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Abstract 

The avifauna endemic to islands is particularly susceptible to population declines and extinctions resulting from 
the introduction of non-native pathogens. Three pathogens of concern are the avian malaria parasites, the avian 
poxviruses, and West Nile virus—each of which can be transmitted by Culex quinquefasciatus, a highly adaptive and 
invasive mosquito. Culex quinquefasciatus has dramatically expanded its range in recent centuries and is now estab‑
lished throughout much of the tropics and sub-tropics, including on many islands that are remote from mainland 
landmasses and where this geographic separation historically protected island species from mosquito-borne diseases. 
The potential for ecological disruption by Cx. quinquefasciatus has been particularly striking in the Hawaiian Islands, 
where the introduction and transmission of avian malaria and avian poxvirus led to the extinction of several endemic 
bird species, with many more at risk. With Cx. quinquefasciatus now present in many insular communities and global 
trade and tourism increasing links between these areas, both to each other and to mainlands, there is growing con‑
cern that patterns of avian decline in Hawai‘i may be played out in other insular ecosystems. The implementation of 
traditional methods for Cx. quinquefasciatus control, including larval source management, is often impractical at large 
scale and when breeding sites are numerous and difficult to locate—typical issues associated with invasive species 
removal. One alternative approach would be the utilisation of genetic control methods, several of which have been 
successfully developed in other mosquitos such as Aedes aegypti and the malaria vector Anopheles gambiae. However, 
the development of similar tools for Cx. quinquefasciatus has been comparatively limited. Here we review the threat 
that Cx. quinquefasciatus poses as a vector of avian pathogens to island avifauna and discuss specific examples of at-
risk bird populations on the islands of Hawai ‘i, New Zealand and Galápagos. We also review the major options for the 
deployment of genetic control tools against Cx. quinquefasciatus, and discuss the current state of the field with a focus 
on radiation-based sterilisation, transgenic methods, and transinfections using the bacterial endosymbiont Wolbachia.
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Background
Commonly known as the southern house mosquito, 
Culex quinquefasciatus is widespread in the tropics and 
subtropics, where it has been incriminated in the trans-
mission of a diverse array of pathogens important to 
public health and wildlife (LaPointe 2012). Cx. quinque‑
fasciatus is a member of the Culex pipiens species 
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complex and is currently found in much of Afro-Eurasia, 
and in many of the warmer parts of the Americas, where 
it hybridises with sibling species in areas of overlap. 
While evidence from microsatellite diversity points to 
origins in tropical Southeast Asia (Fonseca et  al. 2006), 
the remarkable ecological and host-seeking plasticity 
of Cx. quinquefasciatus, combined with a propensity to 
adapt to human habitation and activity has enabled a vast 
latitudinal range expansion, aided by a capacity for long 
distance dispersal by hitchhiking on boats and aircraft 
(Kilpatrick et  al. 2004). Of particular relevance to this 
review, the range of Cx. quinquefasciatus now includes 
islands throughout the Pacific and Indian Oceans, includ-
ing New Zealand, and volcanic archipelagos such as the 
Galápagos and Hawaiian Islands—where large distances 
from continental landmasses historically protected eco-
systems from the arrival and establishment of exotic 
mosquito species and the pathogens they transmit.

Culex quinquefasciatus displays several traits that 
promote invasiveness. In contrast to ‘clean’ freshwa-
ter mosquitos such as Aedes aegypti or Aedes albop‑
ictus, Cx. quinquefasciatus is capable of breeding in 
‘dirty’ eutrophic habitats rich in organic matter, includ-
ing standing water contaminated with human or animal 
waste, where it is capable of reaching very high larval 
densities. Tolerance of these conditions has allowed the 
exploitation of a variety of polluted human-made habi-
tats such as sewers, ditches, or ponds—leading to close 
association with humans. This habitat-type flexibil-
ity enabled the first large-scale range expansion of Cx. 
quinquefasciatus in the seventeenth and eighteenth 
centuries on expeditionary sailing vessels equipped for 
longer voyages, where stagnant, polluted water sources 
and livestock waste were often present (LaPointe 2012). 
Beyond peridomestic areas, Cx. quinquefasciatus larvae 
are found in a range of natural water containers, such as 
rock pools, puddles and a variety of phytotelmata where 
organic debris may concentrate (Okiwelu and Noutcha 
2012). Furthermore, as a largely opportunistic blood 
feeder, the proportion of blood meals derived from spe-
cific host taxa can vary widely with location and host 
availability, allowing for a degree of flexibility when arriv-
ing in a novel environment. Overall, however, blood-
meal analyses from a variety of study sites indicate that 
Cx. quinquefasciatus is primarily ornithophilic (with an 
average of ~ 70% of bloodmeals derived from avian hosts) 
(Farajollahi et  al. 2011), although it can also take a sig-
nificant portion of feedings from mammalian, amphibian 
or reptile hosts under some circumstances (Farajollahi 
et al. 2011; Apperson et al. 2002), with the proportion of 
human-derived bloodmeals expected to be high in cities 
in the tropics. Because of its variable host feeding behav-
iour, Cx. quinquefasciatus occasionally acts as a bridge 

vector for human transmission of zoonotic pathogens. 
Perhaps the most significant example of this relates to the 
sporadic outbreaks of West Nile virus (WNV), a flavivi-
rus that is maintained in an avian enzootic cycle predom-
inantly by Culex mosquitos (Hamer et al. 2009).

Culex quinquefasciatus has been identified as posing 
a high risk to insular avian communities (LaPointe 2012; 
Derraik 2006; Anonymous. 2020). In addition to its high 
invasiveness, it is also a competent vector of a variety of 
protozoan and viral pathogens of birds including para-
sites of the genus Plasmodium that cause avian malaria, 
WNV and viruses belonging to the Avipoxvirus group 
(see Box 1). Many of these pathogens are relatively well 
tolerated by avian communities in the continental set-
tings where they are endemic. However, island commu-
nities, particularly those which have been isolated from 
mosquito-borne pathogens for long periods of time, may 
be more susceptible to severe disease due to a lack of 
co-evolutionary experience with the pathogen. In these 
communities, establishment of novel disease transmis-
sion-cycles after invasion by an infectious vector, for 
example, can be a significant driver of biodiversity loss.

Whilst the dangers posed by Cx. quinquefasciatus-
vectored diseases to public health have been well sum-
marised (Farajollahi et  al. 2011), similar syntheses have 
not yet been conducted for threats to insular avian com-
munities. Such a synthesis is pertinent given the exac-
erbating effects of globalised trade and climate change 
on the movement of Cx. quinquefasciatus between and 
within environments housing these vulnerable commu-
nities. Here we provide a series of case studies on Cx. 
quinquefasciatus and its current and potential effects on 
the avifauna of three major island groups—Hawai‘i, New 
Zealand, and Galápagos. Comparison of the distinct situ-
ations in these areas will help highlight the commonal-
ties and differences in this species as an invader, identify 
knowledge gaps and spur further research into areas of 
its biology that may be useful in its control. It is only 
through taking a global view that the true threat posed 
by this species to vulnerable avifauna communities can 
be accurately gauged. Beyond discussing Cx. quinquefas‑
ciatus as an invasive species, we also assess the options 
for its area-wide control or removal, focussing on the 
current state of genetic control technologies. Large-scale 
implementation of traditional methods for controlling 
Cx. quinquefasciatus, including the chemical treatment 
or physical removal of breeding sites, may be impractical 
at island-wide scales, where larval habitats may be abun-
dant and difficult to locate and access. In these instances, 
it may be beneficial to integrate genetic control options 
that involve the release of modified male and/or female 
mosquitos with the aim of reducing the vectorial capac-
ity or reproductive potential of the target population. 



Page 3 of 21Harvey‑Samuel et al. CABI Agric Biosci             (2021) 2:9 	

This section aims to take stock of what has been achieved 
so far in relation to Cx. quinquefasciatus and highlight 
areas where further research is needed if a genetic/bio-
logical solution to the control of this pernicious island 
invader is to be achieved. Finally, we briefly explore the 
social issues surrounding the potential deployment of 
these genetic technologies, acknowledging the justified 
increasing importance placed on this aspect of field-
deployment programmes. Throughout, we employ case 
studies that allow exploration of issues particularly per-
tinent to deployment of these technologies in insular 
environments.

Box 1: Major avian pathogens transmitted by Cx. 
quinquefasciatus.
Avian malaria
Avian malaria is a widespread and common disease 
of birds caused by more than 40 species of protozoan 
parasite from the genus Plasmodium. The species 
Plasmodium relictum in particular has a broad geo-
graphical distribution, and has been associated with 
some dramatic declines of native bird populations 
(LaPointe et  al. 2012). Unlike human malaria, which 
is solely transmitted by mosquitos in the subfam-
ily Anophelinae, avian malaria can be transmitted by 
mosquitos belonging to a range of genera from both 
the Anophelinae and Culicinae subfamilies. Although 
not all avian Plasmodium species have been linked to 
a putative vector, members of the Cx. pipiens complex 
play a prominent role in transmission (Carlson et  al. 
2015). Avian malaria parasites undergo a complex life 
cycle: transmission occurs when an infected mosquito 
injects a susceptible avian host with sporozoites dur-
ing blood feeding, which are subsequently carried to 
reticuloendothelial cells in the skin. After rounds of 
exoerythrocytic development, merozoite forms are 
produced and invade red blood cells. Once inside red 
cells, the merozoites either undergo further asexual 
reproduction, or can transform into the sexual game-
tocyte forms—the stage infective to mosquitos (Press 
2018). Avian malaria is primarily an infection of the 
blood and may cause severe anaemia and high mor-
tality, although the acute phase of infection can result 
in the damage of a variety of other tissues. The acute 
phase is typically proceeded by strong antibody and 
cell mediated immunity and a subsequent tolerance 
to infection. Chronic infections may follow and fre-
quently persist for the lifetime of the bird (LaPointe 
et al. 2012).

