentiated SNPs (see Materials and Methods). P-values are listed in Supplementary File 1.

No. of | Gene ID Gene name Putative function
SNPs (D. melanogaster
orthologue)
Neuronal function
17 AAEL004396 Dopamine receptor | Synaptic transmission
D3
12 AAELO004389 | Alpha-mannosidase | N-linked glycosylation pathway in Golgi. Linked to
embryonic development and the positive regulation of
neurogenesis
6 AAEL002769 Homeo-prospero Neural differentiation. Transcription factor protein that
domain is expressed in all neural lineages of Drosophila
embryos
5 AAEL009466 Protein Kinase C Regulation of neurotransmitter release, ion channels,
growth and differentiation, and neural plasticity
1 AAEL002876 CUB domain Inflammation, neurotransmission, receptor-mediated
endocytosis, axon guidance and angiogenesis, cell
signalling
1 AAEL006120 | G protein-coupled Regulation of receptor signalling, particularly in
receptor Kinase neurons.
Notch signalling
6 AAELO008617 Hairy bHLH transcriptional repressor involved in embryonic
segmentation and peripheral neurogenesis
3 AAELO014528 | SNW domain- Positive regulation of neurogenesis;
containing protein 1 | positive regulation of transcription of Notch receptor
target
3 AAEL010513 Helt bHLH Central nervous system development, Notch signalling
transcription factor | pathway
1 AAELO006817 | Achaete-scute Neuronal differentiation. Notch signalling pathway.
homolog 1 bHLH transcription factor binding
Cell-cell adhesion
90 AAEL023845 | Cadherin(cad87A) Cadherin and neurexin bind trans-synaptically
19 AAEL008334 | Afadin (canoe) Organisation of cell junctions during embryogenesis
5 AAEL004233 igLON family Cell adhesion molecule
member 5
4 AAEL021067 | Immunoglobulin- Cell-cell recognition
like domain
2 AAEL019752 Neurexin 3 isoform | Cadherin and neurexin bind trans-synaptically
X1
2 AAEL010721 Leucine-rich repeat- | May promote neurite outgrowth of developing thalamic
containing protein neurons. Synaptic membrane adhesion. Regulation of
4C axonogenesis
2 AAEL006191 Rho GTPase- Postsynapse organisation
activating protein 39
isoform X1
1 AAEL010881 | Netrin receptor Cell-cell adhesion via plasma-membrane adhesion
UNC5D molecules
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1 AAELO007205 | Gata-binding factor- | Grain is a transcription factor from the GATA family. It
¢ (Grain) regulates the expression of receptors and adhesion
molecules such as unc-5 and Fas2 involved in axon
guidance during development
lon channels
1 AAEL025294 | Otopetrin-1 Proton channel activity
1 AAELO018306 | Calcium activated Membrane depolarization
potassium channel
subunit alpha-1
1 AAEL021538 | Chloride channel Transmembrane transfer of chloride
accessory 1
Cell cycle
2 AAEL011522 Ras-related and Negative regulation of cell growth
estrogen-regulated
growth inhibitor
2 AAEL014044 Protein Skeletor, Spindle assembly, cell division
isoforms B/C
1 AAEL005802 | Structural Essential for successful chromosome transmission
maintenance of during replication and segregation of the genome in all
chromosomes organisms
protein
1 AAEL004700 | Cyclin-dependent Cell division control
kinase-like 1
1 AAEL004572 Ligand-dependent Transcription factor regulating cell death
nuclear receptor
corepressor-like
protein (Ecdysone-
induced protein 93F)
Transcriptional pausing
12 AAELO018695 | metastasis- Heterochromatin organization involved in chromatin
associated protein silencing
MTA
3 AAEL005813 Negative elongation | Negative regulation of transcription by RNA
factor A polymerase Il. An essential role in postembryonic
development. Transcriptional pausing controls rapid
antiviral innate immune response
2 AAEL024508 | Transcription Positive regulation of transcription elongation.
elongation factor B | Suppresses the transient pausing of RNA polymerase Il
polypeptide 3
(Elongin A)
2 AAEL019422 Histone deacetylase | Alters transcription
1 AAEL024283 BTB/POZ domain Transcriptional regulators that are thought to act
through the control of chromatin structure
Cytoskeleton/transport
5 AAEL018215 Dedicator of Actin cytoskeleton organization
cytokinesis protein 2
4 AAEL002173 | TRAF3-interacting Regulation of microtubule cytoskeleton organization.
protein 1 Negative regulation of defense response to virus
2 AAEL002571 Band 4.1-like Cytoskeletal protein binding. actomyosin structure
protein organization
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1 AAEL019696 Unconventional Actin-based motor molecules with ATPase activity.
myosin-VIlb Cell differentiation

1 AAELO014511 | Zinc finger, AN1- Positive regulation of intracellular protein transport
type

Oxidative stress

4 AAEL013026 | Guanylate cyclase 1 | Nitric oxide mediated signal transduction. Response to
soluble subunit oxidative stress
alpha 1

1 AAEL019639 Haem peroxidase Reduction of hydrogen peroxide. Response to oxidative

stress
Endoplasmic Reticulum (ER) functioning
1 AAEL024147 ELO family Small molecule metabolism. Likely located on the
endoplasmic reticulum.

