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Abstract

Dengue fever is a mosquito-transmitted disease of great public health importance. Dengue lacks
adequate vaccine protection and insecticide-based methods of mosquito control are proving
increasingly ineffective. Here we review the emerging use of mosquitoes transinfected with the
obligate intracellular bacterium Wolbachia pipientis for vector control. Wolbachia often induces
cytoplasmic incompatibility in its mosquito hosts, resulting in infertile progeny between an
infected male and an uninfected female. Wolbachia infection also suppresses the replication of
pathogens in the mosquito, a process known as “pathogen blocking”. Two strategies have emerged.
The first one releases Wolbachia-carriers (both male and female) to replace the wild mosquito
population, a process driven by cytoplasmic incompatibility and that becomes irreversible once

a threshold is reached. This suppresses disease transmission mainly by pathogen blocking and
frequently requires a single intervention. The second strategy floods the field population with

an exclusively male population of Wolbachia carrying mosquitoes to generate infertile hybrid
progeny. In this case, transmission suppression depends largely on decreasing the population
density of mosquitoes driven by infertility and requires continued mosquito release. The efficacy
of both Wolbachia-based approaches has been conclusively demonstrated by randomized and
non-randomized studies of deployments across the world. However, results conducted in one
setting cannot be directly or easily extrapolated to other settings because dengue incidence

is highly affected by the conditions into which the mosquitoes are released. Compared to
traditional vector control methods, Wolbachia-based approaches are much more environmentally
friendly and can be effective in the medium/long term. On the flip side, they are much more
complex and cost-intensive operations, requiring a substantial investment, infrastructure, trained
personnel, coordination between agencies, and community engagement. Finally, we discuss recent
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evidence suggesting that the release of Wolbachia-transinfected mosquitoes has a moderate risk of
spreading potentially dangerous genes in the environment.
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1. Introduction to Wolbachia

Wolbachia pipientis is an obligate intracellular Gram-negative bacterium that infects a wide
range of invertebrate hosts, primarily arthropods and nematodes.

This bacterium can infect a variety of organs and tissues depending on the host and on
the strain, but the reproductive system is the one organ system that is consistently infected
(Werren et al., 2008; Pietri et al., 2016) .

1.1 Transmission and supergroup classification:

Wolbachia appears to have entered an endosymbiotic relationship with arthropods and
nematodes around 100 My ago (Fenn et al., 2006), and spreads largely by vertical
transmission through the cytoplasm of the egg from mothers to their offspring (Rodriguero,
2013). Currently, Wolbachia infects about 50% of terrestrial arthropod species (although
with a variable prevalence) and also onchocercid and non-filarial plant nematodes.

Thirty-three strains (“supergroups”) of Wolbachiahave been reported so far. These
phylogenetic supergroups are arbitrarily named using capitalized letters of the Latin alphabet
and reflect an early split between arthropod and nematode hosts. Supergroups A, B, E, H,

I, and K correspond to arthropods and supergroups C, D, J, and L correspond to hematode
species (Fenn et al., 2006; Lo et al., 2007; Wang et al., 2020; Kaur et al., 2021).
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1.2 Nature of Wolbachia’s endosymbiotic relationship with its eukaryotic host:

Wolbachia's endosymbiotic relationship with its eukaryotic hosts is assumed to be based
(like most known examples of endosymbiosis) on metabolic complementation. Wolbachia
is unable to synthesize many of the materials needed for membrane generation and it
depletes the host of sphingolipids and ceramides (Hosokawa et al., 2010; Jiménez et al.,
2019) while providing its host with cofactors necessary for iron metabolism, nucleotide
synthesis precursors, FAD and glutathione (Bi and Wang, 2020; Manoj et al., 2021; Sanaei
et al., 2021). Another documented benefit of Wolbachia infection for the host is a sizeable
reduction in the burden of pathogens. This is particularly true in the case of insects, where a
strong pathogen-blocking effect has been demonstrated for Wolbachia.

The virus-blocking effect of Wolbachiain mosquitoes has been studied in some detail (see
review by Ant et al., 2023). This effect appears to be restricted to single-stranded, positive-
sense RNA viruses belonging to the families Flaviviridae and Togaviridae, which include
viruses of medical importance such as the causative agents of dengue fever, Chikungunya,
Zika, Mayaro virus disease, yellow fever and West Nile fever.

At the molecular level, the observed virus-blocking effect appears to be primarily caused
by Wolbachia -mediated disruption of vesicular traffic, which prevents the formation of
the subcellular compartments that serve as a scaffold for viral replication. A second virus-
blocking mechanism is the formation of lipid droplets, which restrict the availability of
cholesterol for the formation of viral capsids (Geoghegan et al., 2017). Wolbachia's virus-
blocking effect may also be attributable to the priming of the mosquito innate immune
system, leading to ROS production, an antagonistic modulation of autophagic flux, and
the production of RNA binding proteins (Pan et al., 2012; Terradas and McGraw, 2017;
Bhattacharya et al., 2020).

1.3 Endosymbiotic relationship in arthropods:

In terrestrial arthropods, the symbiotic association with the host is non-obligatory. Within
mosquitoes, Wolbachia are found naturally in about 30% of species but are naturally absent
from most Aedes aegypti, which is the main vector for arboviral disease transmission (Inécio
da Silva et al., 2021). The non-obligatory symbiotic nature of Wolbachia’s relationship with
its arthropod hosts is also reflected in its mixed symbiotic genomic profile, 7.¢. in a genomic
sequence divergence that does not directly parallel that of the host due to frequent instances
of host switching (Perreau and Moran, 2022).

In terrestrial arthropods, Wolbachia is frequently associated with sex interference, which
skews the reproduction of the host toward females to facilitate its own transmission
(Rodriguero, 2013). At least four mechanisms of sex interference have been described,
namely cytoplasmic incompatibility (CI, which produces inviable offspring), male killing,
the feminization of populations, and parthenogenesis (Yen and Barr, 1973; Werren et al.,
1995; Rodriguero, 2013; Kaur et al., 2021; Manoj et al., 2021). All these sex interference
mechanisms favor the reproduction of Wolbachia carriers by restricting transmission on
the patrilineal line (Rodriguero, 2013). In the case of Cl, female mosquitoes carrying
Wolbachia produce viable Wolbachia-carrying offspring, regardless of whether the male
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carries Wolbachia, whereas fertility of Wolbachia-carrying male mosquitoes depends on
whether the female is already infected with the same strain or not. This is illustrated in
Figure 1 and is one of the key mechanisms upon which Wo/lbachia-based vector control
strategies are based.

In contrast to the non-obligatory nature of the association between Wolbachia and terrestrial
arthropods, the association of Wolbachia with nematodes is very frequently obligate. It does
not involve sex interference, as Wolbachiais generally already fixed in the population,
making a mechanism favoring the introgression of infected hosts redundant. Consistent with
the stable nature of its association with these hosts, in nematodes the Wolbachia genome is
typically trimmed of non-essential genes and its evolutionary divergence tends to parallel
that of the host (Werren et al., 2008; Perreau and Moran, 2022).

2. Epidemiology of vector-borne viral diseases.

Epidemic outbreaks of vector-transmitted viral diseases are hindering economic and social
development worldwide due to direct healthcare costs as well as indirect costs related to
reduced productivity (OMS, 2017).

2.1 Causative agents:

Vector-transmitted viruses are known as arboviruses. They include the causative agents of
dengue (DENV), yellow fever (YFV), Chikungunya (CHIKV) and Zika (ZIKV). These

are positive-sense RNA viruses belonging to the families Flaviviridae and Togaviridae that
originated in either Africa or Southeast Asia from sylvatic cycles involving Aedes spp.
mosquitoes with primate hosts. After being introduced in the Americas by humans, all

four now circulate in human urban cycles in the Americas vectored by the anthropophilic
mosquitoes A. aegyptiand A. albopictus (Weaver et al., 2018). Mayaro virus is the only one
of these viruses that is endogenous to the Americas (de Thoisy et al., 2003). The West Nile
virus is another Togavirus transmitted by Aedes mosquitoes. It may have originated in the
Middle East and it infects birds, which helped spread it across the world (Rappole, 2000).

2.2 Mosquito vectors:

A. aegyptiis the primary urban vector for dengue, but this disease can also be transmitted
by other Aedes species with unique ecologies such as A. albopictus, A. polynesiensis, and
A. scutellaris. In a mosquito, to achieve transmission, an arbovirus present in a bloodmeal
must invade the midgut epithelium, disseminate in haemolymph, and eventually establish an
infection in the salivary glands (Wu et al., 2019).

A. aegyptiproliferates in artificial containers placed in or near homes. Given that it is a
day-biting mosquito, transmission is local (occurring primarily within households), focal
and heterogeneous, with foci varying in space and time. These foci are connected at short
distances by a combination of human and mosquito movement and at longer distances by
human movement alone (Stoddard et al., 2013; Salje et al., 2017).

Before they can be transmitted to a new host, pathogens transmitted by mosquitoes need a
significant period of development in the insect vector, known as the “extrinsic incubation
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period” (EIP). Given that EIP is long relative to the insect lifespan; the majority of pathogen
transmission is done by old mosquitoes (Ye et al., 2016).

Understanding basic ecological and microevolutionary processes in mosquito populations is
necessary for the efficient implementation of many vector control measures. For example,
knowledge of the rates of ongoing gene flow, fine scale mosquito movement, and adaptive
genomic changes are important for predicting the spread of Wolbachiainfection (Barton and
Turelli, 2011; Hoffmann et al., 2011) or insecticide resistance (Yan et al., 1998).