West Nile virus (WNV)
West Nile virus is a neurotropic arbovirus belonging 
to the genus Flavivirus. It comprises a positive polarity 

single-stranded RNA genome which is translated into 
a single polyprotein upon host cell infection and is 
subsequently cleaved into the structural and non-
structural proteins responsible for viral replication 
and assembly (Valiakos et  al. 2013). West Nile Virus 
is maintained in an enzootic mosquito-bird cycle and 
has been isolated from over 60 mosquito species, with 
ornithophilic members of the Culex genus often cen-
tral to transmission. The primary vector species var-
ies by region, with Cx. quinquefasciatus responsible 
for a significant portion of WNV transmission in the 
Americas. West Nile Virus has a broad avian host 
range: over 300 bird species are known to be suscep-
tible, with many developing high serum titres (Klei-
boeker 2011). The widespread occurrence of Culex 
species combined with dispersal via migratory birds 
has facilitated a near global distribution of WNV. Fol-
lowing transmission to a susceptible avian host, WNV 
is believed to initiate an infection in dendritic cells 
in the skin. Virus is subsequently transported to the 
draining lymph nodes and disperses via the blood-
stream. Infection can then establish in the peripheral 
organs, with the virus eventually gaining entry into 
the central nervous system (Gamino and Hofle 2013). 
Although relatively little is known about the pathology 
of the virus in wild bird populations, a 1991 outbreak 
of WNV in New York resulted in severe disease and 
death in a variety of bird species. Amphibians, rep-
tiles and mammals are also susceptible to infection, 
although they tend to be dead-end hosts, rarely devel-
oping sufficient viremia to re-infect mosquitos. In 
humans the majority of WNV infections are asympto-
matic, but in approximately 1% of cases a severe neu-
roinvasive disease can occur resulting in encephalitis, 
meningitis or flaccid paralysis (Petersen et al. 2013).

Avian poxviruses
The avian poxviruses (genus Avipoxvirus: Poxviri-
dae) are a group of enveloped double-stranded DNA 
viruses that cause disease in a broad range of bird 
species (Ruiz-Martinez et  al. 2016). Infections are 
acquired when virus enters a break in the skin of a 
susceptible bird, which may occur through a variety 
of means including the bite of an insect vector, direct 
contact with an infected bird, or contact with con-
taminated fomites—a transmission route aided by the 
capacity of avian poxviruses to persist in the environ-
ment for many months (LaPointe 2010). Mosquito 
transmission is typically by Culex or Aedes species, 
with females feeding on viral lesions and mechani-
cally transferring virus to other birds during subse-
quent bloodmeals. Avian poxvirus infections typically 
result in a mild and self-limiting disease in wild birds. 
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However, epizootics among endemic island bird pop-
ulations are often associated with more severe infec-
tions. Disease can manifest in cutaneous (dry pox) 
and diphtheritic (wet pox) forms. Cutaneous infection 
typically results in the development of proliferative 
lesions on the skin surrounding the cere, digits and 
feet (Thiel et  al. 2005), and range in size from small 
nodules to tumour or wart-like masses. Although not 
usually directly fatal, cutaneous lesions can result in 
the impairment of vision, feeding or mobility, and may 
lead to more dangerous secondary bacterial and fun-
gal infections. The diphtheritic form is less common, 
but is generally associated with higher mortality rates, 
and results in the formation of plaques in the mucosal 
membranes of the respiratory and digestive tracts. 
This can lead to emaciation from feeding difficulties, 
and congestion and/or haemorrhaging in the lungs.

Main text
Insular areas at risk of Cx. quinquefasciatus‑associated 
avian biodiversity loss
HAWAI‘I
The Hawaiian archipelago (18° to 28° North) is separated 
from the nearest continental landmass by approximately 
4000 km. Mean temperatures in Hawai‘i range from 26 to 
31 °C although considerable variation is seen dependent 
on elevation (maximum 4000  m) and aspect, with four 
out of five Köppen climate types present (Anonymous 
2020). Most species that are present in Hawai‘i today are 
the result of recent (< 5  Ma) colonization from outside 
the archipelago, while some lineages that arrived earlier 
(e.g. 5—26 Ma) dispersed from older to younger islands 
(Price and Clague 2002). Due to their geographic isola-
tion, the Hawaiian islands have fewer taxonomic groups 
compared to less isolated islands (Fleischer et  al. 1998), 
however, the archipelago is characterized by remark-
ably high rates of endemism (Roderick and Gillespie 
1998; Veron et  al. 2019). At least four different passer-
ine bird families naturally colonized Hawai‘i, of which 
one, Hawaiian honeycreepers (family Drepanididae), is 
widely known for variation in plumage coloration, and 
in bill and tongue morphologies associated with specific 
feeding strategies (Freed et al. 1987; Lerner et al. 2011). 
Phylogenetic analysis shows that the honeycreeper radia-
tion began approximately 5.7  Ma (Lerner et  al. 2011), 
over which time these species evolved in isolation from 
mammalian predators and avian diseases that were more 
common on continental landmasses. As with many island 
species, this evolutionary isolation resulted in Hawaiian 
honeycreepers being particularly vulnerable to introduc-
tions of non-native species, and has contributed to them 
being among the world’s most threatened forest bird 
groups (Buchanan et al. 2011).

The first written record of mosquitos in Hawai‘i was 
made in 1826, and it is believed that mosquitos were first 
introduced earlier that year at Lahaina, Maui (Dine 1904; 
Pemberton 1964; Leong and Grace 2009). This record 
described an insect that caused a “singing in the ear”, 
which was later identified as Cx. quinquefasciatus (Dine 
1904). This species is now widespread throughout most 
of the Hawaiian Islands where it occurs across a large 
elevational gradient from coastal areas up to ca 1800 m 
above sea level (Pemberton 1964; Winchester and Kapan 
2013; LaPointe 2000). Commonly occurring on Hawai‘i 
in agricultural/domestic settings when oviposition sites 
are abundant, Cx. quinquefasciatus is limited in its dis-
tribution on natural volcanic slopes where porous soils 
may reduce the presence of standing water (Lapointe 
2008). However, its invasion into naturally forested set-
tings has been aided by the rooting behaviour of Hawai 
‘i’s widespread feral pigs which create sediment rich 
water-filled cavities when foraging on native tree ferns 
(LaPointe 2000; Goff and Vanriper 1980). Subsequent to 
this first accidental mosquito introduction, seven more 
species that were inadvertently introduced have also 
become established (Winchester and Kapan 2013). Three 
mosquito species, Cx. quinquefasciatus, the yellow fever 
mosquito (Aedes aegypti; introduced circa 1890), and 
Asian tiger mosquito (Ae. albopictus; introduced circa 
1900) are linked to disease transmission, however Cx. 
quinquefasciatus is the most widely distributed and is the 
only mosquito species implicated in local disease trans-
mission cycles involving local birds (LaPointe 2000).

By the time the causative agent of avian malaria, P. rel‑
ictum, was introduced to Hawai‘i in the 1920s–1940s, Cx. 
quinquefasciatus had become well established. Consid-
erable evidence shows that Hawai‘i’s native forest birds, 
especially the iconic Hawaiian honeycreepers, are highly 
susceptible to this disease (e.g., (Atkinson et  al. 1995; 
Samuel et al. 2011). There is also an association between 
honeycreeper abundance and elevation (Samuel et  al. 
2011; Warner 1968; Riper et al. 1986), whereby birds are 
better able to survive at higher elevations where cooler 
temperatures negatively impact both mosquito presence 
and Plasmodium development (Atkinson et  al. 1995; 
Samuel et  al. 2011). While there were once over 100 
native forest bird species in Hawai‘i, only 21 continue to 
persist. Of these, 12 are either endangered or threatened, 
surviving mainly as small, fragmented populations lim-
ited to high-elevation areas beyond the reach of disease 
transmission.

In addition to avian malaria, Cx. quinquefasciatus has 
also been strongly implicated as the primary vector of 
avian poxvirus amongst native birds in Hawai‘i, which 
shows similar epidemiological behaviour to avian malaria 
when assessed across temporal and elevational gradients 
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(Samuel et al. 2018). While historical accounts attribute 
a high pathogenicity to avian poxvirus in Hawai‘i, and 
experimental introduction of avian poxvirus into popu-
lations of birds from more isolated Hawaiian islands has 
resulted in high rates of mortality (Warner 1968), it is 
likely that the current population-level effect of this dis-
ease on the main Hawaiian islands is limited, perhaps 
due to resistance developed from historical infections. Of 
note, however, is the strong association between chronic 
malaria infection and both active and old (healed) pox 
lesions, with one hypothesis put forward for this associa-
tion being a synergistic relationship between these two 
pathogens, possibly on the immune functions of infected 
birds (Samuel et al. 2018).