1 AAEL006208 DDBL1- and CUL4- | Protein ubiquitination. Wolbachia relies on it for protein
associated factor 15 | degradation

RNA editing

3 AAELO013723 Heterogeneous Regulator of alternative splicing
nuclear
ribonucleoprotein L-
like

3 AAEL027527 | tRNA-specific tRNA processing. It is involved in behaviour, glucose
adenosine metabolism and response to several stresses such as
deaminase 1 heat, hypoxia and oxidative stress. Prevents the proper
(ADAR) translation of viral RNAs

1 AAEL019447 Intron-binding Splicing factor
protein aquarius

1 AAEL020230 | Zinc finger CCCH Methylation and splicing of RNAs. Controls embryonic
domain-containing stem cells (ESCs) pluripotency
protein 13 isoform
X1

1 AAEL006197 | Zinc finger CCHC- | RNA splicing
type and RNA-
binding motif-

containing protein 1

131
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133 Itisunclear whether neurogenesis specifically plays a role in Wolbachia-mediated blocking or whether the
134 gene annotations exhibit a bias from Drosophila developmental studies and these genes instead function in
135  cell proliferation and differentiation more generally (Taracena et al. 2018). The Zika virus has, however,
136  been found to dysregulate neurogenesis in humans through the Notch signalling pathway (Ferraris et al.
137  2019) and by degrading adherens junction proteins (Yoon et al. 2017). Although this has not been shown
138  with the dengue virus, it does upregulate the expression of cell-cell junction genes in humans (Afroz et al.
139  2016). Wolbachia is also known to cause neuropathology (Min and Benzer 1997, Moreira et al. 2011) and
140  control host factors during neurogenesis (Albertson et al. 2009) 2009). Critically, if Wolbachia-mediated
141  virus blocking involves pathways by which viruses cause neuropathology in humans then it could select for
142  viruses with altered disease severity. This exemplifies the importance of understanding the mechanism of
143  blocking.

144

145  Transcriptional pausing

146  Consistent with the significant GO term ‘regulation of gene expression’, we found a number of genes
147  involved in transcriptional pausing. The transcriptional pausing pathway plays a role in the Drosophila
148  antiviral response by priming the rapid transcription of immune genes involved in RNA silencing,
149  autophagy, JAK/STAT, Toll and Imd pathways along with components of Toll receptors (Xu et al. 2012).
150  Transcriptional pausing can also directly restrict viral transcription in mammalian cells (Fujinaga et al.
151 2004, Rao et al. 2006). Transcriptional pausing involves Negative and Positive Elongation Factors (NELF
152  and P-TEFb) and is associated with open chromatin structures. Here, we find genetic variation associated
153  with blocking in genes encoding NELF and P-TEFb (AAEL005813 and AAEL024508, respectively) and
154  genes involved in chromatin-structure mediated silencing (AAEL018695, AAEL024283 and
155 AAELO019422). We hypothesise that Wolbachia-mediated viral blocking could trigger the host’s
156 transcriptional pausing pathway to prime the antiviral response or to directly inhibit virus transcription.
157

158
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159  Cytoskeleton/transport

160  The dengue virus utilises the cytoskeleton to enter/exit the cell and recruit resources to RCs (Lindsey et al.
161  2018). Simultaneously, Wolbachia utilise the cytoskeleton for successful transmission during mitosis and
162  meiosis and so may interfere with the virus life-cycle (Lindsey et al. 2018). In our dataset, we identified
163  many genes with putative links to the cytoskeleton, including genes related to microtubules (AAEL002173),
164  actin (AAEL018215) and associated motors (AAEL019696). Of particular interest is the gene TRAF3-
165 interacting protein 1 (AAEL002173). TRAF3 has been implicated in an antiviral response in the sand fly,
166  Lutzomyia longipalpis (Martins-da-Silva et al. 2018).

167

168  Oxidative stress

169  Oxidative stress is a by-product of Wolbachia infection and can trigger anti-microbial host responses
170  (Lindsey et al. 2018). We find variation associated with blocking in a gene that reduces hydrogen peroxide
171  (AAEL019639) and in another that responds to nitric oxide (AAEL013026). Changes in these genes could
172 either: remove ROS, e.g. to enable the host to tolerate Wolbachia infection; or prevent the removal of ROS,
173  e.g. to trigger an anti-microbial response, or stimulate mitosis and so increase cell regeneration (Taracena
174  etal. 2018).

175

176  Conclusion

177  From reviewing A. aegypti genes isolated by artificial selection, we have been able to present new
178  hypotheses for the mechanism of Wolbachia-mediated dengue blocking. Signal transduction and the
179  regulation of transcription were significantly enriched in this dataset, corresponding to large sets of genes
180  for cell regeneration and the transcriptional pausing pathway. Our data led to two main hypotheses: 1)
181  efficient regeneration of mosquito cells increases resistance against flaviviruses and Wolbachia could
182  promote this by modulating adherens junctions and Notch signalling; and 2) Wolbachia could trigger the

183  host’s transcriptional pausing pathway to either prime the hosts’ anti-viral response or inhibit viral
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184  transcription. Consistent with previous studies, we also found evidence that oxidative stress and the
185  cytoskeleton are likely to be involved in blocking.

186
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187  Materials and Methods

188  Ethics

189  The evolution experiment was carried out at Monash University in Melbourne. The Monash University
190 Human Research Ethics Committee gave ethical approval for human volunteers to provide blood meals to
191  mosquitoes not infected with dengue virus (permit: CF11/0766-2011000387). One volunteer was involved
192  throughout the study and provided written consent.

193

194  Mosquitoes

195  For the evolution experiment we used a population of A. aegypti that were infected with the wMel.F strain
196  of Wolbachia (Walker et al. 2011, Hoffmann et al. 2011)and had been maintained in the laboratory for
197 33 generations. Every three generations, they were outcrossed with Wolbachia-free mosquitoes collected
198  from Queensland, Australia, to maintain standing genetic variation (Terradas et al. 2017, Hoffmann et
199 al. 2011). Mosquitoes collected for outcrossing were replaced every six generations. During outcrossing,
200  ~30% of males from the laboratory population were replaced with males from the collected population. The
201  wild-type populations used in this study to measure gene expression were the AFM line obtained from
202  Zhiyong Xi, collected 12 months prior by Pablo Manrique in Merida, Mexico.