The genetic population structure of a mosquito population is reflective of a complex
combination of historical and contemporary factors such as the dispersal ability and mating
patterns of the species, its demographic history, and environmental barriers to dispersal
(Balloux and Lugon-Moulin, 2002). Genetic tools for probing the genetic population
structure of a given population include microsatellites, mitochondrial DNA (mtDNA),

and single nucleotide polymorphisms (SNPs). Microsatellites are most useful for the

study of subtle population structure because of their high polymorphism, co-dominant
expression, and extensive genomic distribution (Brown et al., 2011; Rasi¢ et al., 2014). By
contrast, mtDNA markers can only provide information on long-term accumulated effects
of female dispersal due to their moderate mutation rate and maternal mode of inheritance
(Urdaneta-Marquez and Failloux, 2011). More recently, next generation sequencing offers
an opportunity to generate SNP markers at a genome-wide level, allowing the detection

of weak genetic structure caused by recent ecological and evolutionary processes while
providing reliable inferences of demographic history. Genome-wide SNP profiling is thus
emerging as the ideal method for determining patterns of dispersal, gene flow and genetic
structure at all spatial scales for populations of A. aegypti (Rasi¢ et al., 2014; Schmidt et al.,
2018).

The overall levels of genetic differentiation for A. aegypti are relatively low (Hlaing et al.,
2010), consistent with the recent spread of this species throughout the tropics from Africa
(Kotsakiozi et al., 2018). In South-East Asia, the population structure over small and large
distances shows a disjunctive structure that is indicative of human-mediated dispersal of
mosquito eggs, larvae and adults along major human transportation routes coupled with low
mosquito dispersal rates (Huber et al., 2004; Hlaing et al., 2010).

The observed restricted dispersal of A. aegyptifavors the success of localized interventions
such as conventional responses based on insecticides or removal of larval habitats following
a dengue outbreak and the use of sterile insect approaches (see Box-1).

2.3 Prevalence patterns and trends:

Dengue fever, like most vector-transmitted diseases, exhibits a much larger level of
interannual variation in transmission relative to most directly transmitted infections
(Johansson et al., 2009; Lambrechts et al., 2011; Stewart-Ibarra and Lowe, 2013; van
Panhuis et al., 2015; Oidtman et al., 2019). Dengue’s high interannual variability results
from the intersection of a complex tapestry of epidemiological variables, including climate
(van Panhuis et al., 2015), the mosquito’s genetic make-up (Ford et al., 2019), immune-
mediated serotype dynamics (Salje et al., 2018), and virus-specific phenotypic variation
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(Bennett, 2003). In particular, climate plays a major role in the temporal and spatial
distribution of mosquito-transmitted infections by affecting variables such as humidity,
precipitation, and ambient temperature, which directly or indirectly influence the population
of vectors and viruses (Gould and Higgs, 2009; Campbell et al., 2013; Huang et al., 2019).
In the case of dengue, the duration of the virus’s EIP and the density, longevity, and
frequency of vector biting are all sensitive to changes in environmental conditions.

The prevalence of dengue is growing worldwide (Tian et al., 2022). This growth is linked
to urbanization, which promotes higher mosquito density by increasing human density, and
because of the coexistence of human blood sources and mosquito breeding sites in close
proximity in human settings. The expansion of the vector’s geographic range driven by
climate change also contributes to this growth (Bonizzoni et al., 2013; Mayer et al., 2017).

3. Control Strategies for vector-transmitted viral diseases

3.1 Vaccines:

Ideally, the control of vector-borne viral disease should be based on prophylactic measures.
Vaccination would be the most effective approach because it has the potential to clear the
infection and to therefore prevent symptoms and completely block transmission. However,
despite substantial progress in the development of these vaccines, only yellow fever has
viable, effective, and safe vaccines that are currently available. One dengue vaccine,

the Sanofi-Pasteur vaccine, has been licensed so far. This is a recombinant chimeric live-
attenuated vaccine that reduces the risk of symptomatic disease but has little effect on
transmission (Ferguson et al., 2016; Flasche et al., 2016). Other vaccines are in advanced
stages of development but, to date, none has achieved balanced efficacy and safety for all
dengue serotypes (Orellano et al., 2023; Al-Osaimi et al., 2024).

3.2 Mosquito vector control:

In the absence of vaccines, mosquito vector control is the most effective approach to control
the prevalence of vector-borne disease (WHO, 2017b). Vector control methods fall into

two broad categories, namely acute interventions and interventions whose goal is a medium/
long-term population reduction (Baldacchino et al., 2015).

One approach is to target potential mosquito breeding sites by removing mosquito access
to breeding sites or by killing larvae through treatment with chemicals, microbes or natural
predators. Another one is to target adults (through exposure to insecticides or through traps)
or can target the fecundity or fitness of adults (Wolbachia, Sterile Insect Technique and
molecular genetic approaches). Box-1 discusses the range of vector control methods (other
than Wolbachia-based ones) currently available in more detail.

The timing and choice of treatment is determined by the population dynamics of the target
species and needs to be integrated between decision-makers, public authorities, scientists
and the general public (Becker et al., 2010; Lavery et al., 2010).

Acta Trop. Author manuscript; available in PMC 2024 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montenegro et al. Page 7

3.3 Overview of Wolbachia-based approaches:

The release of Wolbachia-carrying mosquito vectors has been proposed in recent years as

a preventative measure for the long-term management of vector-borne diseases that would
have a lower impact on the environment and that could be integrated with other strategies in
comprehensive approaches for vector control (Ritchie and Johnson, 2017).

Two main Wolbachia-based strategies have emerged. Both strategies involve releasing
mosquitoes into the environment but differ in the way they interfere with disease
transmission. The population replacement strategy suppresses transmission mainly through
pathogen blocking, while the population suppression strategy reduces transmission primarily
by lowering the mosquito density.

Below we discuss these two strategies in detail, compare them to each other and to
insecticide-based methods of vector control, and discuss their environmental safety. This
topic has been previously covered in previous works (Ross, 2021; Ogunlade et al., 2021);
the present work brings these reviews up to date and provides an overview of the initial
implementation studies.

A. aegyptihas a cosmopolitan range, living in cities across the tropics, and serves as
primary vector for several vector-borne viruses that are important for public health such
as YFV, DENV, CHIKYV, and ZIKV (Weaver et al., 2018), making it an ideal candidate
for Wolbachia interventions. In addition, A. aegyptiis not usually naturally infected with
Wolbachia (\WMP, 2023).

Wolbachia can be introduced artificially through transinfection, which involves injecting
cytoplasm or tissue homogenate from a Wolbachia-infected insect into mosquito embryos
using a fine needle (Hughes and Rasgon, 2014). Stably infected lines are then generated by
selecting for Wolbachia-infected females for multiple generations. The transfer of Wolbachia
to a new mosquito host is typically detrimental to the host, particularly on fertility (Fraser
etal., 2017; Ant et al., 2018). Moreover, the negative impacts of Wolbachia transinfection

on fitness tend to be underestimated under laboratory conditions because they become more
pronounced under stress conditions such as after a long egg quiescence or under poor
nutritional conditions (Caragata et al., 2014; Allman et al., 2020).

3.4 Strain-dependent variation in Wolbachia impact on the host:

A. aegyptihas been stably transinfected with Wolbachia, where it has a broad somatic
distribution. The impact of Wolbachia on fitness, pathogen blocking, and CI are highly
dependent on the specific strain involved (Ferguson et al., 2015; Ulrich et al., 2016; Fraser et
al., 2017; Ant et al., 2018). These impacts also depend on genetic variation in the mosquito
hosts, particularly the level of pathogen-blocking (Ford et al., 2019).

Fitness: Wolbachia exhibits high strain-dependent variability in its impact on A. aegypti
fitness (Ulrich et al., 2016; Ant et al., 2018). High Wolbachia densities are associated with
negative impact on fitness, including fecundity, longevity and egg survival over extended
periods of quiescence (McMeniman and O’Neill, 2010; Ant et al., 2018). Given the negative
correlation between infection density and fitness, selection would be expected to favor the

Acta Trop. Author manuscript; available in PMC 2024 December 13.
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evolution of genetic factors restricting tropism to the tissues required for transmission to

the progeny (Pietri et al., 2016). This selective pressure likely depends on the fitness costs

of this symbiosis, with higher costs resulting in a stronger and more rapid selection for
restricted tropism. Supporting this idea, restricted tropism is seen in some native associations
such as A. albopictus (Ant and Sinkins, 2018), and Glossina morsitans (Cheng et al., 2000),
but not in all of them (Pietri et al., 2016).

Virus-blocking activity: the level of viral blocking also varies considerably between
strains (Ferguson et al., 2015) and is also sensitive to environmental conditions (Chrostek
et al., 2021). Similar to the negative impact on fitness, viral blocking positively correlates
with Wolbachia intracellular density (Lu et al., 2012; Martinez et al., 2017). Given that
the virus-blocking effect is cell-autonomous, 7.e. requires Wolbachia -virus co-infection
(Moreira et al., 2009; Nainu et al., 2019), the distribution of Wolbachiain host tissues is
also important to determine its potential to block transmission. Key tissues are the gut and
salivary glands, which are the two organs critical for transmission (Wu et al., 2019).

In addition to exhibiting strong strain variation, the level of pathogen interference is also
a highly virus serotype- Wolbachia strain-host interdependent trait. In the case of wMel,
in A. aegyptithere are differences in the level of resistance to superinfection with DENV
depending on the DENV serotypes (Ferguson et al., 2015). Some degree of resistance is
observed for all of them (Carrington et al., 2018), but with variations.