Perhaps due to the devastation wreaked by avian 
malaria, comparatively little has been written regarding 
the threat posed by WNV to Hawai ‘i’s avian communi-
ties. What research that has been conducted has shown 
that Cx. quinquefasciatus populations on Hawai‘i are 
competent vectors for WNV and a captive population of 
a Hawaiian honeycreeper species (Amakihi: Hemignathus 
virens) experimentally infected with WNV suffered > 31% 
mortality—with higher rates predicted in ‘free-ranging’ 
birds (Lapointe et  al. 2009). With quantitative studies 
estimating a substantial risk of WNV entering Hawai‘i 
through air traffic (Kilpatrick et  al. 2004), WNV may 
pose a significant existential threat to already struggling 
avian communities.

The first coordinated efforts at mosquito control in 
Hawai‘i likely began with the formation of the “Hawai‘i 
Citizens Mosquito Campaign Committee” in 1904 (Pem-
berton 1964). However, most efforts have targeted local-
ized disease outbreaks in humans associated mainly with 
Aedes species, partly because the larger landscape-level 
control necessary for conservation purposes is techno-
logically difficult and expensive (Anonymous. 2017). 
In September of 2016, local, national, and international 
experts gathered to discuss novel approaches and emerg-
ing technologies that may be able to mitigate mosquito-
borne diseases in Hawai‘i, including avian diseases 
(Anonymous. 2017). Strategies discussed included tra-
ditional sterile insect techniques (SIT), as well as more 
novel incompatible insect technique (IIT) and genetics-
based strategies. At that time Wolbachia was identified 
as the tool to immediately begin evaluating, because 
Wolbachia male-based insect control programs had been 
successfully applied elsewhere, including within the USA 
(Atyame et al. 2015, 2016; Mains et al. 2016; Waltz 2016). 
A steering committee for landscape-scale mosquito con-
trol was established to develop a framework for possible 
use of this technology in Hawai‘i, including outlining 
and pursuing components of research and development, 
communication and outreach, and adherence to federal 

and state regulations. This project has been able to gain 
substantial momentum thanks in large part to multi-
agency and multi-stakeholder involvement, the current 
state of Wolbachia technology, and the recognition of the 
immediate crisis facing Hawai‘i’s forest birds. While the 
potential of developing and releasing at least one type of 
gene-edited malaria-resistant honeycreeper, a strategy 
known as facilitated adaptation, was more recently evalu-
ated (Samuel et al. 2020), such an approach would have 
substantial technical challenges and costs by comparison 
to development and implementation of mosquito control 
technology. With climate change currently reducing both 
the stability and size of Hawai‘i’s high elevation disease-
free refuges (Atkinson et  al. 2014; Paxton et  al. 2016; 
Fortini et al. 2015; Liao et al. 2017, 2015), it is clear that 
immediate landscape-scale mosquito control is critical 
to the survival of much of Hawai‘i’s remaining forest bird 
community.

NEW ZEALAND
New Zealand is an archipelago extending from 34° to 47° 
South, and comprises two major islands (North Island 
and South Island) and numerous offshore islands and 
islets, most of which lie within 50  km of the coast. The 
total land area of New Zealand is just under 270,000 
km2, which is second to only Japan in terms of Pacific 
archipelagos, while the nearest continental landmass, 
Australia, is over 1500 km away. The mean annual tem-
perature of New Zealand is between 10 and 16 °C with a 
maximum elevation of 3754 m (Neall and Trewick 2008). 
The area now known as New Zealand began to separate 
from Gondwana ca 90 Ma (Neall and Trewick 2008). The 
current avifauna, as of 2000, consists of 169 species that 
were present and breeding prior to first human contact, 
16 species that have arrived naturally since then, and 37 
species introduced by Europeans (Holdaway et al. 2001). 
New Zealand’s avifauna, considered the most ‘extinction-
prone’ in the world, is projected to experience some of 
the highest proportion of real and functional extinctions 
over the next 80 years (Tompkins and Poulin 2006; Seker-
cioglu et al. 2004).

The mosquito fauna in New Zealand consists of 13 
endemic species, three introduced species, and two 
recently eradicated invaders (Belkin 1968; Cane and Dis-
bury 2010). The introduced species include Ae. australis, 
Ae. notoscriptus, and Cx. quinquefasciatus. In addition 
to Cx. quinquefasciatus, three endemic members of the 
genus Culex occur in New Zealand: Cx. pervigilans, Cx. 
asteliae and Cx. rotoruae. All three species are closely 
related, with recent findings suggesting that Cx. rotoruae 
may not be a separate species from Cx. pervigilans (Cane 
et  al. 2020). Additionally, these New Zealand species 
do not appear to be part of the Cx. pipiens complex as 
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once thought (Cane and Disbury 2010). While Cx. aste‑
liae and Cx. rotoruae are more isolated to certain parts 
of the North Island, Cx. pervigilans is the most prevalent 
and widespread mosquito in New Zealand, and is found 
throughout the country, including the Chatham Islands. 
While Cx. quinquefasciatus occurs throughout most of 
the North Island, its southern range appears to be limited 
to the northern part of the South Island, with occasional 
interceptions of non-established individuals at ports and 
airports further south (Belkin 1968; Cane and Disbury 
2010). Culex quinquefasciatus was the first recorded 
exotic mosquito to be established in New Zealand, col-
lected prior to 1848, and is suggested to have arrived 
from American whaling vessels (Belkin 1968; Derraik 
2004). However, only in the last 50 years has Cx. quinque‑
fasciatus expanded beyond its original sites of introduc-
tion in the northern part of the North Island (Holder 
et  al. 1999), possibly due to an increase in temperature 
over this period (Tompkins and Gleeson 2006). Due to 
the cooler climate in New Zealand, Cx quinquefasciatus 
is only active in the warmer months, overwintering as 
larvae from May to September (Kramer et al. 2011).

Only one arbovirus, Whataroa virus (genus Alphavi‑
rus: Togaviridae), is known to actively circulate within 
New Zealand. Whataroa virus is established in bird 
populations along the west coast of the South Island 
and is transmitted by the native mosquitos Cx. pervigi‑
lans and Culiseta tonnoiri (Kramer et  al. 2011). Avian 
poxvirus is also present in New Zealand birds, with an 
increase in observations over the last two decades (Alley 
and Gartrell 2019). Sandflies (Diptera: Simuliidae) have 
been implicated in the spread of avian poxvirus in New 
Zealand although the exact contribution of these and 
other potential vectors, including Cx. quinquefasciatus 
remains unexplored. Interestingly, as in Hawai‘i, signifi-
cant positive associations between avian poxvirus and 
avian malaria infection (i.e. concurrent infections) have 
been reported. Additionally, studies have demonstrated 
that New Zealand populations of Cx. quinquefasciatus 
are competent vectors for the bird-mosquito-bird cycling 
WNV and Murray Valley encephalitis virus (genus Flavi‑
virus: Flaviviridae), even at the cooler temperatures rep-
resentative of New Zealand’s climate (Kramer et al. 2011).

Of the mosquito-borne diseases currently present in 
New Zealand, however, avian malaria is considered of 
greatest concern in regards to the native avifauna. Like 
Hawai‘i, New Zealand’s endemic avifauna appear to be 
highly susceptible to avian malaria, leaving fewer birds 
surviving to the chronic phase of infection. Avian malaria 
has been diagnosed as the cause of death of multiple 
threatened species, captive and wild, including two spe-
cies of kiwi (Apteryx spp.) (Schoener et  al. 2014). Addi-
tionally, this disease has played a role in the deaths of 

birds translocated within New Zealand, complicating 
conservation efforts (Alley et al. 2008, 2010).

In New Zealand, avian malaria prevalence is often 
reported as higher in non-native species introduced from 
Europe and elsewhere, with these species likely acting as 
the primary reservoir for infection, to which spillback to 
native species can occur (Tompkins and Gleeson 2006; 
Niebuhr et  al. 2016). Comparisons between historical 
and contemporary surveys of avian malaria suggest that 
the incidence of this parasite has increased over the ca 
50 years between analyses (Tompkins and Gleeson 2006). 
One such study noted a positive association between 
avian malaria prevalence and the latitudinal distribu-
tion/expansion of Cx. quinquefasciatus, leading authors 
to suggest that this introduced vector may be a cause of 
disease emergence (Tompkins and Gleeson 2006). Simi-
larly, as in Hawai‘i, malaria prevalence has been nega-
tively associated with increasing elevational gradients 
(Niebuhr et  al. 2016) where both mosquito density and 
malarial life-cycles are expected to be restricted. How-
ever, since avian malaria infections have been recorded 
outside of the latitudinal and elevational distribution of 
Cx. quinquefasciatus but in the presence of the more cold 
tolerant Cx. pervigilans (Tompkins and Gleeson 2006; 
Niebuhr et al. 2016), and also within forest canopy areas 
where Cx. quinquefasciatus is largely absent (Gudex-
Cross et  al. 2015), more information on abundance and 
vector competence of both species is needed to esti-
mate their relative contributions to the observed trend 
of increasing malarial infections. If Cx. quinquefasciatus 
is a more competent malaria vector than Cx. pervigilans, 
or its ecology allows it to establish additional transmis-
sion-cycles, then any potential spread throughout New 
Zealand of this species may pose a serious threat to the 
avifauna present.