203

204  Dengue virus

205  For the evolution experiment, we used dengue virus serotype 3, isolated from Cairns(Ye et al. 2016,
206  Ritchie et al. 2013). Virus was grown within C6/36 Aedes albopictus cells following standard
207  methods(Terradas et al. 2017). Cells were grown to 80% confluency at 26 °C in T175 tissue culture flasks
208  containing 25 ml RPMI 1640 media (Life Technologies) supplemented with 10% foetal bovine serum (Life
209  Technologies), 2% HEPES (Sigma—Aldrich) and 1% Glutamax (Life Technologies). The media was then
210  replaced with 25 ml RPMI supplemented with 2% foetal bovine serum, 2% HEPES and 1% Glutamax, and

211 20 pl virus was added. After 7 days, cells were scraped off and the suspension was centrifuged at 3,200g
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212 for 15 min at 4 °C. The supernatant was frozen in single-use aliquots at —80 °C, and all experiments were
213  conducted using these aliquots. Virus titres were measured from a thawed aliquot by: (1) mixing 20 ul with
214 200 pl of TRIzol (Invitrogen); (2) extracting the RNA following the manufacturer’s protocol and treating
215  with DNAse | (Sigma—Aldrich); and (3) quantifying dengue virus RNA using quantitative reverse-
216  transcription PCR (RT-gPCR) (see ‘Dengue virus quantification’). Three independent extractions were
217  performed and two replicates of each extraction were measured to generate an average value of 1.80 x 106
218  genomic copies of the dengue virus per ml.

219

220  Dengue virus quantification

221  Dengue virus was quantified via RT-gPCR using the LightCycler 480 (Roche). We used the TagMan Fast
222 Virus 1-Step Master Mix (Thermo Fisher Scientific) in a total reaction volume of 10 pl, following the
223  manufacturer’s instructions(Terradas et al. 2017). The list of primers and probes is given in
224 Supplementary Table 1. The temperature profile used was: 50 °C for 10 min; 95 °C for 20's; 35 cycles of
225 95°C for 3s; 60°C for 30s; 72°C for 1s; and 40°C for 10s. Data were analysed using absolute
226  quantification where the dengue virus copy number per sample was calculated from a reference curve. This
227  reference curve was made up from known quantities of the genomic region of the virus that the primers
228  amplify. This genomic region had previously been cloned into the pGEM-T plasmid (Promega) and
229  transformed into Escherichia coli(Ye et al. 2014). After growing E. coli in liquid Luria broth (LB)
230  overnight at 37 °C, we extracted the plasmid using the PureYield Plasmid Midiprep System kit (Promega)
231  and linearized it by restriction digest. We then purified the plasmid using phenol-chloroform extraction,
232  resuspended in 20 pl of UltraPure distilled water (Invitrogen) and quantified it by Qubit. A dilution series
233 of 107, 106, 105, 104, 103, 102 and 101 copies of the genomic fragment was created and frozen as single-
234 use aliquots. All assays measuring viral load used these aliquots, and three replicates of the dilution series
235  were run on every 96-well plate to create a reference curve for dengue virus quantification.

236
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237  Evolution experiment

238  We selected for low and high Wolbachia-mediated dengue blocking alongside a control treatment where
239  mosquitoes were selected at random. Each treatment included three independent populations generated
240  from an ancestral population of mosquitoes using a random number generator(Kawecki et al. 2012). For
241  each generation, eggs were hatched in trays (30 cm x 40 cm x 8 ¢cm) containing 2 1 of autoclaved reverse
242  osmosis water to achieve 150-200 larvae per tray. Larvae were fed ground TetraMin tablets and reared
243  under controlled conditions of temperature (26 +2 °C), relative humidity (~70%) and photoperiod
244 (12h:12h light:dark). After pupation, pupae were placed within 30 cm x 30 cm x 30 cm cages in cups
245  containing autoclaved reverse osmosis water for eclosion to achieve ~450 mosquitoes per cage. Mosquitoes
246 were fed 10% sucrose water from dental wicks. When mosquitoes were 5-7 d old, each population was
247  allowed to blood-feed on a human volunteer in a random order. Females that fed were separated into cups
248  enclosed with mesh that contained moist filter paper to provide an oviposition site. Mosquitoes were fed

249  10% sucrose water from cotton wool.

250  After 4d, eggs were collected, numbered and dried following a standard protocol for short-term egg
251  storage(Zheng et al. 2015). The number of each set of eggs was written on the cups of the corresponding
252  female. Egg collection was done before infection with dengue to prevent vertical transmission of the
253  virus(Joshi, Mourya, and Sharma 2002). Between 40 and 70 females from each of the high- and low-
254 blocking populations were anaesthetized with COz, injected with 69 nl of the dengue virus stock (equalling
255  ~124 genomic copies of dengue; see ‘Dengue virus’) and returned to their numbered cups. Virus was
256  delivered at a speed of 46 nls-1into the thorax using a pulled glass capillary needle and a manual
257  microinjector (Nanoject II; Drummond Scientific). This controlled the infection dose by removing the
258  variation that would have resulted from oral feeding, to ensure successful artificial selection. This method

259  also ensured a sufficient number of infected mosquitoes to select between.
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260 At 7d post-infection, females were anaesthetized with COz, placed into individual wells of 96-well plates
261  containing 50 ul extraction buffer and homogenized with a 3-mm glass bead. The extraction buffer was

262  made up of squash buffer (10 mM Tris (pH 8.2), 1 mM EDTA and 50 mM NaCl) (Yeap et al. 2014) with

263  proteinase K at a concentration of 12.5 ul ml-1 (Bioline). Samples were then incubated for 5 min at 56 °C
264  and 5min at 95 °C. We then measured the viral load per mosquito using RT-qPCR (see ‘Dengue virus
265  quantification”). This method was used for rapid phenotype determination of a large number of samples.
266  Mosquitoes were then ranked in order: (1) from the lowest viral load in the high-blocking populations; (2)
267  from the highest viral load in the low-blocking populations; and (3) using a random number generator in
268  the random population. Eggs from each mosquito were hatched into separate cups of autoclaved reverse
269  osmosis water. The next day, larvae were taken from cups in rank order until ~200 larvae were collected
270  for each replicate population. On average, offspring were taken from six mosquitoes per replicate
271  population per generation. This was done to impose the strongest selection pressure possible while ensuring
272  that enough mosquitoes would be reared for selection in the subsequent generation. At this point, the

273  protocol was repeated. In total, four rounds of selection were completed.