Cytoplasmic incompatibility: the strength of Cl is strain- and host-dependent. Most
characterized Wolbachiainfections in mosquitoes cause strong or complete CI (Fraser et al.,
2017), but some don’t cause any (Ant et al., 2018). ClI is also sensitive to environmental
conditions, with heat or hatching from quiescent eggs weakening it in the mMel strain (Ross
etal., 2017; Lau et al., 2021).

3.5 Strains used for Wolbachia-based interventions:

Two main strains are being used for vector control, the wiMel strain and the wAIbB strain,
reviewed in (Hoffmann et al., 2015).

wMel is the strain of choice for the World Mosquito Program-WMP and is also widely used
as a model for basic research. (Flores and O’Neill, 2018). This strain exhibits relatively low
host fitness costs, at least in laboratory conditions (Ross et al., 2019) and induces significant
pathogen blocking, although the block is incomplete and can be variable when tested

under realistic conditions (Carrington et al., 2018). Hot environments have the potential

to impact the efficacy of dengue blocking and its fitness, as wMel shows reduced density
and cytoplasmic incompatibility when A. aegyptilarvae are reared at high temperature
(Ulrich et al., 2016; Ross et al., 2017; Ant et al., 2018). Note that uwMel can still persist in
high temperature locations sheltering in areas with no direct exposure to sunlight such as
houses or patios, so this strain should not be necessarily ruled out for interventions in hot
environments.

WAIbB is similar to wMel in many ways, producing similar levels of Cl induction and of
pathogen blocking (Bian et al., 2010; Joubert et al., 2016; Flores et al., 2020), but it is much
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less susceptible to the effects of similar high rearing temperatures, achieving higher densities
at larval rearing temperatures well suited for population replacement in a hot environment.
wAIbB also has a low impact on many aspects of host fitness (Axford et al., 2016; Ant et
al., 2018). The accumulating evidence supporting the use of this strain in hot environments
has been recently reviewed (Maciel-de-Freitas et al., 2024). However, parameters that are
relevant for mosquito release interventions can differ under some environmental conditions.
When wAlbB-infected A. aegyptihatch from eggs that are more than a few weeks old, a
substantial proportion of females that hatch are infertile (Lau et al., 2020, 2021). wAIbB
also causes a reduction in adult longevity in lab-reared A. aegypti (Axford et al., 2016). The
significance of this observation is unclear, though, as the average lifespan of mosquitoes

is expected to be much shorter in the field (Strickman, 2006). Overall, this means that
population replacement with wAIbB can be more effective in hot environments so long as
there is not a long dry season (Ross et al., 2023).

3.6 Role of the community:

Releasing mosquitoes into the environment affects local communities where the release sites
are targeted, particularly when biting female mosquitoes (as opposed to male mosquitoes)
are released in areas of human habitation.

Community engagement is not only necessary for obtaining consent for the releases but
also for the long-term success of these interventions (Murray et al., 2016; O’Neill et al.,
2019b; Costa et al., 2021; Liew et al., 2021). Community education is essential to ensure
that mosquito management is maintained at the household level and to prevent insecticide
use during the release phase of population replacement (Tapia-Conyer et al., 2012; Jeelani
et al., 2015; Dhar-Chowdhury et al., 2016). The community can also get directly involved
with the deployment of mosquito release interventions through hosting mosquito traps,
participating in monitoring activities, or helping with the mosquito egg distribution.
Therefore, community engagement can be important to ensure adequate monitoring and
high coverage. Finally, continued community support is also necessary to avoid building
mistrust and jeopardizing future releases (Nading, 2015).

Three major challenges in community engagement have been identified: poverty, lack of
information, and resistance to interventions (Tapia-Lopez et al., 2019). Therefore, successful
community engagement involves addressing economic and informational barriers, ensuring
transparent communication and fostering community ownership and involvement in the
interventions process. These efforts need to start early, need to be sustained, and need

to involve a broad range of stakeholders, including residents, the general public, and
professional communities.

Information sessions, making literature available and accessible to the public, and
ethical public participation and engagement sessions are important to inform and answer
direct questions from members of the community. They help address concerns, shape
public perception and combat misinformation (Popovici et al., 2010; McNaughton,
2012). The establishment of feedback mechanisms to gauge levels of public acceptance
and understanding is also essential for the project's scalability and long-term success
(McNaughton, 2012; Arellano et al., 2015; Dhar-Chowdhury et al., 2016).
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A major component of quality engagement is community empowerment, which fosters
a sense of ownership and responsibility. Responsive consultation processes are another
key element in establishing a productive collaboration with community leaders. These
consultation processes can take the form of the inclusion in technical and non-technical
community experts in expect panels that captures the diversity of opinions relevant to
different hazards.

3.7 Design Principles for vector control trials:

Since 2008, WHO has adopted the Grading of Recommendations Assessment Development
and Evaluation (GRADET) methodology for evaluating evidence for policy and guideline
recommendations regarding vector control (Guyatt et al., 2008). An initial rating is given
based on the study design (see four level hierarchy of experimental designs below) and

is modulated based on additional criteria. Large effect size and evidence of dose-response
upgrade the rating, whereas inconsistency, risk of bias and imprecision down-grade it.

The general design principles for vector control trial design are outlined in the following two
documents (Wilson et al., 2015) and (WHO, 2017a).

Well-defined, assessable endpoints that are critical for addressing the study question should
be defined in advance and at least one of these primary outcomes has to be epidemiological.
Entomological endpoints should not be used on their own but can be combined with
epidemiological ones to evaluate an entomological effect.

In vector control studies, the experimental units are often groups of individuals (known

as “clusters™). This reduces contamination between study arms and allows assessment of
community-level effects of an intervention. In the case of dengue, the number of participants
per cluster is typically between 2,000 and 3000, although it depends on background
transmission rates, level of herd immunity, movement between clusters, and anticipated size
effect of the intervention. Having sufficient replicates (multiple experimental units receiving
the same intervention) is important to establish variability. Replicates are not to be confused
with repeats, /.e. repeated measurements of the same item.

Generally, experimental designs (/.e. studies where investigators assign treatments to
experimental units and observe the outcome) are considered superior to observational
designs, where investigators report a relationship between intervention and outcome, as

the latter are very prone to selection and reporting biases. Within experimental designs, a
hierarchy of four levels has been established (Wilson et al., 2015) and (WHO, 2017a). Level
1 includes randomized controlled trials (RCTSs), which minimize the risk of confounding
bias by ensuring that characteristics of control and intervention groups are similar to one
another. Level 2: includes other randomized controlled studies such as step-wedge cluster
randomization (SWCR) or cross-over designs. A third level consists of comparative studies
with non-randomized controls (“before-and-after”, cohort, case-control, time-series, and
interrupted-time series). In these cases, the potential bias can be reduced by adjusting pre-
intervention differences between the two groups using multivariate analysis (Hamel et al.,
2011). Finally, the lowest level consists of vector control studies without a control group or
using a non-contemporaneous control group. In these studies, longitudinal changes affecting
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the outcome but not linked to the intervention (such as rainfall or changes in diagnostic
practices) are likely to impact epidemiological outcomes or mask an intervention effect.

In efficacy studies, morbidity data can be collected passively, i.e. when patients seek medical
assistance, actively, i.e. reported by study staff visiting participants and screening them

for disease, and during cross-sectional surveys. To calculate the incidence of disease (or
infection) in each arm, rates of disease are computed as number of events divided by the
sum of time at risk for the people studied. The protective efficacy of the intervention is then
calculated as the rate of disease in the intervention group divided by the rate of disease in the
control group and expressed as percentage.

A reduction in the transmission of the virus between sites can also be measured based on
virus sequencing data, a lower average dispersion distance travelled by the virus within the
intervention area reduces the viral genetic diversity across serotypes. Viruses that continue to
be imported into the area by human-mediated dispersal won’t have local ancestors, reducing
the strong spatial clustering typically seen in dengue virus phylogenies (Lambrechts et al.,
2015).

To avoid information and performance bias, study participants and outcome assessors
should be blinded. Confirming the diagnosis with a molecular test is important because

the symptomatology of vector-borne viral infection is generally not specific enough to allow
unambiguous diagnosis (Indriani et al., 2020). The reporting of the results should follow

the guidelines of CONSORT (Consolidated Standards of Reporting Trials) (Piaggio et al.,
2012).

Optimal implementation is important, with attention to quality control (for example, through
collaboration with national control programs), high coverage and participant compliance.
These need to be measured because statistical power depends on the sensitivity of
surveillance; if the sensitivity is decreased by false positives or by failure to detect repeat
cases, the power of the study also decreases. Poor implementation can make negative results
uninterpretable.

Compared to other efficacy studies, vector control studies have two unique challenges
(WHO, 2017a). The first challenge is a highly variable spatiotemporal distribution of
vector populations. Sampling sites should be selected randomly and repeated measurements
should be taken to capture transmission over time. In this scenario, controlled time-series
or controlled-interrupted time-series designs with an implementation over a large area are
the most appropriate designs. The controlled-interrupted time-series design (with periodical
monitoring for periods of 3-6 months for up to 5 years) has often been selected to measure
dengue suppression in Wolbachia efficacy studies (O’Neill et al., 2019a; Utarini et al.,
2021; Velez et al., 2023). The second challenge are contamination/spillover effects between
different study arms. One example are movements of vector or humans between clusters,
which dilute the intervention effects. Another example are community-level effects of an
intervention, which can reduce transmission intensity in neighboring control studies. These
types of contamination problems tend to be conservative so they don’t invalidate effects that
are seen but may mask real effects. The experimental design can intentionally minimize
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contamination effects. For these modified designs, knowing the distance that the vector

is likely to fly is important. Examples include (1) separation of clusters, i.e. including a
buffer zone to eliminate any common boundary between intervention and control clusters;
(2) increasing the cluster area; (3) monitoring outcomes in a sentinel population that is
less mobile and (4) “fried egg” design in which intervention and control are administered
throughout the cluster but outcome is only measured in the central part of the cluster (West
etal., 2014).