Mosquito control in New Zealand is largely ‘traditional’, 
relying on border surveillance to prevent new arrivals 
(Ammar et  al. 2019), removal of artificial breeding sites 
and conventional pesticide usage to reduce population 
densities (Derraik 2005; Goldson et al. 2015). Successful 
eradication of two invasive mosquito species Ae. camp‑
torhynchus and Cx. sitiens has been achieved through 
use of pesticides relatively soon after mosquito detec-
tion (c. 2  years in both cases) (Garner et  al. 2004; Yard 
2011; Zealand 2020). Such an appetite to tackle invasions 
bodes well for the potential control of Cx. quinquefascia‑
tus in New Zealand, which would likely pose a more sig-
nificant challenge due to its widespread distribution. To 
our knowledge there are no active programmes exploring 
genetic control for mosquitos in New Zealand, however, 
a radiation-based SIT programme was deployed as part 
of the successful eradication of the invasive painted apple 
moth (Teia anartoides) from West Auckland in 2003 
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(Suckling et  al. 2007) while, more recently, modelling 
approaches have been utilised to explore the feasibility of 
genetic control against invasive common wasps (Vespula 
vulgaris) (Lester et  al. 2020). Previous use and explora-
tion of these technologies in New Zealand suggests that 
their potential extension to Cx. quinquefasciatus control 
is not implausible.

GALÁPAGOS
Straddling the equator, the Galápagos archipelago con-
sists of 13 major islands larger than 10 km2, 19 smaller 
islands, and numerous islets located 1000  km west of 
mainland Ecuador. For most of the year, Galápagos is 
characterised by a hot, semi-arid climate with increased 
precipitation and lower temperatures occurring in high-
land regions (maximum elevation 1700 m though major-
ity of islands are less than 500 m). Average temperatures 
range from 21 to 30 °C. The age of the islands decreases 
westward along the archipelago; the south-east island of 
San Cristobal is estimated to have emerged between 2.35 
and 4.04 Ma (Cox 1983) while the western island of Fer-
nandina emerged 35,000  years ago (White et  al. 1993). 
The lack of a historical land bridge and its geographical 
isolation from mainland South America is evidenced by 
the archipelago’s high endemism and low biodiversity. 
For example, land birds constitute 29 resident species of 
which 22 are endemic and 4 are endemic to the level of 
subspecies. Sea birds comprise 48 species of which 19 
are resident (Swash and Birds 2005). Given this isolation, 
introduction of novel diseases is considered a serious and 
ongoing threat to avian communities in the Galápagos 
(Deem et al. 2012; Wikelski et al. 2004).

Three mosquitos are known to transmit diseases in 
Galápagos; two of these are implicated in transmitting 
pathogens to avifauna. Arriving ca 200,000  years ago, 
Aedes taeniorhynchus is known to inhabit mangrove 
habitats/salt marshes (Bataille et  al. 2009) and is able 
to tolerate brackish water. This species is widespread 
across the Galápagos, being present on all islands sam-
pled, primarily along coastal area (Eastwood et al. 2013). 
Bloodmeal analysis suggests Ae. taeniorhynchus feeds 
mainly on mammals and reptiles and may show an aver-
sion to feeding on birds (Bataille et  al. 2012) a pattern 
corroborated by later work (Asigau et  al. 2019). How-
ever, evidence of avian parasites in wild-caught Ae. tae‑
niorhynchus suggests bird feeding must occur at least at 
some low level (Bataille et  al. 2012). Cx. quinquefascia‑
tus is estimated to have established Galápagos popula-
tions in 1985 (Whiteman et  al. 2005). As a freshwater 
obligate, preliminary studies only recorded populations 
close to lowland centres of human habitation where arti-
ficial water sources are plentiful (Whiteman et al. 2005). 
However, subsequent monitoring efforts observed this 

species in highland and northerly, uninhabited areas of 
Santa Cruz (Eastwood et al. 2019) and also on the unin-
habited island of Santiago (Asigau et al. 2017), suggesting 
the worrying possibility that the distribution of this spe-
cies may be expanding across the archipelago. Only one 
study assessing bloodmeals has been conducted on Cx. 
quinquefasciatus in Galápagos which found an almost 
exclusively human-dominated diet. However, as this spe-
cies was primarily encountered in areas of human habita-
tion, the authors suggest caution over extrapolating these 
results to other, less inhabited areas (Asigau et al. 2019). 
Ae. aegypti, a recent arrival in 2001, is highly anthropo-
philic and since it displays a strong preference for feed-
ing on humans, it is not considered a concern for wildlife 
disease.

With its endemic avian communities still entirely 
intact, the Galápagos has so far been spared the devas-
tation experienced in other insular areas, however two 
avian diseases of primary concern in the Galápagos are 
WNV and avian malaria (Wikelski et  al. 2004). West 
Nile Virus has not yet been detected in the Galápagos 
(Eastwood et al. 2014), however, populations of both Cx. 
quinquefasciatus and Ae. taeniorhynchus from the Galá-
pagos have demonstrated competency to WNV in lab 
experiments (Lapointe et al. 2009; Eastwood et al. 2013, 
2011; Sardelis et al. 2001). As this virus has already been 
responsible for mortality in > 300 bird species in North 
America (Marra et  al. 2004) and Galápagos bird popu-
lations are thought to have evolved in the total absence 
of flavivirus infection pressure (Eastwood et  al. 2013), 
there is serious concern that introduction could lead to 
population-level effects. Feeding patterns of Culex mos-
quitos in Galápagos are diverse (Asigau et al. 2019) and 
their broad diet elsewhere indicates that it could act as 
a bridge vector for WNV between birds and mammals 
(e.g. infected humans) (Hamer et  al. 2009; Molaei et  al. 
2006; Zinser et al. 2004). Predictive modelling for WNV 
introduction to Galápagos demonstrated air transporta-
tion of tourists from Ecuador as the highest risk of arrival 
for infectious mosquitos (Kilpatrick et  al. 2006). As sig-
nals of past WNV infection have recently been detected 
in equine surveys in coastal Ecuador (Coello-Peralta et al. 
2019), increased vigilance for introduction to the Galápa-
gos is required.

Conversely, multiple lineages of avian malaria have 
been reported in the Galápagos. Three of these (local 
nomenclature: lineages B, C and D) are likely not 
established, while lineage A is found in multiple spe-
cies and sites and across multiple sampling years 
and is likely actively circulating (Levin et  al. 2013; 
Palmer et  al. 2013), albeit with a ‘spotty’ distribu-
tion. A finding consistent across studies is the inabil-
ity to observe gametocytes (the mosquito-infectious 
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stage) of Plasmodium in any blood smears analysed 
suggesting that endemic bird species targeted so far 
are likely ‘dead-end’ hosts. The identity of the ‘reser-
voir’ hosts capable of maintaining the development of 
avian malaria pathogens to the infective stage remains 
unknown. Interestingly, one study observed a clus-
tering of avian malaria prevalence on islands with 
freshwater sources and near dense human habitation—
possibly implicating the known avian malaria vector 
Cx. quinquefasciatus in transmission of these para-
sites. Ae. taeniorhynchus is not known to be an avian 
malaria vector. However, amplification of mitochon-
drial sequences of Plasmodium DNA isolated from 
this species matches with Plasmodium lineages found 
in Aedes mosquitos in Socorro Island, Mexico (Carl-
son et  al. 2011) and in Galápagos penguins (Sphenis‑
cus mendiculus) (Levin et al. 2013). With the relatively 
low highlands of the Galápagos islands unlikely to act 
as stable refuges against malaria spread (Asigau et  al. 
2017), as was historically the case in Hawai‘i, the intro-
duction of a more pathogenic and/or transmissive lin-
eage of Plasmodium poses a continued threat to this 
archipelago.

Assessment of historical collections suggests that 
the Avipoxvirus group has been present on the Galá-
pagos since at least 1899 and contemporary infections 
in endemic species can be mild or highly pathogenic 
depending on virus strain and host (Parker et  al. 
2011). Endemic avifauna impacted by canary pox-
virus (a form of avian poxvirus) include Galápagos 
mockingbirds, yellow warblers, waved albatrosses and 
several species of Darwin’s finches (Thiel et  al. 2005; 
Tompkins et al. 2017; Vargas 1987). Molecular analy-
sis reveals two strains of canary poxvirus present in 
wild birds in Galápagos and a third in chickens (Thiel 
et al. 2005). Although the exact vectorial pathways of 
Avipoxvirus in the Galápagos remain unknown, Cx. 
quinquefasciatus is suspected to play a role (Asigau 
et al. 2017).