274  Genomic analysis

275 DNA was extracted from 90 individual mosquitoes from the ancestral population and each evolved
276  population after 4 generations of selection. We extracted DNA from the TRIzol reagent (Invitrogen) using
277  amodified version of the manufacturer’s protocol with additional washing steps using phenol, chloroform
278  and isoamylalcohol. DNA was sequenced using an Illumina HiSeq 3000 with 150-base pair paired-end
279  reads.

280

281  FastQC version 0.11.4 was used with default settings to check the quality of the raw reads. To minimize
282  false positives, Trimmomatic version 0.36 was used to trim the 3’ ends if the quality was <20, and the reads
283  were discarded if trimming resulted in reads that were <50 base pairs in length (<0.5%). We mapped the

284  resulting reads to the A. aegypti assembly (Liverpool AGWG-AaeglL5) using BWA MEM 2.2.1, and
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285  checked for quality using Qualimap version 2.2.1. Indel realignment was completed using GATK version
286  3.8.0. Duplicates were removed using Picard version 2.17.8, and reads with poor mapping quality were
287  removed using SAMtools 1.6 and filtering via hex flags: -q 20 (only include reads with a mapping quality
288  of >20); -f 0 x 002 (only include reads with all of the flags mapped in a proper pair); -F 0 x 004 (only
289  include reads with none of the flags unmapped); and -F 0 x 008 (only include reads with none of the flags
290  mate unmapped). Around 10% of reads were PCR duplicates (615,305,021) and ~58% of reads failed

291  mapping quality filters (3,655,353,869). The quality was checked using Qualimap.

292  SNPs were called using PoPoolation2 based on a minimum coverage of 20 and a maximum coverage of
293  200. Coverage was ~46 after duplicate and low-quality mapping were removed (~51 before). We ran an
294  alternative method to call variants to cross-check the output from the above method. Variants were called
295  for each sample using the GATK HaplotypeCaller tool (gatk-4.0.8.1) using default settings except for
296  ploidy, which was set to 10. A multi-sample variant file was then created merging the vcf files using the
297  ‘beftools merge’ command. SNPs from the original analysis were retained if at least one population had the

298  same SNP called by GATK.

299  We identified SNPs that were significantly differentiated between treatments (see ‘Statistics’) and
300 annotated them with gene information using gene transfer format files and bedtools intersect (bedtools
301  version 2.25). Annotation files were downloaded from VectorBase (AaegL5.1). Information on A. aegypti

302  gene function was collected by searching VectorBase gene IDs on OrthoDB(Kriventseva et al. 2018).

303  Statistics

304  We tested for differences in allele frequency between treatments using generalized linear models that were
305 applied to replicate level major and minor allele counts. We did this in R version 3.2.2 (http://www.r-
306  project.org/). We fitted these single-SNP models using the glm() function in R and assumed a binomial
307  error structure. To aid interpretation, we conducted these analyses in a pairwise fashion, analysing

308  differentiation between all possible pairs of selection treatments (that is, high versus low, high versus


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

309  random and low versus random populations). To assess the genome-wide significance of these models, and
310  to account for the P value inflation that occurs in single-SNP analyses of evolve and resequence data, we
311  estimated an empirical significance threshold based on exhaustive permutation of our experimental
312  data(Jhaetal. 2016). We estimated a permutation-based P value threshold that corresponded to a genome-
313  wide FDR of 5% by re-running our genome scan on all possible permutations of our pairwise contrasts
314  between high and low, high and random and low and random populations. In each case, there were nine
315  possible unique permutations excluding the observed arrangement of the six replicate populations. For each
316  permuted dataset, we refitted our linear model to all SNPs and estimated the number of significant SNPs.
317

318  We performed a Singular Enrichment Analysis (SEA) on the AgriGO v2 website using the 61 A. aegypti
319  genes associated with Wolbachia-mediated dengue blocking listed in the Supplementary File 1. We used
320  the AaeglL 3.3 reference genome and performed a Fisher test, correcting for multiple comparisons using the
321  Hochberg (FDR) method. We set the significance level to 0.05 and the minimum number of mapping entries
322  to 5. We set the gene ontology type to Generic GO_slim, which includes a reduced version of the terms in
323  the whole GO terms.

324

325  Data availability

326  Sequence data is available via the European Nucleotide Archive (accession number: PRIEB33044).

327
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Supplementary Table 1. Primers and proves used

Target Target gene Direction | Sequence (5°-3°) m
organism | (name)
Dengue | 3’ untranslated | Fw AAGGACTAGAGGTTAGAGGAGACCC 54
virus region (UTR)

Rv CGTTCTGTGCCTGGAATGATG 58

Probe FAM-
AACAGCATATTGACGCTGGGAGAGACCAGA-

BHQ1/3
Aedes AAEL023845 Fw CGGACTGAGCGGAGAAATGT 57.2
aegypti (Cadherin)
Rv CGGAACTCGTACATCGAGGG 57.2
AAEL004175 Fw TCCGTGGTATCTCCATCAAGCT 60
(RPS17)
Rv CACTTCCGGCACGTAGTTGTC 60
328
329 References
330
331 Afroz, S., J. Giddaluru, M. M. Abbas, and N. Khan. 2016. "Transcriptome meta-analysis reveals
332 a dysregulation in extra cellular matrix and cell junction associated gene signatures during
333 Dengue virus infection." Sci Rep 6:33752. doi: 10.1038/srep33752.
334  Albertson, R., C. Casper-Lindley, J. Cao, U. Tram, and W. Sullivan. 2009. "Symmetric and
335 asymmetric mitotic segregation patterns influence Wolbachia distribution in host somatic
336 tissue." J Cell Sci 122 (Pt 24):4570-83. doi: 10.1242/jcs.054981.
337  Aliota, M. T., S. A. Peinado, I. D. Velez, and J. E. Osorio. 2016. "The wMel strain of Wolbachia
338 Reduces Transmission of Zika virus by Aedes aegypti.” Sci Rep 6:28792. doi:
339 10.1038/srep28792.
340  Aliota, M. T., E. C. Walker, A. Uribe Yepes, I. D. Velez, B. M. Christensen, and J. E. Osorio.
341 2016. "The wMel strain of Wolbachia reduces transmission of chikungunya virus in Aedes
342 aegypti." PLoS Negl Trop Dis 10 (4):e0004677. doi: 10.1371/journal.pntd.0004677.
343  Caragata, E. P., E. Rances, L. M. Hedges, A. W. Gofton, K. N. Johnson, S. L. O'Neill, and E. A.
344 McGraw. 2013. "Dietary cholesterol modulates pathogen blocking by Wolbachia." PL0S
345 Pathog 9 (6):1003459. doi: 10.1371/journal.ppat.1003459.
346  Dutra, H. L., M. N. Rocha, F. B. Dias, S. B. Mansur, E. P. Caragata, and L. A. Moreira. 2016.
347 "Wolbachia blocks currently circulating Zika virus isolates in Brazilian Aedes aegypti
348 mosquitoes.” Cell Host Microbe 19 (6):771-4. doi: 10.1016/j.chom.2016.04.021.
349  Dzaki, N., K. N. Ramli, A. Azlan, I. H. Ishak, and G. Azzam. 2017. "Evaluation of reference genes
350 at different developmental stages for quantitative real-time PCR in Aedes aegypti." Sci