3.8 Safety considerations:

The use of Wolbachiafor disease vector control was deemed to be safe by an initial
study whose goal was to produce a framework for authorization for the first deployment of
mosquitoes in Cairns, Australia (Popovici et al., 2010).

This initial study by Popovici et al. included arguments addressing safety for humans

based on our basic understanding of the biology of Wo/lbachiaand also on experimental
results. The most salient biological arguments included: (1) humans are already exposed

to Wolbachiathrough bites from mosquitoes that are naturally infected with Wolbachia

and through residues of Wolbachia-infected stored grain pests present in human food. (2)
Wolbachia is an endosymbiont, and therefore it is not expected to persist in the environment
outside mosquitoes carrying them. (3) Horizontal transmission does not occur easily or at
high frequency. Wolbachia-infected and uninfected mosquitoes can inhabit the same habitat
or predate on each other without acquiring the infection. Examples include A. aegypti
(Wolbachia-free) and its close relative A. notoscriptus (naturally infected with Wolbachia) in
Australia (Skelton et al., 2016) or A. aegyptiand A. albopictus (also naturally infected with
Wolbachia) in Asia (Gratz, 2004). In the latter case, the two species even inhabit the same
larval containers and will ingest smaller units of the other species.

The critical experimental arguments were three. (1) Wolbachiawas tested on chicken
embryos as a potential human rickettsial pathogen and found to be non-pathogenic (Hertig,
1936); (2) Wolbachiawas absent from the saliva of infected mosquitoes; and (3) human
volunteers exposed to thousands of bites from wiMelPop-infected mosquitoes over prolonged
periods of time were found to be free of Wolbachia antibodies, suggesting that Wolbachia
antigens are not injected into humans during the mosquito blood meal (Popovici et al.,
2010).

The potential ecological of impact releasing Wolbachia-infected mosquitoes was also
evaluated. This included an experimental evaluation of possible horizontal transfer of the
wMelPop strain to two mosquito predators, two species of spiders that are not naturally
infected, namely jumping spiders (Menemerus bivittatus, Salticidae), and daddy long legs
spiders (Pholcus phalangioides, Pholcidae). A possible the horizontal transfer of this strain
to non-predator species or to environments in the vicinity of mosquitoes was also tested.
These experiments confirmed the absence of transmission of this strain of Wolbachia, at
least at high frequency (Popovici et al., 2010).
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However, the potential ecological impact of releasing Wolbachia-infected mosquitoes into
the environment needs to be reassessed in light of new evidence regarding the genomic
evolutionary profile of Wolbachia (Perreau and Moran, 2022).

The genome of Wolbachia strains isolated from nematodes conforms to the “closed”
symbiosis category, as expected for obligate endosymbionts. These genomes co-evolve with
those of the host, and only occasionally exchange genes within co-infected hosts (Perreau
and Moran, 2022). By contrast, Wolbachia strains isolated from mosquitoes and other
terrestrial arthropods have a genomic evolutionary profile that falls in the “mixed symbiosis”
category. This means that, in addition to exchanging genes within a co-infected host,

genetic material can be exchanged between different strains of Wolbachia. For example,
there are multiple instances of interclade recombination between Wolbachia genomes
belonging to supergroups A and B (Figure 2) and A and E (not shown). As a result, the
phylogenetic clustering of Wolbachia genomes recovered from terrestrial arthropods does
not necessarily parallel that of their hosts. The poor correspondence between 175 Wolbachia
genomes belonging to supergroups A and B (the most frequent ones, arranged according to
phylogenetic relatedness) and their host distribution is evident in Figure 2.

The “mixed symbiosis” genomic profile of terrestrial arthropod Wolbachia strains implies
the occasional co-infection of the same host (Wang et al., 2020). Superinfection with
different strains of Wolbachiahas been achieved in the laboratory (Joubert et al., 2016;

Ant and Sinkins, 2018) and this scenario has also been confirmed in nature for the dwarf
spider Oedothorax gibbosus (Halter et al., 2023). Co-infection implies transfer from another
host or even from the environment, as seen in open symbioses (Le Clec’h et al., 2013; Thi
Hue Kien et al., 2023). Natural A. aegypti infections have been occasionally detected (Balaji
et al., 2019; Kulkarni et al., 2019; Zhang et al., 2022; Muharromah et al., 2023), although
confirming detection in species previously thought to lack them is extremely challenging
(Ross and Hoffmann, 2024). The fact that the Wolbachia strains apparently identified in
these studies are not wMel or wAlbB suggest that this could be the result of a bacterial
exchange with infected larvae from other mosquito species at shared breeding sites (Bennett
etal., 2019; Zhu et al., 2023). Also supporting the ability of Wolbachiato infect new hosts
and persist in the environment, predation and cannibalism have now been established as
possible routes of Wolbachiatransmission, at least within species (Le Clec’h et al., 2013;
Thi Hue Kien et al., 2023) and it has now been established that Wolbachia can survive
extracellularly for extensive periods of time (Porter and Sullivan, 2023). Taken together, this
growing body of evidence implies a higher risk of Wolbachiato spread to non-target insects
than originally anticipated.

In addition to exchanging material with other Wolbachia strains, Wolbachia can also
potentially exchange genetic material with bacterial pathogens that are transmitted by
arthropod vectors such as ticks, lice and flies. This this particularly true of other
endosymbionts with mixed symbiotic profiles such as Rickettsia because they can co-infect
the same cell as Wolbachia and could exchange material with it (Halter et al., 2023). Certain
categories of genes under strong selection such as antibiotic resistance or virulence genes
allowing bacterial host to colonize new niches or to colonize existing ones more effectively
could drive this genetic exchange may thus have some environmental impact. This could

Acta Trop. Author manuscript; available in PMC 2024 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montenegro et al.

Page 14

be further facilitated by mobile genetic elements such as transposons and plasmids. Indeed,
Wolbachia was found to harbor plasmids (Reveillaud et al., 2019), although these putative
plasmids appear to be present in only a fraction of the isolates and their horizontal transfer
between Wolbachia-infected cells has not been demonstrated (Martinez et al., 2022).

4. The population replacement strategy for biocontrol of vector-

transmitted viral disease

4.1 Dynamics of introgression:

The goal of population replacement is to replace the field mosquito population by an
introduced population of Wolbachia carriers. The spread of the released mosquitoes in the
field is driven by CI, which provides an advantage to Wolbachia-carrying females mating
with Wolbachia-free males, eliminating 50% of the hybrid offspring (Figure 1). Given that
the fraction of hybrid progeny depends on the frequency of released mosquitoes present in
the field at a given time, there is an unstable equilibrium point below which the frequency
of released mosquitoes is expected to decline without further releases. This threshold in the
order of 20-30%, but varies depending on host fitness parameters, level of Cl, and maternal
transmission rates (Barton and Turelli, 2011; Hancock et al., 2011; Hoffmann et al., 2011).

Given that the relative fitness of released vs. field mosquitoes is another major determinant
of the threshold for stable introgression, it is important to match the fitness of released
mosquitoes as closely as possible with that of the field mosquito population. The sensitivity
to insecticides is a major factor driving mosquito fitness in the field. This complicates
implementation efforts because the level of insecticide resistance in wild mosquito
populations is highly variable, and it depends in part on the specific insecticide being

used locally (Garcia et al., 2020). To even out the fitness of the release strain relative to
that of field mosquito populations, field-derived A. aegypti males from the target area are
reared and backcrossed with females from the uMel- (or wAlbB-) infected line for several
(generally 6) generations (Hoffmann et al., 2011; Nazni et al., 2019; O’Reilly et al., 2019).
Given that the degree of uMel-mediated pathogen interference in the carrier mosquitoes

is affected by genetic variation (Ford et al., 2019), the degree of Wolbachia-mediated
pathogen interference needs to be tested in the resulting Wo/lbachia-carrying release strain.
An intrathoracic challenge with DENV1-4 is the most standardized and reproducible method
at the moment (Simmons et al., 2024).

Past the threshold for stable introgression, the fraction of released mosquitoes is expected

to continue to increase without further intervention. These introgression dynamics mean

that reaching the stable introgression threshold requires a long and continuous release of
Wolbachia-carrying mosquitoes (for 15-20 weeks) but that a single intervention can be
sufficient to achieve long-term introgression. This has been demonstrated by longitudinal
entomological monitoring in humerous studies showing a rapid establishment of wMel in the
intervention areas during the first year-post release and persistence at very high level ever
since without further intervention (Liang et al., 2022). This is shown in Table 1, which lists
all randomized and non-randomized deployments across the world that (to our knowledge)
have been reported.

Acta Trop. Author manuscript; available in PMC 2024 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montenegro et al.