Control efforts aimed at Cx. quinquefasciatus in the 
Galápagos include fumigation of incoming aeroplanes 
in order to reduce risk of introducing previously 
infected females, traps and non-attractive lighting on 
inter-island boats and public information campaigns 
to remove potential oviposition sites (Anonymous 
2020). The Galápagos has no history of genetic con-
trol use, however, use of the SIT has been proposed, 
and research is ongoing regarding potential use of 
this technology to control the invasive parasitic fly 
Philornis dowsi (Causton et  al. 2013), suggesting an 
appetite for novel control methods for conservation 
purposes on the archipelago. Currently, the Galápa-
gos National Park and the Charles Darwin Research 

Centre have combined efforts to ensure the protection 
of the archipelago’s fragile ecosystem. However, since 
the archipelago is highly driven by the tourism indus-
try, routes of transportation will have to be carefully 
monitored to better manage foreign pathogens and 
their arthropod vectors.

Genetic and Wolbachia‑based options for Cx. 
quinquefasciatus control
Genetic control—an introduction
Genetic control, also known as Genetic Pest Manage-
ment or Genetic Biocontrol, is a pest management tech-
nique that involves introducing heritable modifications 
into wild populations of a target species in order to 
reduce the harm they cause. These modifications take dif-
ferent forms and can comprise, for example, engineered 
transgenes, radiation/chemically-induced mutations, or 
endosymbionts such as Wolbachia. Captive populations 
of the target species are manipulated to incorporate the 
modification, and are then released into the field, where 
they introduce the modification into the wild population 
via mating. The goal of these releases varies according 
to the design. For example, in ‘population suppression’ 
strategies, releases could aim to reduce the density, or 
locally eradicate a target population—e.g. through intro-
ducing a modification which causes non-viable progeny. 
Alternatively, in the case of some disease vectors, ‘popu-
lation modification’ strategies (also known as ‘popula-
tion replacement’) aim to leave their target populations 
intact but reduce pathogen transmission competency. 
Depending on the technology chosen and the design 
implemented, modifications may be introduced into 
wild populations that are either rapidly selected against 
and disappear (‘self-limiting’ designs), or persist, perhaps 
even spreading through, or beyond, the target population 
(‘self-sustaining’ designs—also known as ‘gene drives’) 
(Harvey-Samuel et  al. 2017; Sinkins and Gould 2006; 
Alphey 2014; Burt 2003). The characteristics of these 
alternative designs have several practical ramifications 
varying from the number of releases required to achieve 
the desired effect, to the social and regulatory outlook on 
such interventions (Webber et al. 2015; Oye et al. 2014).

Within each of these broad categories (i.e. population 
suppression/modification, self limiting/sustaining) there 
exists an array of designs for achieving a similar effect 
on the target population (Fig.  1). For example, self-lim-
iting population suppression can be achieved through 
inducing a deleterious phenotype (e.g. lethality) in both 
sexes (bisex RIDL (Phuc et al. 2007), or Wolbachia-based 
IIT (O’Connor et  al. 2012)), or only in females (female-
specific RIDL (fsRIDL) (Jin et  al. 2013; Ant et  al. 2012; 
Leftwich et al. 1792; Fu et al. 2010)). A further variation 
includes the autosomal X-chromosome shredder (Galizi 
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et  al. 2014) which results in almost 100% male progeny 
from transgenic males, 50% of which are themselves 
transgenic. This system therefore relies on a skewing of 
the sex ratio towards males to affect target population 
density, rather than the killing off of females (or females 
and males), as in the two former strategies. A more 
persistent suppression system that is still self-limiting 
includes variants of the ‘y-linked editors’ (Burt and Dere-
dec 1883). Here, a male-linked transgene (located on 
the Y-chromosome) could, for example, target a gene 
required for female viability, or include a gene whose 
expression results in non-viability of female offspring 
(Backus and Gross 2016; Godwin et  al. 1914) such that 
all female progeny of a transgenic male are non-viable, 
while all male progeny are viable and transgenic. Read-
ers may find Fig.  1 in our previous publication (Har-
vey-Samuel et  al. 2017) helpful in understanding the 
differences between these and other self-limiting sup-
pression options.

For self-sustaining gene drives, the mechanism by 
which a transgene or other inherited component achieves 
autonomous spread can itself differ substantially between 
designs. For example, a diverse group including engi-
neered underdominance (Davis et al. 2001; Reeves et al. 

2014) /UDMEL (Akbari et  al. 2013), TARE (Champer 
et al. 2020) / ClvR (Oberhofer et al. 2019) (and variations 
thereof (Champer et al. 2020)), killer-rescue (Gould et al. 
2008), SDKR (Edgington et  al. 2020), Wolbachia (Hoff-
mann et  al. 2011), Medea (Chen et  al. 2007) and engi-
neered reciprocal translocations (Buchman et  al. 2018) 
can very broadly be described as ‘toxin-antidote’ drives 
in that they operate through various means to create a 
rescuable genetic load in a target population. Orthogonal 
mechanisms to induce drive spread include the ‘cut, copy 
and paste’ mechanism of nuclease-based homing drives 
where a homologous chromosome is cut by the drive 
allele, with that drive allele being copied across into the 
cut site during the chromosomal repair process (known 
as ‘homing’) (Burt 2003). Such a homing drive could be 
used to spread a linked ‘cargo gene’ which reduces vec-
torial capacity (Gantz et  al. 2015) (see Anti-pathogen 
transgenes section below), or may be designed to home 
into and disrupt a recessive female viability gene, creating 
a genetic load in females as it spread through a popula-
tion (Hammond et al. 2016). Alternatively, a self-limiting 
autosomal X-shredder as described above could be con-
verted to a suppression drive by relocating the transgene 
to the Y-chromosome (or potentially other male-linked 

Fig. 1  Genetic control options for Culex quinquefasciatus. SIT: Sterile Insect Technique. IIT: Incompatible Insect Technique. CI: Cytoplasmic 
Incompatibility
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chromosomal regions), such that transgenic progeny are 
close to 100% male, all of which are themselves trans-
genic (Burt 2014).

While not exhaustive, this discussion provides a 
glimpse of the various designs that would be open to 
researchers interested in exploring genetic control 
options in Cx. quinquefasciatus. The prioritisation of 
which, if any, of these myriad options is most appropri-
ate for targeting this species would need to take place 
in conjunction with experts familiar with the local com-
munities, ecologies and geographies of potential release 
locations. However, with at least proof-of-principle dem-
onstration of most of these strategies in other mosquitos 
or Drosophila melanogaster, there appears to be little a 
priori evidence to suggest that their exploration in Cx. 
quinquefasciatus would be technically unfeasible. One 
possible exception to this is extension of the ‘X-shredder’ 
technologies. These rely on the targeted destruction of 
X-chromosomal loci in the male germline (in this case, 
the chromosome destined to ‘determine’ the female sex 
of all progeny inheriting it), resulting in its probable 
exclusion from the functional sperm pool. Cx. quinque‑
fasciatus, like Ae. aegypti, does not possess divergent sex 
chromosomes but instead, a dominant, male sex-deter-
mining region (the so called ‘M locus’) on chromosome 
1, which is otherwise homomorphic between males and 
females (Ruzzante et  al. 2019). This would likely reduce 
the number of sequences which could be targeted exclu-
sively on chromosomes destined for hypothetical female 
progeny.

In general, genetic control strategies incorporate fea-
tures that make them attractive for the eradication of an 
invasive pest (Harvey-Samuel et  al. 2017; Godwin et  al. 
1914; Teem et al. 2020). Perhaps uniquely, they increase 
in efficacy as the target population declines, making 
them ideally suited to driving populations to extinction, 
and can be used in combination with more traditional 
technologies such as breeding site reduction or insecti-
cide fogging, whose efficiency is expected to drop as tar-
get individuals become increasingly scarce. This aspect 
of genetic control derives in part from the fact that the 
control agent is itself a living organism, biologically pro-
grammed to seek out individuals in the target popula-
tion. This is particularly advantageous to invasive species 
control, where target populations may exist over wide 
areas of inaccessible terrain or where there are multiple, 
small landowners, making traditional interventions dif-
ficult and expensive. Additionally, the ‘area-wide’ nature 
of genetic control programmes allows them to be used at 
spatial scales that may be helpful in preventing immigra-
tion or re-invasion into a target area during an eradica-
tion attempt, which has proved a serious challenge using 
more traditional methods.

As genetic control relies on mating to impact a target 
population, it is considered a species- specific option, 
relative to many ‘traditional’ control technologies. This 
characteristic is a double-edged sword, however, as, 
while it may be advantageous in limiting off-target effects 
(especially pertinent in areas of high biological value), if a 
particular disease is spread through more than one vec-
tor or mechanical route, then removal of a specific pest 
may not be sufficient to halt transmission cycles (Alphey 
et al. 2010).