351 Rep 7:43618. doi: 10.1038/srep43618.


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

352 Evans, O., E. P. Caragata, C. J. McMeniman, M. Woolfit, D. C. Green, C. R. Williams, C. E.

353 Franklin, S. L. O'Neill, and E. A. McGraw. 2009. "Increased locomotor activity and
354 metabolism of Aedes aegypti infected with a life-shortening strain of Wolbachia pipientis.”
355 J Exp Biol 212 (Pt 10):1436-41. doi: 10.1242/jeb.028951.

356  Ferraris, P., M. Cochet, R. Hamel, I. Gladwyn-Ng, C. Alfano, F. Diop, D. Garcia, L. Talignani, C.
357 N. Montero-Menei, A. Nougairéde, H. Yssel, L. Nguyen, M. Coulpier, and D. Missé. 2019.
358 "Zika virus differentially infects human neural progenitor cells according to their state of
359 differentiation and dysregulates neurogenesis through the Notch pathway." Emerg
360 Microbes Infect 8 (1):1003-1016. doi: 10.1080/22221751.2019.1637283.

361 Foray, V., Pérez-Jiménez, MM., Fattouh, N., Landmann, F. 2018 "Wolbachia control stem cell
362 behavior and stimulate germline proliferation in filarial nematodes.” Dev Cell 45(2):198-
363 211.e3. doi: 10.1016/j.devcel.2018.03.017.

364 Ford, S. A, S. L. Allen, J. R. Ohm, L. T. Sigle, A. Sebastian, I. Albert, S. F. Chenoweth, and E.
365 A. McGraw. 2019. "Selection on Aedes aegypti alters Wolbachia-mediated dengue virus
366 blocking and fitness." Nat Microbiol. doi: 10.1038/s41564-019-0533-3.

367 Ford, S. A, S. L. Allen, J. R. Ohm, L. T. Sigle, A. Sebastian, I. Albert, S. F. Chenoweth, and E.
368 A. McGraw. 2019, Data from: Selection on Aedes aegypti alters Wolbachia-mediated
369 dengue virus blocking and fitness, Dryad, Dataset, https://doi.org/10.5061/dryad.6vv10h0
370  Fujinaga, K., D. Irwin, Y. Huang, R. Taube, T. Kurosu, and B. M. Peterlin. 2004. "Dynamics of
371 human immunodeficiency virus transcription: P-TEFb phosphorylates RD and dissociates
372 negative effectors from the transactivation response element.” Mol Cell Biol 24 (2):787-
373 95. doi: 10.1128/mch.24.2.787-795.2004.

374  Geoghegan, V., K. Stainton, S. M. Rainey, T. H. Ant, A. A. Dowle, T. Larson, S. Hester, P. D.
375 Charles, B. Thomas, and S. P. Sinkins. 2017. "Perturbed cholesterol and vesicular
376 trafficking associated with dengue blocking in Wolbachia-infected Aedes aegypti cells."
377 Nat Commun 8 (1):526. doi: 10.1038/s41467-017-00610-8.

378  Gloria-Soria, A., T. G. Chiodo, and J. R. Powell. 2018. "Lack of evidence for natural Wolbachia
379 infections in Aedes aegypti (Diptera: Culicidae).” J Med Entomol. doi:
380 10.1093/jme/tjy084.

381  Hancock, P. A., V. L. White, S. A. Ritchie, A. A. Hoffmann, and H. C. Godfray. 2016. "Predicting
382 Wolbachia invasion dynamics in Aedes aegypti populations using models of density-
383 dependent demographic traits." BMC Biol 14 (1):96. doi: 10.1186/s12915-016-0319-5.
384  Hatakeyama, J., Y. Wakamatsu, A. Nagafuchi, R. Kageyama, R. Shigemoto, and K. Shimamura.
385 2014. "Cadherin-based adhesions in the apical endfoot are required for active Notch
386 signaling to control neurogenesis in vertebrates." Development 141 (8):1671-82. doi:
387 10.1242/dev.102988.

388 Hedges, L. M., J. C. Brownlie, S. L. O'Neill, and K. N. Johnson. 2008. "Wolbachia and virus
389 protection in insects.” Science 322 (5902):702. doi: 10.1126/science.1162418.

390 Hoffmann, A. A., B. L. Montgomery, J. Popovici, I. lIturbe-Ormaetxe, P. H. Johnson, F. Muzzi,
391 M. Greenfield, M. Durkan, Y. S. Leong, Y. Dong, H. Cook, J. Axford, A. G. Callahan, N.
392 Kenny, C. Omodei, E. A. McGraw, P. A. Ryan, S. A. Ritchie, M. Turelli, and S. L. O'Neill.
393 2011. "Successful establishment of Wolbachia in Aedes populations to suppress dengue
394 transmission.” Nature 476 (7361):454-7. doi: 10.1038/nature10356.