Page 15

The mathematical models of dengue transmission and its suppression through vector control
have been recently reviewed by Ogunlade et al., (2023). Wolbachia-based Interventions have
imperfect efficacy, meaning that their impact will depend on local dengue transmission
intensity as quantified by force of infection (FOI) and reproduction number (Ry). Wolbachia
reduces transmission by a fixed proportion. The release of mosquitoes carrying the wiMel
strain has been predicted on the basis of lab studies to achieve 70% reduction in Rg
(O’Reilly et al., 2019). Mathematical models suggest that a reduction in infectiousness in
mMel-infected A. aegyptiin a similar range (80%) could be sufficient to reduce the basic
reproductive number to below 1, potentially eliminating the disease over a decade. This is
only true in settings in which dengue is endemic with low-to-moderate transmission, as the
impact is predicted to be smaller in the highest transmission settings. Even a more moderate
immediate efficacy of the intervention of 50% is predicted to decrease global incidence by at
least 70% (Ferguson et al., 2015; Dorigatti et al., 2018).

4.2 Mechanisms of disease transmission suppression:

A high level of introgression of Wolbachia-carrying mosquitoes reduces the vectorial
capacity of mosquitoes mainly through pathogen blocking, but Wolbachia infection also
modulates mosquitoes’ efficiency as vectors in other ways. Wolbachia can also alter
transmission in other ways such as by lowering the vector’s fitness, by lengthening its EIP
(which reduces virus transmission through saliva (Ye et al., 2015)), by increasing mosquito
locomotion and metabolism (Hoffmann et al., 2011), or by altering mosquito feeding habits,
(Turley et al., 2009).

As mentioned above, the transinfection of Wolbachiainto A. aegypti (a species in

which it is largely non-native) typically reduces the host’s fitness, although with

strong strain-dependent variation (Ulrich et al., 2016; Ant et al., 2018). Because most
Wolbachiatransfected lines originate from few or just one female, Wolbachia invasions
can cause a dramatic reduction of mitochondrial haplotype diversity within and among
populations (Armbruster et al., 2003). There is a growing body of evidence suggesting
that mitochondrial genetic variation is maintained by selective pressure (RaSi¢ et al., 2014;
Kurbalija Novici¢ et al., 2015) and might play an important role in allowing insects to
modulate metabolic rate according to varying environmental conditions (Arngvist et al.,
2010). The loss of mitochondrial diversity following Wolbachia invasion is therefore likely
to affect the performance of infected populations (Hoffmann et al., 2015).

Wolbachia-induced fitness loss is a double-edged sword. On the one hand poor mosquito
fitness impairs disease transmission by lowering mosquito density and also by shortening
mosquito average lifespan, which reduces transmission by decreasing the fraction of old
mosquitoes in the population (Hoffmann et al., 2011). Poor fitness also helps to contain
infections within the area of intervention (Barton and Turelli, 2011; Hancock and Godfray,
2012). On the other hand, impaired fitness can interfere with stable introgression of the
released mosquitoes, as was shown in the case of the strain uMelPop (Nguyen et al., 2015).
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4.3 Population replacement strategy in targets that are naturally infected with Wolbachia:

Alternate vectors being considered as targets for Wolbachia biocontrol can be naturally
infected with Wolbachia. In this case, the potential impact of their resident Wolbachia strains
must be considered. These naturally infected mosquitoes can be transinfected, generating

a “superinfected” line with a resident and a transinfected strain. Transinfection has been
successful in A. albopictus naturally carrying the wAIbB strain, artificially generating a
triple Wolbachia infection that yielded a new pattern of cytoplasmic incompatibility (Fu et
al., 2010). In cases where superinfection is not tolerated (which appears to be the case for
Cx. quinquefasciatus) (Jeffries and Walker, 2016), the resident strain can be cured through
the use of antibiotics prior to transinfection with the desired Wolbachia strain (Jeffries and
Walker, 2016).

The mating of released transinfected mosquitoes with the wild population naturally infected
with Wolbachia is expected to result in bidirectional ClI (Sinkins et al., 2005). Assuming

no difference in fitness between the released and wild mosquito populations, the population
that reaches the highest local frequency would likely reach fixation given that females
infected with this strain would be at a reproductive advantage (i.e. will have more males to
mate with that are compatible)(Jeffries and Walker, 2016). However, fitness costs typically
associated with a transinfected Wolbachia strain would decrease the probability of success of
the invasion and replacement of the wild mosquito population (Jeffries and Walker, 2016).

The presence of other microorganisms within the mosquito population also needs to be
considered as a factor that could affect the introduction of any transinfected Wolbachia
strain into that population (Jeffries and Walker, 2016). For example, the bacteria Asa/a,
which is stably associated with many mosquito species, has been found to prevent or reduce
Wolbachia establishment, possibly by competing with Wolbachia within a host (Favia et al.,
2007).

4.4 Logistics of mosquito releases

Production: The continuous release of Wolbachia-carrying mosquitoes requires the
rearing of Wolbachia-inoculated mosquitoes on an industrial scale in “mosquito factories”.
These specialized facilities require tightly controlled environments that reproduce optimal
mosquito breeding and maintenance conditions and observe strict biosafety measures to
prevent accidental release and to ensure the safety of personnel (WMP, 2023). They include
egg collection systems, larval rearing setups, and insectaries for adult mosquitoes. For
detailed logistics see :[https://cutt.ly/Tezsr6DJ].“Mosquito factories” can produce millions
of mosquitoes per week. Wing measurements can be used to get a rough indication of the
fitness competitiveness of the produced mosquitoes (Stephens and Juliano, 2012; Ross et al.,
2014).

Design: Pre-release entomological surveys are important to inform the density and the

duration of the release, as a very high baseline abundance of A. aegypt/in the target area
appears to interfere with the introgression of released mosquitoes (Simmons et al., 2024;
Ribeiro dos Santos et al., 2022). The genetic population structure of the target population
also needs to be taken into consideration, including rates of ongoing gene flow, fine scale
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mosquito movement and adaptive genomic changes. A limited dispersal limits the ability
to replace wild mosquito population in large geographical areas. In these situations, release
of Wolbachis-infected mosquitoes should be done in multiple sites/villages in a given area
rather than at a single site and expect a rapid spread throughout the area (Hlaing et al.,
2010).

The target area has to be relatively small, ranging between 3 km?2 and 100 km?, in quadrants
of 250 m x 250 m (Shepard et al., 2022). Spatial and temporal continuity appear to

be critical variables for the successful establishment of a Wolbachia-carrying mosquito
population (Hu et al., 2015). Given these constraints, the population replacement strategy
can only be realistically implemented in urban areas, which have good accessibility and a
high mosquito population density.

Distribution: The release of Wolbachia-carrying mosquitoes into the environment is
meticulously coordinated to maximize coverage and is generally done weekly. Handling
conditions are important because rearing, storage, transport, and release procedures can
affect mosquito quality (Chung et al., 2018; Crawford et al., 2020)..

Adults are released at strategic points across designated areas (typically in the morning
hours) on a pre-determined grid, either by staff driving through neighborhoods or using
drone technology (Guo et al., 2022). It requires the prior transfer of larvae to release
containers where they can pupate and eclose, which requires additional handling of the
immature stages by laboratory personnel.

Alternatively, eggs produced by remote mass-rearing can be shipped to the release site.
There, they can easily be cut into strips and transported in egg containers or “Mozzie

boxes” to designated areas for local hatching and dispersal (WMP, 2023). Overall, egg-based
distribution is far less laborious than adult releases, facilitating a wider roll-out, and it has
been successfully used in in Townsville, Australia (wMel strain)(O’Neill et al., 2019b) and
in Kuala Lumpur, Malaysia (wAIbB strain)(Nazni et al., 2019). However, because storage
and transport can reduce Wolbachia-infected egg viability (Allman et al., 2020), this can
lead to increased production requirements and produce lower quality mosquitoes so it may
not be adequate for all programs.

Monitoring introgression: measuring entomological endpoints is important to link any
impact detected on pathogen incidence to the mosquito release intervention. Monitoring
typically starts after 4 weeks of releases, capturing adult mosquitoes at predetermined
locations through sentinel traps. The most frequent traps are BG-Sentinel ovitraps, which
exploit the tendency of Aedes mosquitoes to lay their eggs in small containers (Li et al.,
2016). This allows the estimation of Aedes species composition and population size over
time. A Gravitrap Aegypti Index (GAI) (traps positive for A. aegypti divided by total
functional gravitraps per site) can be used as an estimate of adult mosquito population size
in an area (Barrera et al., 2013; Montenegro et al., 2020). Resulting eggs are returned to the
lab, raised to adults and a subsample is used for PCR analysis (Simdes et al., 2011).
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4.5 Examples of implementation of the population replacement strategy across the world:

Since 2011, the World Mosquito Program (WMP) has launched pilot niMel population
replacement programs in partnership with local organizations in 14 different countries,
targeting areas with a combined population of 11M people. A separate initiative sponsored
by Wellcome Trust, the National Health and Medical Research Council of Australia and
the Ministry of Health of Malaysia using the WAIbB strain has also been implemented

in Malaysia (Nazni et al., 2019; Ahmad et al., 2021). These programs primarily target
dengue and their goal is to collect evidence of feasibility and determine the efficacy of the
Wolbachia approach as a strategy for prevention of dengue.

The implementation sites for this initial phase are shown in red color in Figure 3 and

the complete information for these studies including location, mosquito release period,
surface of intervention and population covered, degree of introgression, impact on dengue
prevalence, type of study, and source can be found in Table 1.

Mosquito releases led to the stable establishment of uMel in wild populations of A. aegypti
in Cairns, Australia (O’Neill et al., 2019a); in two adjacent municipalities in Colombia
(Bello, and Itagui) (\Velez et al., 2023); in Cali, Colombia (Velez et al., 2023); in Niteroi,
Brazil (Pinto et al., 2021); in Yogyakarta, Indonesia (Utarini et al., 2021; Indriani et al.,
2023), and in Fiji (Simmons et al., 2024).