In addition to the theoretical benefits of these tech-
nologies, there are a number of concerns regarding their 
potential deployment in the wild, and in particular, the 
use of the ‘self-sustaining’ gene drives (Webber et  al. 
2015; Brossard et  al. 2019; Esvelt and Gemmell 2017). 
Specifically, two ecological ‘off-target’ concerns are that 
a heritable modification could spread into a non-target 
population of the target invasive species (e.g. a popula-
tion where that species is native), or spread of the modifi-
cation into a closely related species following interspecific 
hybridisation (Harvey-Samuel et  al. 2017; Teem et  al. 
2020). Detailed discussion of the real-world probability 
of these risks has been undertaken elsewhere (Panel EG 
2013), including molecular and field-trial designs that 
could theoretically reduce their likelihood (Harvey-Sam-
uel et  al. 2019). An additional example of a theoretical 
risk which would apply to both human and animal popu-
lations within a target release area are the potential aller-
genic effects of being bitten by modified vectors (Reeves 
et  al. 2005). A consensus that has clearly emerged from 
the literature on the potential deployment and regulation 
of such technologies is that the benefits and risks of their 
use should be weighed up on a case-by-case basis (Oye 
et al. 2014; James 2005; Adelman et al. 2017; Collins 2018; 
NASEM 2016; Long et al. 2020), and frameworks for such 
risk-assessment have emerged for exactly this purpose 
(Turner et al. 2018; Hayes et al. 2018; David et al. 2013; 
Benedict et al. 2008). Such a risk-assessment framework 
was employed prior to the first field deployment of Wol‑
bachia (Murphy et  al. 2010), the first and still the only 
self-sustaining technology to be deployed. Subsequent to 
this first deployment, ‘problem-formulation’ frameworks 
have been utilised to inform risk assessment for potential 
use of GM gene drive A. gambiae in sub-Saharan Africa 
(Roberts et al. 2017). Any deployment of these technolo-
gies in the insular environments explored above would 
require similarly thorough prior assessment.

Current status of genetic control technologies in Cx. 
quinquefasciatus
The behaviours and merits of various genetic con-
trol designs have been thoroughly explored elsewhere 
(Champer et  al. 2016; Marshall and Hay 2012; Leftwich 
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et  al. 2018) and are not further discussed here. Instead, 
here we discuss the current state of the underlying tech-
nologies on which these genetic control systems are 
built with regards to Cx. quinquefasciatus with a focus 
on options for genetic modification, and transinfection 
using the endosymbiont Wolbachia. Additionally, we 
provide a brief exploration of molecular means by which 
Cx. quinquefasciatus may be engineered with ‘anti-path-
ogen’ transgenes against two diseases of primary con-
cern—Avian malaria and WNV.

Genetic modification of Cx. quinquefasciatus
Radiation/chemosterilisation  The paradigmatic exam-
ple of genetic control (Sterile Insect Technique: ‘SIT’) 
utilises ionizing radiation to induce random double-
stranded breaks in the DNA of captive insect populations 
prior to their field release. Ideally, a dose of radiation can 
be administered which effectively sterilises those insects 
that are released but does not severely impact their mat-
ing competitiveness. Culex quinquefasciatus has been the 
subject of several field test programmes assessing the effi-
cacy of radiosterilised male releases. In northern India in 
the early 1970s, two small-scale, short-term release trials 
of radiation-sterilised male pupae were conducted. These 
trials conducted in the villages of Sultanpur and Pochan-
pur for four and six weeks, respectively, were able to gen-
erate a significant but modest level of sterility in the wild 
population (up to 25% and 75%) (Patterson et al. 1975). A 
similar trial was also conducted in 1973 on Seahorse Key, 
3 km off the coast of Florida. Here males were irradiated 
as adults immediately prior to release in an attempt to 
improve mating competitiveness, possibly explaining the 
increased sterility induced in the target population over 
the c. 4 month trial (up to 84%) (Patterson et al. 1977).

Concerns over the mating competitiveness of radios-
terilised male mosquitos led to research into alternative 
technologies to induce similar DNA damage including 
the use of chemosterilants. The alkylating agent thiopeta 
was trialled as one such technology for Cx. quinquefas‑
ciatus. In 1968–1969, also on Seahorse Key, male Cx. 
quinquefasciatus which had been treated with aqueous 
thiotepa as pupae were released (Patterson et  al. 1970). 
High levels of sterility (up to 95%) were induced in the 
wild population over the 10  week trial leading to the 
elimination of the island’s larval population (immigra-
tion from surrounding areas prevented elimination of 
the adult female population). In 1973, a larger trial was 
conducted in the village of Dhulsiras, Northern India 
(Yasuno et  al. 1975). Here, up to 300,000 treated males 
were released daily for more than five and a half months. 
Although high levels of sterility (80–90%) were briefly 
induced in the wild population, overall sterility levels 
were considered very low, which was explained by the 

immigration of mated females into the trial site from sur-
rounding areas.

Although moderately successful, these trials did not 
progress to full-scale suppression programmes, as has 
been the case for other insect pests (Klassen and Curtis 
2005). It is unclear exactly why this was the case, though 
continuing issues surrounding male mating competitive-
ness, environmental concerns over the mass use of chem-
osterilants and the political climate in potentially suitable 
countries have variously been cited as reasons for the 
stalling of these technologies (Klassen and Curtis 2005; 
Lees et al. 2015). The revolution in methods for engineer-
ing insect genomes which began in the late twentieth 
century allowed a resurgence of interest in genetic con-
trol (Alphey et al. 2010). The current state of these new 
technologies in Cx. quinquefasciatus will be discussed 
below.

Transposon‑based genetic engineering  Transgenic modi-
fication of insects—i.e. the genomic integration of exog-
enous DNA sequences—traditionally relies on the use 
of Class II transposable genetic elements (transposons/
jumping genes) (O’Brochta et al. 2003). Transposons from 
this class mobilise through a ‘cut-and-paste’ mechanism, 
excising themselves from the genome and integrating 
at a second location. This ability has been harnessed to 
genetically engineer a wide range of insect species with 
the exogenous sequence of interest placed within the rec-
ognition sequences of a transposon on a synthetic plas-
mid and injected into the developing germline along with 
a source of transposase (the enzyme which catalyses the 
cut and paste reaction).

Development of such transposon-mediated modifi-
cation technologies in Cx. quinquefasciatus has lagged 
behind other mosquito species. This is evident when 
comparing Cx. quinquefasciatus with other Culicine 
mosquitos such as Ae. aegypti and Ae. albopictus, both 
of which are readily transformed (Gregory et  al. 2016). 
Only two examples of Cx. quinquefasciatus transforma-
tion have been published, each using the Hermes trans-
posable element (Allen et al. 2001; Allen and Christensen 
2004). While these demonstrated relatively high rates of 
transformation efficiency (c. 6–12%), both resulted in the 
non-canonical integration of plasmid backbone sequence 
into areas of the genome flanking the sequence of inter-
est—a finding also observed in the use of the Hermes 
system in Ae. aegypti, but not in other dipterans includ-
ing D. melanogaster, Ceratitis capitata or Stomoxys cal‑
citrans (Allen et  al. 2001). Such behaviour is generally 
undesirable as it may lead to the integration of plasmid 
elements such as antibiotic resistance genes that may 
complicate the regulatory pathway for such lines in a field 
setting. Interestingly, the use of the piggyBac system—far 
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and away the most commonly used insect transforma-
tion technology—appears to be unusually challenging in 
Cx. quinquefasciatus, with no reports of the successful 
use of piggyBac at the time of writing. In contrast, pub-
lished data exist describing a large number of unsuc-
cessful attempts (estimated transformation frequency, if 
possible, of less than 0.5%) (Anderson et al. 2019). None-
theless, it is encouraging that a number of transgene-con-
struction components commonly used in insect genetic 
modification have been demonstrated to function in Cx. 
quinquefasciatus such as the Hr5/IE1 baculovirus pro-
moter (Wilke et  al. 2013). Spatial control of transgene 
expression has also been achieved through use of the D. 
melanogaster Actin 88F flight-muscle specific promoter 
(Allen and Christensen 2004). These results indicate that 
the ‘normal rules’ governing transgene construction and 
function will apply to Cx. quinquefasciatus if a more reli-
able means of transformation can be established.

CRISPR‑Cas based genetic engineering  The CRISPR-
Cas system consists of a targetable endonuclease (Cas 
enzyme) and a short targeting RNA (sgRNA—single guide 
RNA). When present together, an sgRNA will complex 
with a Cas protein molecule and direct it to cleave DNA 
sequences with high complementarity to its own RNA 
sequence (Jinek et al. 2012). The CRISPR/Cas system has 
revolutionised functional genetics studies due to its high 
specificity and the ease with which it can be cheaply pro-
grammed and re-programmed to target different genomic 
sequences by simply introducing different sgRNAs.

CRISPR-Cas systems form the basis of a number of 
gene drives in which genes expressing the Cas and sgRNA 
components are integrated into the germline of the target 
organism, subsequently expressing, complexing and cleav-
ing DNA within the cells of that organism over multiple 
generations (Esvelt et al. 2014). Besides this ‘active genet-
ics’ use, CRISPR-Cas systems can also be used as tools 
for the integration of transgenes into a target genome, 
also referred to as transgene ‘knock-in’. Here, alongside 
the injected Cas enzyme and sgRNA, a plasmid is sup-
plied with a transgene of interest nested within sequences 
homologous to the genomic sequences flanking the tar-
get site cleaved by the Cas enzyme. Subsequent to cleav-
age, a cell may use this plasmid as a ‘repair template’ as it 
attempts to repair the cleaved genomic site allowing the 
transgene of interest to be simultaneously copied across 
into the genome. This allows the ‘site-specific’ integration 
of a transgene sequence as opposed to the semi-random 
nature of the transposon-based systems.