395 Hoffmann, A. A., P. A. Ross, and G. Rasi¢. 2015. "Wolbachia strains for disease control:
396 ecological and evolutionary considerations."” Evol Appl 8 (8):751-68. doi:

397 10.1111/eva.12286.


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

398  Hussain, M., F. D. Frentiu, L. A. Moreira, S. L. O'Neill, and S. Asgari. 2011. "Wolbachia uses

399 host microRNAs to manipulate host gene expression and facilitate colonization of the
400 dengue vector Aedes aegypti.” Proc Natl Acad Sci U S A 108 (22):9250-5. doi:
401 10.1073/pnas.1105469108.

402 Jha, A. R., D. Zhou, C. D. Brown, M. Kreitman, G. G. Haddad, and K. P. White. 2016. "Shared
403 genetic signals of hypoxia adaptation in Drosophila and in high-altitude human
404 populations." Mol Biol Evol 33 (2):501-17. doi: 10.1093/molbev/msv248.

405  Jiggins, F. M. 2017. "The spread of Wolbachia through mosquito populations.” PLo0S Biol 15
406 (6):€2002780. doi: 10.1371/journal.pbio.2002780.

407  Joshi, V., D. T. Mourya, and R. C. Sharma. 2002. "Persistence of dengue-3 virus through
408 transovarial transmission passage in successive generations of Aedes aegypti mosquitoes."
409 Am J Trop Med Hyg 67 (2):158-61.

410 Kawecki, T. J., R. E. Lenski, D. Ebert, B. Hollis, I. Olivieri, and M. C. Whitlock. 2012.
411 "Experimental  evolution." Trends Ecol Evol 27 (10):547-60. doi:
412 10.1016/j.tree.2012.06.001.

413  Kraemer, M. U. G., R. C. Reiner, O. J. Brady, J. P. Messina, M. Gilbert, D. M. Pigott, D. Yi, K.
414 Johnson, L. Earl, L. B. Marczak, S. Shirude, N. Davis Weaver, D. Bisanzio, T. A. Perkins,
415 S. Lai, X. Lu, P. Jones, G. E. Coelho, R. G. Carvalho, W. Van Bortel, C. Marsboom, G.
416 Hendrickx, F. Schaffner, C. G. Moore, H. H. Nax, L. Bengtsson, E. Wetter, A. J. Tatem, J.
417 S. Brownstein, D. L. Smith, L. Lambrechts, S. Cauchemez, C. Linard, N. R. Faria, O. G.
418 Pybus, T. W. Scott, Q. Liu, H. Yu, G. R. W. Wint, S. I. Hay, and N. Golding. 2019. "Past
419 and future spread of the arbovirus vectors Aedes aegypti and Aedes albopictus.” Nat
420 Microbiol 4 (5):854-863. doi: 10.1038/s41564-019-0376-y.

421  Kriventseva, E. V., D. Kuznetsov, F. Tegenfeldt, M. Manni, R. Dias, F. A. Simdo, and E. M.
422 Zdobnov. 2018. "OrthoDB v10: sampling the diversity of animal, plant, fungal, protist,
423 bacterial and viral genomes for evolutionary and functional annotations of orthologs."
424 Nucleic Acids Res. doi: 10.1093/nar/gky1053.

425 Lindsey, A. R. ., T. Bhattacharya, I. L. G. Newton, and R. W. Hardy. 2018. "Conflict in the
426 intracellular lives of endosymbionts and viruses: a mechanistic look at Wolbachia-
427 mediated pathogen-blocking.” Viruses 10 (4). doi: 10.3390/v10040141.

428  Martins-da-Silva, A., E. L. Telleria, M. Batista, F. K. Marchini, Y. M. Traub-Csekd, and A. J.
429 Tempone. 2018. "ldentification of secreted proteins involved in nonspecific dSRNA-
430 mediated lutzomyia longipalpis LL5 cell antiviral response.” Viruses 10 (1). doi:
431 10.3390/v10010043.

432  Min, K. T.,and S. Benzer. 1997. "Wolbachia, normally a symbiont of Drosophila, can be virulent,
433 causing degeneration and early death.” Proc Natl Acad Sci U S A 94 (20):10792-6. doi:
434 10.1073/pnas.94.20.10792.

435  Molloy, J. C., U. Sommer, M. R. Viant, and S. P. Sinkins. 2016. "Wolbachia modulates lipid
436 metabolism in Aedes albopictus mosquito cells.” Appl Environ Microbiol 82 (10):3109-
437 3120. doi: 10.1128/AEM.00275-16.

438  Moreira, L. A, I. Iturbe-Ormaetxe, J. A. Jeffery, G. Lu, A. T. Pyke, L. M. Hedges, B. C. Rocha,
439 S. Hall-Mendelin, A. Day, M. Riegler, L. E. Hugo, K. N. Johnson, B. H. Kay, E. A.
440 McGraw, A. F. van den Hurk, P. A. Ryan, and S. L. O'Neill. 2009. "A Wolbachia symbiont
441 in Aedes aegypti limits infection with dengue, Chikungunya, and Plasmodium.” Cell 139

442 (7):1268-78. doi: 10.1016/j.cell.2009.11.042.


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

443  Moreira, L. A., Y. H. Ye, K. Turner, D. W. Eyles, E. A. McGraw, and S. L. O'Neill. 2011. "The

444 wMelPop strain of Wolbachia interferes with dopamine levels in Aedes aegypti.” Parasit
445 Vectors 4:28. doi: 10.1186/1756-3305-4-28.

446  O'Neill, S. L. 2018. "The use of Wolbachia by the World Mosquito Program to interrupt
447 transmission of Aedes aegypti transmitted viruses.” Adv Exp Med Biol 1062:355-360. doi:
448 10.1007/978-981-10-8727-1_24.