A single study also reported high levels of introgression (>80%) following the release of
wAIbB mosquitoes in six different urban areas of Kuala Lumpur, Malaysia but these high
levels were only maintained in two of the areas (Nazni et al., 2019). Note that Kuala Lumpur
has two relatively long dry seasons, which may have severely affected the fitness of the
WAIDbB strain of Wolbachiain the area. In Medellin, Colombia, nMel failed to stabilize in

7 of the 18 areas included in the study, but this result is likely attributable to accessibility
problems, which effectively interfered with the continuous release of mosquitoes (Velez et
al., 2023). In Rio de Janeiro, Brazil, wMel release only achieved incomplete introgression
(Ribeiro dos Santos et al., 2022), probably due to a combination of inconsistent accessibility
(it covered a very large area ~87km2-) and an inability to reach the threshold stable
introgression in areas of high mosquito density. Supporting this idea, locations and seasonal
periods with the highest incidence of dengue and Chikungunya showed a lower average
degree of introgression (Ribeiro dos Santos et al., 2022). In Vanuatu, wMel introgression
only failed to reach >75% in 2 out of 12 areas of intervention, which could have been caused
by concurrent use of insecticide, and in Kiribati one of the two study areas has only reached
50% introgression after 3.5 years of the last release, likely due to the very high baseline
abundance of A. aegypti (Simmons et al., 2024).

In these controlled studies with a documented success in reaching the threshold for
stable introgression, a substantial suppression in dengue cases is typically seen within
the intervention sites within a year (Table 1). The Cairns study in Australia reported a
decrease of 94% (O’Neill et al., 2019a); similarly, the Aburra valley studies (Medellin,
Bello and Itagiii) reported a 95-97% reduction in dengue prevalence (Velez et al., 2023);
the Yogyakarta study a 78% reduction (Indriani et al., 2023), and the Niteroi study a 69%
reduction (Pinto et al., 2021).
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The impacts on dengue prevalence reported by these population replacement studies are well
in line with lab studies that estimate a 70% reduction in Rq for dengue in wMel-carrying
A. aegypti mosquitoes (O’Reilly et al., 2019), although (as mentioned above) the degree
of blocking is affected by genetic variation in mosquitoes (Ford et al., 2019). Note that
these reported impacts were likely underestimates because they only measure effects on
the local transmission in the release zone and are unable to account fully for human and
mosquito movement between treated and untreated clusters (Cavany et al., 2022) (see

also discussion of contamination effects above). In addition, dengue’s extreme seasonal
and interannual variation means that global transmission reduction intervention predictions
are only approximations. Average Ry values overestimate the impact during transmission
intensity peaks (as peak Rg values may be substantially higher); the converse is true during
seasonal troughs. Therefore, results need to be corrected for seasonal variation (Ferguson,
2018).

Studies reporting more modest or unstable introgression also report more modest reductions
in dengue prevalence, with the state of Rio de Janeiro reporting an intermediate level of
dengue prevalence reduction (38%), and the Kuala Lumpur study reporting a 43% reduction
over all intervention sites (Nazni et al., 2019). In the latter study, with the inclusion of
additional release and control sites (20 and 76, respectively) and a more extended period of
dengue monitoring, the impact on prevalence went up to 62% (Hoffmann et al., 2024). This
study also reported that the level of dengue reduction increased with Wolbachia frequency,
with a 75.8% reduction estimated at 100% Wolbachia frequency (Hoffmann et al., 2024).
Taken together, these observations suggest a dose-response effect between the level of
introgression and the level of dengue prevalence suppression, but the Yogyakarta study
reported only cluster-level wMel frequencies higher than 80% as being protective (Utarini et
al., 2021), (Table 1), so the question of a possible threshold effect below which introgression
with Wolbachia-carrying mosquitoes fails to suppress dengue remains open.

The Yogyakarta (Indriani et al., 2023), Aburra Valley (Velez et al., 2023) and Kuala Lumpur
(Nazni et al., 2019; Hoffmann et al., 2024) studies are particularly powerful because they
were cluster-randomized, minimizing the risk of confounding bias by ensuring that the
characteristics of the control and intervention groups are similar to one another (Wilson
etal., 2015; WHO, 2017a). The Yogyakarta study is also unique in reporting virologically-
confirmed dengue (VCD) (Indriani et al., 2023).

Further, a secondary analysis of the trial data in the Yogyakarta study examining the

spatial and temporal distribution of virologically-confirmed dengue cases over a 27-month
study period demonstrated an even larger intervention effect than measured in the primary
analysis, providing strong evidence suggesting that dengue cases reported in the intervention
clusters may have acquired their infection outside their cluster of residence (Dufault et al.,
2022).

However, the results reported by studies in one setting cannot be directly or easily
extrapolated to other settings because dengue incidence is highly affected by the
environment into which Wolbachia-carrying mosquitoes are released. These include
environmental conditions, host genetic background, immune-mediated serotype dynamics,
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and virus-specific phenotypic variation. Note that, unlike mathematical model predictions
(Ogunlade et al., 2023), these population replacement interventions very seldom led to its
complete eradication. This is true even in areas where the degree of introgression was very
high and where dengue is not considered endemic such as the Cairns study (Ryan et al.,
2020). This is likely due to movement of people and mosquitoes from adjacent areas and to
an incomplete coverage of the area.

5.0 The population suppression strategy for biocontrol of vector-
transmitted viral disease

This approach, also known as incompatible insect technique (11T), was first proposed by
Beard and colleagues, and it is based on the release of males carrying Wolbachia strains that
cause CI (sterility) when mated with females not infected with the same Wolbachia strain
(Figure 1) (Beard et al., 1993). Above a certain threshold, the decreased fertility rate results
in a reduction in the density of the vector mosquito population, which in turn lowers the risk
of pathogen transmission (O’Neill, 2018; Tantowijoyo et al., 2020).

The goal is to achieve the low-risk threshold, which is an average number of females trapped
(GAI index) <0.1.

This strategy is reminiscent of the classical sterile insect technique (SIT), which involves
the release of males that have been sterilized by irradiation or exposure to chemicals so that
mating with field females yields non-viable eggs, although I1T has less impact on the fitness
of released males because it does not involve a toxic treatment (Lofgren et al., 1974; Alphey
et al., 2010).

5.1 Implementation of the population suppression strategy:

The population suppression strategy comes with a unique set of challenges. The first
challenge is a high effectiveness threshold that requires very large release volumes, with
ratios of up to 50 Wolbachia-carrying male to 1 naive male, which corresponds to 6-7
mosquitoes per resident per week (Crawford et al., 2020). An alternative approach for
skewing the ratio of Wolbachia-carrying males to field females is to suppress the field
population of mosquitoes by traditional vector control methods prior to the release of
1T males. Note that (assuming a near constant immigration from non-release areas) field
mosquito density suppression does not increase linearly with the number of Wolbachia
carrying mosquitoes released. Eight is the released-to-field mosquito ratio above which
increasing the size of release has a limited but additional impact on suppression levels
(Ching et al., 2021; Zeng et al., 2022).

The need to flood the area with males limits the area that can be effectively covered

(Xi et al., 2005; Axford et al., 2016; Pagendam et al., 2020). This area restriction makes

the population suppression approach highly vulnerable to the impact of migration of
mosquitoes from untreated surroundings, making complete mosquito eradication in release
sites impossible. In addition, the impact of mosquito releases is short-lived because both
hatch rates and the numbers of adult females quickly recover after releases stop. To counter
the impact of migration of females from neighboring, non-intervention areas, and to prevent
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the recovery of non-11T mosquito population, this approach requires continuous weekly
releases.

The accidental release of residual numbers of Wo/lbachia-infected females can lead to

the establishment of Wolbachia in the field population, which would restore the fertility

of matings with Wolbachia-carrying males, rendering this strategy ineffective (Xi et al.,
2005). However, the establishment of a Wolbachia-carrying population would still suppress
transmission through pathogen blocking (Ross, 2021). While the threshold for stable
introgression of Wolbachiain the field mosquito population is high, it can be achieved
with a very small number of released females when the field mosquito population has been
nearly eliminated (Pagendam et al., 2020).

No mosquito sex-sorting system has been approved by WHO’s vector control advisory
group yet, but standard sex-sorting technology exhibits a 01.-0.3% female contamination
rate. This rate can be further decreased using high-fidelity sex-sorting technology (Crawford
et al., 2020). Alternatively, residual females can be sterilized using a low-dose irradiation
(II'T-SIT) or Wolbachia introgression can be suppressed through the release of irradiated
males or of a second bi-directionally incompatible strain that also exhibits CI and preserves
high competitiveness (Ching et al., 2021).

Finally, for the population suppression approach to work, released male mosquitoes

need to be able to physically meet field female mosquitoes. This means that to ensure
comprehensive coverage the release of mosquitoes needs a high level of granularity. In high
rises, for example, mosquitoes need to be released in several floors.

While all these challenges can be addressed, the population replacement strategy represents
a highly resource-intensive approach that is only practicable in highly-urbanized, high-rise
areas.

5.2 Results of studies of deployment of the population suppression strategy:

The implementation of the population suppression approach has been piloted by the
National Environmental Agency (NEA) of Singapore (NEA, 2023). An initial trial was
implemented in two high-rise public housing estates in Singapore over a period of 10

and 18 weeks, respectively. In Phase | of this study, the average number of A. aegypti
females caught in Gravitraps only dropped by 51 to 65% in release sites and Wolbachia-
carrying males were found to have a short life-span (~4.5 days). In addition, Wolbachia was
detected in field populations, suggesting that imperfect sex-sorting can potentially lead to
Wolbachia' s establishment in the population (Ching et al., 2021).