CRISPR-based systems are relatively well developed 
in Cx. quinquefasciatus having been used in gene dis-
ruption (‘knock-out’/reverse genetics) studies of the 
CYP9M10 gene (causing reduced pyrethroid resistance) 

(Itokawa et  al. 2016), and the white (Li et  al. 2020), 
kmo (Anderson et al. 2019), cardinal, ebony and yellow 
genes (Feng et  al. 2020) (causing disruptions to eye or 
body pigmentation). Although varying between stud-
ies, reported rates of inherited single allele disruption 
have been remarkably efficient (20% (Itokawa et  al. 
2016), 78–93% (Li et al. 2020) and 16% (Anderson et al. 
2019), respectively). One noticeable trend from these 
studies is that allele disruption rates appear to broadly 
correlate with injected embryo survivorship. Due to 
their ‘raft-laying’ oviposition behaviour, Cx. quinque‑
fasciatus are considered by some to be more difficult to 
inject at the embryo stage than other mosquitos such as 
Ae. aegypti whose eggs are laid singly and can be indi-
vidually manipulated/orientated. A possible solution 
to this is through development of the ReMOT control 
technology (Chaverra-Rodriguez et  al. 2018). Here, a 
fusion protein consisting of Cas9 adjoined to the P2C 
region from D. melanogaster Yolk Protein 1 (DmYP1) 
is injected into the haemolymph of adult female mos-
quitos. Yolk proteins are normally produced in the fat 
body, secreted into the haemolymph and subsequently 
taken up by receptors on the ovaries, ultimately being 
sequestered within the developing oocyte. In Ae. 
aegypti the synthetic P2C-Cas9 was found to follow a 
similar course allowing editing of oocytes whilst still in 
the ovary. The P2C domain was found to exhibit simi-
lar behaviour in Cx. quinquefasciatus—localising to the 
ovaries when injected into the haemolymph of adult 
females, although full gene editing experiments were 
not performed. If such a system could be validated for 
Cx. quinquefasciatus, and crucially, modified for gene 
knock-in (integration) rather than simple knock-out 
then this may prove an advantageous alternative to 
the challenge of embryonic injections in this species. 
Regarding CRISPR-Cas knock-in through traditional 
microinjection methods: this was recently demon-
strated in Cx. quinquefasciatus, again targeting the kmo 
gene (Purusothaman et al. 2021). While the integration 
rate of the transgene into the kmo locus (1.6%) provides 
hope that this may prove a relatively efficient alterna-
tive to transposon-based transgene integration in this 
species, this method will need to be further evaluated 
at other target sites within the genome.

Although not necessary for gene integration pur-
poses, development of CRISPR-based gene drives 
requires a method for the expression of sgRNAs in vivo. 
Typically this is achieved through the use of Polymerase 
III (Pol III) promoters that produce RNA transcripts 
devoid of terminal regulatory modifications such as 
polyA tails and 5′ caps, making them ideal for the 
expression of short functional RNAs. A diverse panel of 
insect Pol III promoters have been validated in the Cx. 
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quinquefasciatus Hsu cell line for this purpose (Ander-
son et al. 2020). Further in vivo testing will be required 
to assess whether the magnitude and spatial/temporal 
expression characteristics of promising candidates are 
appropriate for specific gene drive designs.

Anti‑pathogen transgenes  One desirable outcome of a 
gene drive could be to spread a transgene that reduces 
the competency of the vector for a pathogen (known 
as a ‘refractory’ or ‘anti-pathogen’ transgene) to a high 
frequency. The literature on engineering avian malaria 
(Plasmodium gallinaceum) refractory transgenes in Ae. 
aegypti has been reviewed previously, and is a guide for 
what may be possible in Cx. quinquefasciatus (Harvey-
Samuel et  al. 2017). In summary, although expressing 
single-chain antibodies (scFvs) to the P. gallinaceum cir‑
cumsporozoite (Jasinskiene et al. 2007) and chitinase (Li 
et al. 2005) proteins in Ae. aegypti resulted in significantly 
reduced sporozoites, it is unlikely that either mechanism, 
on its own, would lead to full refractoriness. However, 
simultaneous targeting of human malaria (Plasmodium 
falciparum) homologues of these two proteins, again 
using scFvs, induced full refractoriness in Anopheles ste‑
phensi (no sporozoites produced upon challenge) (Isaacs 
et al. 2012). Encouragingly, this dual-scFv was capable of 
being driven to ‘full introduction’ (100% of insects carry 
at least one copy of the transgene) in small cage popula-
tions within 6–8 generations using a CRISPR-Cas9 hom-
ing drive and a single 1:1 engineered: wild-type mosquito 
release (Pham et al. 2020).

More recently, significant progress has been made 
in engineering mosquito refractoriness to flaviviruses. 
For example, Ae. aegypti engineered to express a poly-
cistronic, miRNA-like cluster targeting the Zika virus 
(genus flavivirus: Flaviviridae) RNA genome displayed 
full refractoriness (challenged mosquitos unable to trans-
mit virus to susceptible mouse model) (Buchman et  al. 
2019). Using an orthogonal approach, Ae. aegypti was 
engineered to express a scFv which was broadly effec-
tive at neutralising all four serotypes of the Dengue virus 
(genus flavivirus: Flaviviridae) (Buchman et  al. 2020). 
These results and those detailed above for malaria sug-
gest a rich set of options for engineering refractory 
mechanisms in Cx. quinquefasciatus to P. relictum and 
WNV.

Wolbachia  The species Wolbachia pipientis, first 
described in the Cx. pipiens complex (Hertig and Wol-
bach 1924), are alphaproteobacteria that are widespread 
among arthropods. As obligate intracellular bacteria, they 
are transovarially transmitted from mother to offspring 
during oogenesis. Wolbachia commonly induce a pattern 
of crossing sterility known as cytoplasmic incompatibility 

(CI), which results in inviable embryos when Wolbachia-
carrying males mate with Wolbachia-free females—but 
which is rescued in Wolbachia-carrying females. Cyto-
plasmic incompatibility thereby imposes a frequency-
dependent fitness penalty on non-Wolbachia-carrying 
females and a corresponding relative fitness advantage for 
Wolbachia-carrying females. This produces a mechanism 
for invasion that allows Wolbachia to spread in popula-
tions provided critical threshold frequencies are sur-
passed (Turelli 2010; Turelli and Hoffmann 1991).

Releases of Wolbachia-carrying mosquitos are cur-
rently being trialled as a vector control intervention in 
two distinct ways. Firstly, the self-sustaining spread of 
certain pathogen-blocking Wolbachia strains through 
mosquito populations can significantly reduce vector 
competence and therefore potentially disease transmis-
sion. Secondly, in a strategy closely analogous to SIT 
known as the incompatible insect technique (IIT), wild 
insect populations can be suppressed by overflood-
ing with released males carrying Wolbachia strains that 
induce CI and therefore sterility with wild females with-
out the need for the high radiation doses associated 
with SIT. The former strategy aims for the long-term 
replacement of wild populations with pathogen-blocking 
Wolbachia-carriers (Ryan et al. 2019; Nazni et al. 2019), 
while the latter attempts to achieve the local elimination 
of vector populations (Crawford et al. 2020; Zheng et al. 
2019). Recent trials with laboratory generated Wolbachia 
transinfections in the major dengue virus vector Ae. 
aegypti, a species that is not a natural Wolbachia-carrier, 
have generated promising results with both approaches. 
The stable establishment of Wolbachia has been reported 
in wild Ae. aegypti populations with subsequent reduc-
tions in dengue incidence (Ryan et al. 2019; Nazni et al. 
2019), and suppression of an Ae. aegypti population 
has been achieved in an area of California, through the 
release of incompatible males (Crawford et al. 2020).

The Cx. pipiens complex is naturally infected at close to 
fixation with Wolbachia strains belonging to the mono-
phyletic wPip group. The strains comprising the wPip 
group show significant diversity in the genes encoding 
the CI induction and rescue factors; populations of Cx. 
pipiens carrying alternative wPip forms display natural 
variation in CI crossing patterns, with crosses of males 
and females carrying divergent forms of wPip resulting 
in either no CI (crosses are compatible in both crossing 
directions), unidirectional CI (where crossing is compati-
ble in one direction, but not in the other) or bidirectional 
CI (both directions are incompatible) (Bonneau et  al. 
2018).