449  O'Neill, Scott L., Peter A. Ryan, Andrew P. Turley, Geoff Wilson, Kate Retzki, Inaki lturbe-
450 Ormaetxe, Yi Dong, Nichola Kenny, Christopher J. Paton, Scott A. Ritchie, Jack Brown-
451 Kenyon, Darren Stanford, Natalie Wittmeier, Katherine L. Anders, and Cameron P.
452 Simmons  2018. "Scaled deployment of Wolbachia to protect the community
453 from Aedes transmitted arboviruses [version 1; referees: 1 approved]." Gates Open Res
454 2:36. doi: 10.12688/gatesopenres.12844.1.

455  Pan, X., A. Pike, D. Joshi, G. Bian, M. J. McFadden, P. Lu, X. Liang, F. Zhang, A. S. Raikhel, and
456 Z. Xi. 2018. "The bacterium Wolbachia exploits host innate immunity to establish a
457 symbiotic relationship with the dengue vector mosquito Aedes aegypti.” ISME J 12
458 (1):277-288. doi: 10.1038/ismej.2017.174.

459  Pan, X., G. Zhou, J. Wu, G. Bian, P. Lu, A. S. Raikhel, and Z. Xi. 2012. "Wolbachia induces
460 reactive oxygen species (ROS)-dependent activation of the Toll pathway to control dengue
461 virus in the mosquito Aedes aegypti." Proc Natl Acad Sci U S A 109 (1):E23-31. doi:
462 10.1073/pnas.1116932108.

463  Rainey, S. M., J. Martinez, M. McFarlane, P. Juneja, P. Sarkies, A. Lulla, E. Schnettler, M. Varjak,
464 A. Merits, E. A. Miska, F. M. Jiggins, and A. Kohl. 2016. "Wolbachia blocks viral genome
465 replication early in infection without a transcriptional response by the endosymbiont or
466 host small RNA pathways." PLoS Pathog 12 (4):e1005536. doi:
467 10.1371/journal.ppat.1005536.

468 Rances, E., T. K. Johnson, J. Popovici, I. Iturbe-Ormaetxe, T. Zakir, C. G. Warr, and S. L. O'Neill.
469 2013. "The toll and Imd pathways are not required for Wolbachia-mediated dengue virus
470 interference.” J Virol 87 (21):11945-9. doi: 10.1128/JV1.01522-13.

471 Rances, E., Y. H. Ye, M. Woolfit, E. A. McGraw, and S. L. O'Neill. 2012. "The relative importance
472 of innate immune priming in Wolbachia-mediated dengue interference.” PL0S Pathog 8
473 (2):€1002548. doi: 10.1371/journal.ppat.1002548.

474  Rao, J. N., L. Neumann, S. Wenzel, K. Schweimer, P. Rosch, and B. M. Wéhrl. 2006. "Structural
475 studies on the RNA-recognition motif of NELF E, a cellular negative transcription
476 elongation factor involved in the regulation of HIV transcription.” Biochem J 400 (3):449-
477 56. doi: 10.1042/BJ20060421.

478  Ritchie, S. A., A. T. Pyke, S. Hall-Mendelin, A. Day, C. N. Mores, R. C. Christofferson, D. J.
479 Gubler, S. N. Bennett, and A. F. van den Hurk. 2013. "An explosive epidemic of DENV-3
480 in Cairns, Australia." PL0oS One 8 (7):e68137. doi: 10.1371/journal.pone.0068137.

481  Sasaki, N., T. Sasamura, H. O. Ishikawa, M. Kanai, R. Ueda, K. Saigo, and K. Matsuno. 2007.
482 "Polarized exocytosis and transcytosis of Notch during its apical localization in Drosophila
483 epithelial cells." Genes Cells 12 (1):89-103. doi: 10.1111/j.1365-2443.2007.01037.Xx.
484  Schmidt, T. L., N. H. Barton, G. Rasi¢, A. P. Turley, B. L. Montgomery, I. Iturbe-Ormaetxe, P. E.
485 Cook, P. A. Ryan, S. A. Ritchie, A. A. Hoffmann, S. L. O'Neill, and M. Turelli. 2017.
486 "Local introduction and heterogeneous spatial spread of dengue-suppressing Wolbachia
487 through an urban population of Aedes aegypti.” PLoS Biol 15 (5):e2001894. doi:

488 10.1371/journal.pbio.2001894.


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

489 Tan, C. H., P.J. Wong, M. I. Li, H. Yang, L. C. Ng, and S. L. O'Neill. 2017. "wMel limits zika

490 and chikungunya virus infection in a Singapore Wolbachia-introgressed Ae. aegypti strain,
491 wMel-Sg." PLoS Negl Trop Dis 11 (5):e0005496. doi: 10.1371/journal.pntd.0005496.
492  Taracena, M. L., V. Bottino-Rojas, O. A. C. Talyuli, A. B. Walter-Nuno, J. H. M. Oliveira, Y. .
493 Angleré-Rodriguez, M. B. Wells, G. Dimopoulos, P. L. Oliveira, and G. O. Paiva-Silva.
494 2018. "Regulation of midgut cell proliferation impacts Aedes aegypti susceptibility to
495 dengue virus." PLo0S Negl Trop Dis 12 (5):e0006498. doi: 10.1371/journal.pntd.0006498.
496  Teixeira, L., A. Ferreira, and M. Ashburner. 2008. "The bacterial symbiont Wolbachia induces
497 resistance to RNA viral infections in Drosophila melanogaster.” PLo0S Biol 6 (12):e2. doi:
498 10.1371/journal.pbio.1000002.

499  Terradas, G., S. L. Allen, S. F. Chenoweth, and E. A. McGraw. 2017. "Family level variation in
500 Wolbachia-mediated dengue virus blocking in Aedes aegypti.” Parasit Vectors 10 (1):622.
501 doi: 10.1186/s13071-017-2589-3.

502  Terradas, G., D. A. Joubert, and E. A. McGraw. 2017. "The RNAI pathway plays a small part in
503 Wolbachia-mediated blocking of dengue virus in mosquito cells.” Sci Rep 7:43847. doi:
504 10.1038/srep43847.