In Phase Il (weeks 10-70 and 18-58, respectively), these problems were addressed by
IIT-SIT (site 1), or using high-fidelity sex sorting (site 2), by increasing the frequency of
releases to twice a week, by adding an upper floor release site, and by doubling release
areas to include buffer areas against migration from adjacent non-release areas. As a result
of these modifications to the implementation design, suppression of mosquito density to
low-risk levels was achieved at week 9 (site 1) and 17 (site 2) and maintained throughout the
duration of the trial, although a complete eradication was not achieved at either release site.
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The observed suppression of mosquito density led to a suppression of dengue incidence of
71% (site 1) and 88% (site 2). Importantly, dengue suppression was also seen in buffer areas,
with some spillover effect up to 1km away from the core, which is consistent with the flight
range of individual mosquitoes (Ching et al., 2021).

This trial shows that mosquito density can be suppressed below the low-risk threshold
through the continuous release of Wo/lbachia-carrying male mosquitoes so long as the
immigration of wild-type females from neighboring areas can be addressed, an adequate
distribution of males in high-rise buildings can be achieved, and the establishment of
Wolbachia in the field mosquito population can be prevented. Once achieved, suppression
can likely be maintained more efficiently through I T-SIT and lower-volume releases.

6. Comparative analysis of Wolbachia-based vector control methods

6.1 Comparison between population replacement and population suppression:

The two main strategies of Wolbachia-based vector control differ in the desired features
for the strain-mosquito combination; both approaches require strong ClI, but population
replacement is more dependent on pathogen blocking and on minimal fitness costs to the
released strain. They also differ in the sex of the released mosquitoes (which is exclusively
male in population suppression), in the target ratio of release vs. wild mosquitoes (much
higher in population suppression), in the reversibility of the intervention (population
replacement typically requires a single intervention, whereas population suppression
requires continuous mosquito release), and in the area covered (smaller in population
suppression).

Population replacement is much more cost-effective because it is expected to be permanent
in the mid-term (requiring a single intervention). This is a crucial advantage over the
population suppression approach and insecticide-based methods. Based on the monitoring of
the earliest wMel Wolbachia release sites in N. Queensland, Wolbachia can be self-sustained
at a high prevalence for at least 7-10 years post-release. Supporting the long-term efficacy
of this approach, long-term follow-up of population replacement studies found that both
the Wolbachia genomes used and their virus-blocking properties were found to be highly
stable, suggesting that possible adaptations of the virus to Wolbachia-mediated pathogen
interference do not interfere with the continued effectiveness of the intervention, at least

in the mid-term (Huang et al., 2020; Ahmad et al., 2021; Dainty et al., 2021). The
observed long-term stability of virus blocking is likely due to the multiplicity of antiviral
mechanisms in place and their intimate connection to housekeeping cellular mechanisms,
both of which drastically reduce the possible selection of escape mutants (Ant et al., 2023).
The requirement for an alternate infection in mosquito and human hosts is also likely a
major contributor to the slow emergence of adaptive resistant virus populations (Thi Hue
Kien et al., 2023). The fitness advantage confererred by W olbachia-mediated resistance to
pathogenic insect-specific viruses may also act as a source of selection to maintain the
virus inhibitor phenotype, although the magnitude of this selective pressure remains to be
determined in wild mosquito populations (Ahmad et al., 2021) and there is also evidence
that Wolbachia may increase the pathogenicity of some insect-specific pathogens (Teixeira
et al., 2008; Parry and Asgari, 2018; Altinli et al., 2020). Other reasons that the population
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replacement approach is more cost-effective is because this approach involves a lower ratio
of released vs. field mosquitoes, and because it does not require mosquito sex segregation
(Brady et al., 2020). In addition, it can cover larger areas.

On the negative side, this approach involves the release of biting (female) mosquitoes, with
the possibility of increased frequency of biting in the initial phases. An additional potential
risk of the population suppression approach is the possibility of Wolbachia spreading to
non-target insects (see discussion on safety above). The possibility of enhancement (rather
than suppression) of virus transmission also needs to be considered. There is only one
study out of more than 50 involving A. aegypti and A. albopictus that reports evidence

of enhancement of viruses known to cause pathology in humans However, there is strong
evidence that Wolbachia can enhance insect viruses with DNA or negative-sense RNA
genomes. This includes an A. albopictus densovirus (Teixeira et al., 2008), a Culex pipens
densovirus (Teixeira et al., 2008), and the negative-sense RNA ISV Aedes anphevirus of A.
aeqypti (Parry and Asgari, 2018). In addition, there is evidence that Wo/bachia increases
the susceptibility of Culex pipiens mosquitoes to Plasmodium relictum, suggesting that
Wolbachia may not be a safe approach for suppression of malaria (Zélé et al., 2014).

The population suppression approach is more labor-intensive but it has several advantages.
The release of males (which are non-biting) facilitates regulatory approval and the fact that
the released mosquitoes are infertile eases concerns about their ecological impact. Another
advantage of this approach is that it is suitable for a broader range of mosquito species as
it is not dependent on having a pathogen-blocking effect (Ross, 2021). However, while the
released mosquitoes are not intended to persist in the population, their loss can increase the
prevalence of other mosquito species coming to occupy the empty niche. This, in turn, can
have unexpected consequences for pathogen transmission (Ritchie et al., 2013). A possible
decreased effectiveness over time due to wild mosquitoes developing a mating preference
against the released mosquitoes is a potential specific risk for this approach (Cator et al.,
2021).

6.2 Comparison to insecticide-based approaches:

Compared to traditional insecticide-based approaches, Wolbachia-based strategies face
significant barriers to adoption because they require infrastructure, trained personnel,
political support and tight coordination between multiple agencies and the community
(Damayanti et al., 2017). Wolbachia-based strategies are considerably more expensive than
traditional approaches; even population replacement (which is the more cost-effective of
the two Wolbachia-based approaches) is about 7 times more expensive than traditional
approaches (Shepard et al., 2022).

On the positive side, Wolbachia-based strategies are more environmentally friendly, with
no adverse effects on other species or ecosystems reported so far (Hu et al., 2021). This
is unlike insecticide-based approaches, which are frequently toxic for non-target aquatic
species (see Bti, Lsphand spinosad larvicides in the “source reduction” section and
“chemical adulticides” section in Box-1).
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Also, population replacement is often irreversible, necessitating a single intervention for

at least a 7-10 years (Dainty et al., 2021; Ross et al., 2021). This is unlike insecticide-
based interventions, which are becoming less effective for medium/long term vector control
because of the challenges of sustaining these activities at scale and over the long term
(Achee et al., 2015), allowing reinfestation with mosquitoes from neighboring areas.
Another reason is the development of resistance to insecticides by genetic and behavioral
mechanisms (Sparks and Nauen, 2015; Guedes et al., 2020; Zulfa et al., 2022).

Note that controlling mosquito population density is only one of the four key factors
contributing to the spread of vector-borne disease; the other three are a deterioration of
public health systems, poor sanitary conditions and environmental factors (Tapia-LOpez et
al., 2019). This adds an extra layer of complexity to assessments of cost-effectiveness of
vector control strategies relative to interventions in other areas.

7. Final conclusions

Overall, the effectiveness of the population replacement approach has been supported

by multiple non-randomized studies across the world and conclusively demonstrated by
randomized studies. These studies show that stable introgression of Wolbachia-carrying
mosquitoes results in decreased dengue prevalence within a year. The stability of the
Wolbachia-induced antiviral properties and of strong CI expression in the transinfected line
support a longer-term success for these interventions.

The effectiveness of the population suppression approach has been validated by an
intervention in Singapore, although this study highlighted the importance of preventing the
immigration of wild-type females from neighboring areas and of an adequate distribution of
males in high-rise buildings.

Based on the initial results of all these studies, the WHO declared in March 2021 the release
of Wolbachia-carrying mosquitoes an “intervention of interest for public health”. Further,
wAIbB deployment has become operational and is being rolled out across Malaysia by the
Malaysian Ministry of Health (Hoffmann et al., 2024).

Wolbachia-based vector control strategies should be used in conjunction with existing
vector control measures and they are not necessarily intended to replace them(Ritchie and
Johnson, 2017). When applied synchronously, traditional vector control and population
suppression strategies (whose goal is to eliminate the vectors) are incompatible with
population replacement strategies (whose goal is to replace the field vector population

with transinfected vectors). However, applied sequentially, an initial population suppression
intervention can facilitate subsequent introgression. Local knowledge of the ecology of
mosquito populations should be used to coordinate release strategies with other vector
control measures; for instance, seasonal breeding containers may need to be treated to
remove sources of uninfected mosquitoes (Hoffmann et al., 2015).

Current releases focus on a few mosquito species but there is great potential for Wolbachia
to control other vectors, pests and diseases (Gong et al., 2020; Mateos et al., 2020) . As
mentioned in section 4.3, as the number of hosts expands, natural Wolbachia infections
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will need to be taken into consideration because they would be expected to interfere with
replacement or suppression if the resident Wolbachia strain is compatible with the release
strain (Gong et al., 2020).

For the purposes of this review, we have focused on the impact of Wolbachia-based
approaches on dengue, but these two approaches should be multivalent. As mentioned

above, A. aegyptiis also the primary vector for transmission of YFV, CHIKV, ZIKV

and Mayaro viruses, so decreasing mosquito population density should suppress the
transmission of all these other viruses. Laboratory studies also suggest that the uMel strain
of Wolbachiainhibits replication of Chikungunya, Plasmodium, (Moreira et al., 2009) (Shaw
and Catteruccia, 2019), and Zika (Aliota et al., 2016), suggesting a polyvalent component

to the population replacement strategy. This is further supported by the Niteroi field study,
which (with a 69% introgression) reported a 56% reduction in Chikungunya and a 37%
reduction in Zika (Pinto et al., 2021).