505 Thomas, S., J. Verma, M. Woolfit, and S. L. O'Neill. 2018. "Wolbachia-mediated virus blocking
506 in mosquito cells is dependent on XRN1-mediated viral RNA degradation and influenced
507 by wviral replication rate." PLoS Pathog 14 (3):e1006879. doi:
508 10.1371/journal.ppat.1006879.

509  Walker, T., P. H. Johnson, L. A. Moreira, |I. Iturbe-Ormaetxe, F. D. Frentiu, C. J. McMeniman, Y.
510 S. Leong, Y. Dong, J. Axford, P. Kriesner, A. L. Lloyd, S. A. Ritchie, S. L. O'Neill, and
511 A. A. Hoffmann. 2011. "The wMel Wolbachia strain blocks dengue and invades caged
512 Aedes aegypti populations.” Nature 476 (7361):450-3. doi: 10.1038/nature10355.

513  White, P. M., L. R. Serbus, A. Debec, A. Codina, W. Bray, A. Guichet, R. S. Lokey, and W.
514 Sullivan. 2017. "Reliance of Wolbachia on high rates of host proteolysis revealed by a
515 genome-wide RNAIi Screen of Drosophila cells" Genetics 205 (4):1473-1488. doi:
516 10.1534/genetics.116.198903.

517 Wong, Z. S., J. C. Brownlie, and K. N. Johnson. 2016. "Impact of ERK activation on fly survival
518 and Wolbachia-mediated protection during virus infection." J Gen Virol 97 (6):1446-1452.
519 doi: 10.1099/jgv.0.000456.

520 Xu, J., G. Grant, L. R. Sabin, B. Gordesky-Gold, A. Yasunaga, M. Tudor, and S. Cherry. 2012.
521 "Transcriptional pausing controls a rapid antiviral innate immune response in Drosophila.”
522 Cell Host Microbe 12 (4):531-43. doi: 10.1016/j.chom.2012.08.011.

523  Yamagata, M., X. Duan, and J. R. Sanes. 2018. "Cadherins interact with synaptic organizers to
524 promote  synaptic  differentiation."” Front Mol Neurosci 11:142. doi:
525 10.3389/fnmol.2018.00142.

526  Ye, Y.H., A. M. Carrasco, F. D. Frentiu, S. F. Chenoweth, N. W. Beebe, A. F. van den Hurk, C.
527 P. Simmons, S. L. O'Neill, and E. A. McGraw. 2015. "Wolbachia reduces the transmission
528 potential of dengue-infected Aedes aegypti.” PL0S Negl Trop Dis 9 (6):e0003894. doi:
529 10.1371/journal.pntd.0003894.

530 Ye, Y.H., S.F. Chenoweth, A. M. Carrasco, S. L. Allen, F. D. Frentiu, A. F. van den Hurk, N. W.
531 Beebe, and E. A. McGraw. 2016. "Evolutionary potential of the extrinsic incubation period
532 of dengue virus in Aedes aegypti." Evolution 70 (11):2459-2469. doi: 10.1111/ev0.13039.

533  Ye, Y.H., T.S.Ng, F.D. Frentiu, T. Walker, A. F. van den Hurk, S. L. O'Neill, N. W. Beebe, and
534 E. A. McGraw. 2014. "Comparative susceptibility of mosquito populations in North


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

555

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Queensland, Australia to oral infection with dengue virus.” Am J Trop Med Hyg 90
(3):422-30. doi: 10.4269/ajtmh.13-0186.

Yeap, H. L., J. K. Axford, J. Popovici, N. M. Endersby, I. Iturbe-Ormaetxe, S. A. Ritchie, and A.
A. Hoffmann. 2014. "Assessing quality of life-shortening Wolbachia-infected Aedes
aegypti mosquitoes in the field based on capture rates and morphometric assessments."
Parasit Vectors 7:58. doi: 10.1186/1756-3305-7-58.

Yoon, K. J., G. Song, X. Qian, J. Pan, D. Xu, H. S. Rho, N. S. Kim, C. Habela, L. Zheng, F. Jacob,
F. Zhang, E. M. Lee, W. K. Huang, F. R. Ringeling, C. Vissers, C. Li, L. Yuan, K. Kang,
S. Kim, J. Yeo, Y. Cheng, S. Liu, Z. Wen, C. F. Qin, Q. Wu, K. M. Christian, H. Tang, P.
Jin, Z. Xu, J. Qian, H. Zhu, H. Song, and G. L. Ming. 2017. "Zika-virus-encoded NS2A
disrupts mammalian cortical neurogenesis by degrading adherens junction proteins." Cell
Stem Cell 21 (3):349-358.e6. doi: 10.1016/j.stem.2017.07.014.

Zhang, G., M. Hussain, S. L. O'Neill, and S. Asgari. 2013. "Wolbachia uses a host microRNA to
regulate transcripts of a methyltransferase, contributing to dengue virus inhibition in Aedes
aegypti.” Proc Natl Acad Sci U S A 110 (25):10276-81. doi: 10.1073/pnas.1303603110.

Zheng, M. L., D. J. Zhang, D. D. Damiens, R. S. Lees, and J. R. Gilles. 2015. "Standard operating
procedures for standardized mass rearing of the dengue and chikungunya vectors Aedes
aegypti and Aedes albopictus (Diptera: Culicidae) - 11 - Egg storage and hatching.” Parasit
Vectors 8:348. doi: 10.1186/5s13071-015-0951-x.


https://doi.org/10.1101/847087
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/847087; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

556 Figure 1. Gene Ontology (GO) term enrichment analysis of A. aegypti genes containing SNPs

957 associated with Wolbachia-mediated dengue blocking. We performed a Singular Enrichment

558 Analysis (SEA) using AgriGo v2 on 61 A. aegypti genes that contained SNPs that were significantly

559 differentiated between mosquito populations selected for high vs. low Wolbachia-mediated dengue

560 blocking (Supplementary File 1) in our previous study (Ford et al. 2019). The SEA utilised a Fisher test

561 with Benjamini-Hochberg (FDR) P-value adjustments for multiple comparisons. P-values are shown in

562 brackets. GO terms and the gene entries assigned to them are listed in Supplementary File 2.
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