Wolbachia-based approaches hold great promise for the long-term disease vector control
in urban environments. However, the potential of Wolbachia-carrying released mosquitoes
to facilitate the evolution and the spread of potentially harmful genes in the environment
and the potential to of Wolbachiato increase the transmission of some viruses have not
been fully investigated. Also, synergistic combinations of Wolbachia-based and traditional
approaches have not been fully exploited.
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DENV dengue virus

IRS Indoor Residual Spraying

ITMs Insecticide-Treated Materials
nT Incompatible Insect Technique
SIT Sterile Insect Technique

GAI Gravity Aegypti Index

NEA National Environmental Agency
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Highlights

Discusses the elements that need to be considered in the deployment of a
Wolbachia-based intervention and their rationale.

Presents the rationale for two main Wolbachia-based strategies for the
biocontrol of vector-transmitted disease.

Lists the different deployments reported around the world and discusses their
outcomes.

Compares Wolbachia-based biocontrol methods to other types of vector
control strategies.

Discusses the environmental risks associated with the release of Wolbachia-
infected mosquitoes in light of new genomic, epidemiological and
experimental data suggesting that genetic exchange of Wolbachia across hosts
is more frequent than anticipated.
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BOX-1
VECTOR CONTROL METHODS
Source Reduction.

Source reduction consists of limiting mosquito access to potential breeding sites.
Typically, most of the mosquito production is concentrated in certain breeding sites that
are highly productive. Identifying these sites makes this approach very effective, although
some breeding sites are cryptic (hidden) and/or unreachable (Baldacchino et al., 2015).

Limiting effective mosquito access is achieved by removing, turning over, or draining
temporary water containers, covering permanent ones, or managing them with larvicidal
treatments. There are a variety of larvicidal treatments. One of them is copepods, which
are predators of early (first and second) mosquito instar larvae (Marten and Reid, 2007).
This treatment is ideal for large, permanent water-filled containers and has successfully
eradicated A. aegyptiin several interventions (Marten and Reid, 2007; Kay & Vu 2005;
Nam et al., 2012) but does not work for temporary breeding sites because copepods
need water and food. Another larvicidal treatment is the use of specific bacteria, such

as Bacillus thuringensis var. israeliensis (Btf) and Lisinobacillus sphericus (Lsph), whose
secreted toxins are activated in the gut of larva, disrupting all membranes (Guidi et al.,
2013). These are treatments that are typically used in the form of aerial spray in large
areas, for example in floodplains and coastal wetlands. Spinosad is a product derived
from the fermentation of a soil actinomycete with strong larvicidal properties, although
its non-target effects on other aquatic species restrict its use to artificial breeding

sites (Marina et al., 2014). Finally, Insect Growth Regulators (IGRS) pyriproxyfen,
methoprene, and diflubenzuron are used as larvicides and they are also ovicides. They
are most effective for the targeted treatment of most productive breeding sites and are
relatively safe for non-target organisms (Marina et al., 2014; Mulla, 1995).

Note that wild adult mosquitoes can be used as carriers of larvicide compounds, in an
approach known as autodissemination (Devine et al., 2009).. Females are contaminated
by larvicide using contamination devices such as treated nets or dissemination stations
with modified ovitraps. In small-scale field experiments, these interventions led to
increased mortality at the pulpal stage and effects on egg production and hatchability
(Devine et al., 2009; Ohba et al., 2013). Males that are released as part of a Sterile Insect
Technique intervention (see “Mating based methods” section below) can also be coated
with pyriproxyfen for purposes of autodissemination.

Chemical adulticides:

The most frequently used ones are pyrethroids. Other adulticides used in vector control
campaigns are organophosphates and carbamates.

These chemicals are sprayed to reduce the frequency of females in high-density mosquito
populations or in rapidly-expanding populations, particularly during epidemics (Caputo
et al., 2015). However, these insecticides are toxic for non-target insect species, aquatic
vertebrates and fish by causing neurotoxic disruptions and impairing their predatory
abilities (Faria et al., 2021; Herbert et al., 2021; Reiber et al., 2021). Its longer-term
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impact is limited due to a combination of resistance and insufficient follow-through that
allows neighboring mosquito populations to reinfest the target area (Snetselaar et al.,
2014; Marcombe et al., 2014).

Indoor-Residual Spraying (IRS) and Insecticide-Treated Materials (ITMs) leverage A.
aeqypti's habit of resting in homes before and after blood-feeding, allowing the selective
targeting of resting places with adulticides (Rizzo et al., 2012).

Entomopathogenic fungi:

Certain fungi such as Beauveria brassianaand Metarhizium anisopliae have larvicidal
and adulticide activity. Their application through fungus-impregnated cloth or applied in
screens around the home shows promise as mosquito control method.

Traps:

Aedes-targeting traps target gravid females (ovitraps or sticky/gravid traps) or females
seeking blood meals (BG-sentinel traps). These traps are usually used for surveillance,
and the addition of larvicide or autocide eliminates the risk of the trap becoming a

source of adult mosquitoes (Mackay et al., 2013; Montenegro et al., 2020). Lethal ovitrap
control programs have also been implemented as a means to reduce adult mosquito
density (Ritchie et al., 2009) and can be enhanced through the use of attractants or
oviposition stimulants.

Mating-based methods:

These methods seem ideal to control low-density populations because they can reach the
target population more effectively (lyaloo et al., 2014). There are two basic approaches,
namely the Sterile Insect Technique (SIT) (Alphey et al., 2010; Lofgren et al., 1994) and
a variety of molecular genetic methods..

Sterile Insect Technique:

this method relies on the release of large numbers of sterile males to suppress mosquito
population density (Alphey et al., Lofgren et al., 1994). Sterilization techniques include
exposure to radiation or chemicals, although these treatments generally have a negative
impact on fitness, which in turn limits the effectiveness of an intervention that requires
significant introgression into the wild mosquito population. RNAI is a promising
approach, but at the moment the production of the necessary reagents is too expensive for
large-scale treatment (Whyard et al., 2015).

Molecular Genetics Methods:

RIDL is based on the delivery of female-acting transgenes into the wild population by
genetically modified males, interfering with development and/or inducing mortality of
their progeny. This approach has been successfully used to suppress two wild target A.
aegypti populations in Brazil (Alphey, 2014). RNAI-based strategies are being developed
to enhance insect immune recognition and degradation of viral RNA (Franz et al., 2006).
Finally, HEG is an experimental technique for vector control based on the spread of
sequence-specific endonucleases, disrupting selected targets (competence, fertility, sex-
determining) genes in the process (Traver et al., 2009).
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Fig 1. Reproductive viability of A. aegypti depending on the presence of Wolbachia.
Female mosquitoes carrying Wolbachia produce viable offspring regardless of whether the

male carries Wolbachia or not and the offspring is infected with Wolbachia. The outcome
of a cross between a male mosquito carrying Wolbachiaand a female mosquito depends on
the status of the female (1-A, 2-A, 3-A). If the female is Wolbachia -free (1-B, 1-C) or if

it carries a different strain of Wolbachia (2-C, 3-B), fertilization does not occur, resulting in
infertile eggs. However, if the female harbors the same Wolbachia strain as the male (2-B,
3-C), offspring is produced, likely carrying Wolbachia. This figure has been adapted from
(Wang et al., 2021).
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Figure 2. Distribution of Wolbachia genomes belonging to supergroups A and B by host.
Panel Cladogram showing the phylogenetic relatedness of 175 Wolbachia genomes

belonging to supergroups A and B. Panel A. Genomes in the majority supergroup B clade

(with majority supergroup A collapsed). Panel B. Genomes belonging to the majority

supergroup A clade. The supergroup classification for each individual sequence is shown

in the first column of the grid, with supergroup A highlighted in pink and supergroup B
highlighted in blue. Columns 2-16 in the grid show the host from which Wolbachia was
isolated, denoted by letters of the alphabet. The correspondence of the letters to the com
name and icon are shown in the legend to the right. The complete genome assemblies of

mon

Wolbachia were downloaded from NCBI on June 30, 2023. From this set of 212 genomes,

we selected those belonging to the two predominant supergroups (supergroups A and B,

n=176). For each of the samples included, the GenBank accession number, host and date

processed are listed in Supplemental Table 1. The phylogenetic analysis was performed
using Validated Bacterial Core Genomes VBCG with default settings (Tian et al., 2023).
The cladogram was generated and annotated using Interactive Tree Of Life (ITOL) v6.9

(https://itol.embl.de/ accessed on March 2024 (Letunic and Bork, 2021). Supergroups were

labeled based on the NCBI annotation, and if no records were found on NCBI, a literatu
search was performed using the NCBI GenBank accession humber (Benson et. al. 2013;
Schoch et al., 2020). The NCBI Taxonomy label was used to identify the Blast common
name for each genome (Sayers et al., 2022).
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Fig 3. Implementation sites for population replacement interventions.

The map shows the countries where pilot studies using the replacement strategy of
Wolbachia-transinfected mosquito release have been implemented, highlighted in red.
The box lists the country, the mosquito release period and, in cases where Wolbachia's
prevalence was demonstrated to have reached the stable introgression threshold, the
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associated decrease in Dengue prevalence is listed (in percentage). Studies that are still
in process are labelled as “ongoing”.
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