The presence of naturally-occurring bidirectionally-
incompatible wPip variants in the Cx. pipiens com-
plex provides potential for incompatible male releases 
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without requiring the artificial generation of novel 
Wolbachia-host associations through embryonic cyto-
plasmic transfers—a process that is technically challeng-
ing and laborious. This ‘naturally-occurring’ approach 
has been validated in caged experiments involving the 
simulated suppression of Cx. quinquefasciatus popula-
tions through the release of incompatible Cx. pipiens 
males (Atyame et  al. 2015), and the local elimination of 
Cx. quinquefasciatus from a village in Burma through 
the release of Cx. quinquefasciatus males carrying an 
incompatible wPip variant (Laven 1967). A novel transin-
fection in Cx. quinquefasciatus was recently generated 
carrying the wAlbB strain of Wolbachia that naturally 
infects Aedes albopictus (Ant et  al. 2020). The wAlbB-
carrying strain induced fully penetrant bidirectional CI 
in test crosses with Cx. quinquefasciatus carrying the 
Sri Lankan wPip (Pel) strain, and is thought likely to be 
incompatible with all wPip variants. The generation of a 
universally incompatible strain may be especially useful 
for Cx. quinquefasciatus populations, such as those on 
the Hawaiian Islands, that may contain more than one 
wPip variant (Atkinson et al. 2016). Although incompati-
ble Cx. quinquefasciatus strains currently exist and could 
in principle be utilised following introgression into the 
nuclear background of a local host, an IIT strategy would 
likely also need to incorporate mechanisms to avoid the 
inadvertent establishment of release strain females in 
the suppression zone. The replacement of an indigenous 
population with the foreign release strain could result, 
for example, through accidental releases of females aris-
ing from imperfect sex sorting. Several modifications 
have been proposed to mitigate the risk of this outcome, 
including the use of host chromosomal translocations 
that cause partial sterility from within-strain matings 
(Curtis 1985), the integration of IIT with irradiation—
where pupae are exposed to a relatively low doses of radi-
ation prior to release that are sufficient to ensure sterility 
in females, but would be less than that required for full 
sterility in males (Patterson et al. 1975; Arunachalam and 
Curtis 1985), and the use of very high accuracy sex-sort-
ing systems—IIT trials in California with Ae. aegypti have 
used an automated machine-learning based sex-sorter to 
reduce female contamination to an estimated one female 
out of every 900 million males (Crawford et al. 2020).

As an alternative strategy, the spread of pathogen-
blocking Wolbachia strains through wild populations of 
Cx. quinquefasciatus could be attempted; this would have 
the advantage of requiring a lower level of release than 
IIT, with the goal being a population with a stable high 
frequency of the Wolbachia transinfection that no longer 
transmits disease and is resistant to reinvasion. Spread is 
achieved using strains inducing either unidirectional or 
bidirectional CI, with thresholds for invasion expected to 

be higher under a bidirectional model. Strains generating 
both crossing types have been created in Cx. quinquefas‑
ciatus. A transinfection with wAlbB, a strain that causes 
strong dengue virus transmission blocking in Ae. aegypti 
(Ant et al. 2018; Flores et al. 2020) and Aedes polynesien‑
sis (Bian et al. 2013a), and Plasmodium falciparum inhi-
bition in Anopheles stephensi (Bian et al. 2013b), induced 
bidirectional CI with wPip in wild-type Cx. quinquefas‑
ciatus (Burt 2014). A superinfection was also generated 
in the Sri Lankan Pel Cx. quinquefasciatus wild-type line 
incorporating wAlbA (Burt 2014), a Wolbachia strain 
native to Ae. albopictus that had previously shown Zika 
virus transmission blocking following oral challenge 
in Ae. aegypti (Chouin-Carneiro et  al. 2020). The wPip-
wAlbA superinfection displayed full unidirectional CI in 
crosses with wildtype Cx. quinquefasciatus (Burt 2014), 
suggesting the potential for invasion and establishment 
in wild populations with the same wPip crossing type. 
However, these transinfected Cx. quinquefasciatus lines 
have not yet been challenged with pathogens. While Wol‑
bachia transinfections in Ae. aegypti have been shown to 
block WNV transmission (Joubert and O’Neill 2017), this 
capacity remains to be validated in Cx. quinquefasciatus. 
Moreover, it is doubtful that Wolbachia transinfections 
in Cx. quinquefasciatus will block the transmission of 
avian poxvirus which is transmitted mechanically during 
bloodfeeding.

The inhibition of Plasmodium parasites by Wolbachia 
may be due to some or all of priming of the host innate 
immune system by the endosymbiont (Kambris et  al. 
2010), changes in lipid profiles (Geoghegan et al. 2017), 
or increased levels of reactive oxygen species (Pan et al. 
2012). While strong innate immune priming has been 
observed in transinfections with non-native Wolbachia 
hosts such as Ae. aegypti (Moreira et  al. 2009) and An. 
gambiae (Kambris et al. 2010), it was not observed in Cx. 
quinquefasciatus (Ant et  al. 2020), suggesting that any 
blocking of avian malaria by wAlbB in these transinfec-
tions may be limited if immune priming is the primary 
mechanism. Pathogen blocking by Wolbachia generally 
depends on the higher density and wider tissue distribu-
tion seen in non-native transinfections. wAlbB reached 
similar overall densities in Culex to the native wPip (Ant 
et al. 2020). However, wAlbB and wPip are phylogeneti-
cally close, and other more distantly related Wolbachia 
strains may reach higher densities, as was observed when 
wMel was introduced into Ae. albopictus to replace the 
two native strains (Blagrove et al. 2012).

Social acceptability
Decisions on the suitability of a technology for a given 
situation typically requires the consideration of a vari-
ety of technical factors, as well as an assessment of the 



Page 15 of 21Harvey‑Samuel et al. CABI Agric Biosci             (2021) 2:9 	

balance of ecological and human risks and benefits (Har-
vey-Samuel et al. 2019). Central to this judgement are the 
views of local stakeholder communities, whose socio-cul-
tural beliefs and traditions concerning the environment 
and its fauna may differ significantly from those of the 
researchers and other parties responsible for implement-
ing and overseeing the control strategy. This is especially 
true in the application of genetic technologies, particu-
larly those involving genetic modification.

Effective community engagement is a particularly 
important dimension of genetic control on the islands of 
the Indo-Pacific tropics, a region with a long and trou-
bling history of colonialism and sovereignty loss (Reed 
2018). Researchers therefore have a duty to ensure that 
the use of a given strategy has real ecological value to 
local stakeholders, and is not merely a convenient test 
site to establish a proof-of-principle prior to mainland 
use, and that engagement promotes the mutual exchange 
of ideas and the integration of local values. A study of the 
views on genetic control methods involving indigenous 
Māori communities in New Zealand, for example, high-
lighted the importance of approaching engagement in a 
manner that promotes open dialogue and the explora-
tion of local worldviews. Although New Zealand in gen-
eral tends to have a strong anti-GMO legislative stance 
(El-Kafafi 2007), research suggests that resistance to 
genetic control among a segment of New Zealanders 
is, at least partly, shaped by opposition to authority and 
top-down initiatives, rather than the control methods 
per se (MacDonald et  al. 2020). Thus, the researchers 
recommended that stakeholder engagement go beyond 
use of the information deficit model of engagement (an 
approach frequently employed in the communication of 
science, which involves the one-way flow of information 
from researchers to the public), which can be counter-
productive and may exacerbate the polarisation of opin-
ions (MacDonald et al. 2020). A separate study soliciting 
views on genetic modification and gene editing from 
Māori communities suggested that participants did not 
oppose the novel technologies a priori, but raised strong 
concerns around how and when they should be imple-
mented, with the participants often referring to tradi-
tional Māori values and cultural concepts when giving 
opinions on the use and regulation of genetic technolo-
gies (Hudson et al. 2019). Using community engagement 
to develop an understanding of the underlying values 
associated with opinions towards novel control methods, 
and their integration into structured decision making, 
may therefore help mitigate potential conflict (Estevez 
et al. 2015). For instance, the spread of a self-propagating 
exogenous control factor (either a transgene or endos-
ymbiont) through a wild mosquito population may be 
viewed as undesirable in some communities where the 

local habitat is valued as a wild haven. In such cases it 
may be possible to avoid the introduction of completely 
foreign factors—efforts in Hawai‘i, for example, are 
attempting to develop a Wolbachia IIT program using 
Wolbachia strains already present on the islands (Atkin-
son et al. 2016).

Effective community engagement is increasingly recog-
nised as an integral component of transparent research, 
including in vector control (Macer 2005; Resnik 2018; 
Kolopack et al. 2015), with funding agencies placing ever 
more importance on structured stakeholder communica-
tion. It is therefore the responsibility of researchers and 
managers to ensure that genetic control strategies are 
only deployed after extensive consultation and dialogue 
with indigenous communities, and that these strategies 
are adapted as far as possible to account for local world-
views and culture.

Conclusions
The spread of Cx. quinquefasciatus and the diseases it 
vectors pose a continuing threat to the unique avifauna 
communities of three insular biodiversity hotspots: 
Hawai‘i, New Zealand and the Galápagos. The nature and 
urgency of these threats differs depending on the biologi-
cal and geographic circumstances of each area. In Hawai‘i, 
for example, it is clear that without immediate, concerted 
action to remove or reduce Cx. quinquefasciatus popu-
lations, further loss of endemic avifauna will occur. This 
‘simple’ conclusion can be made due to the intimate rela-
tionship between avian malaria (the established primary 
causative agent of decline) and Cx. quinquefasciatus (the 
only avian malaria vector currently established in Hawai‘i). 
Although the Galápagos remains relatively devoid of such 
population-level effects, the recently recorded spread of 
Cx. quinquefasciatus into non-inhabited areas/islands and 
crucially, the lack of stable, high-elevation refugia against 
this spread, imply potentially disastrous consequences 
should a pathogenic strain of WNV or lineage of avian 
malaria be introduced. In both these areas, a genetic con-
trol solution would be potentially advantageous as there is 
a single primary bird-biting mosquito present—either to 
remove Cx. quinquefasciatus populations completely, or, 
ensure that refuges at particular altitudes or islands/islets 
remain disease free. A more complex situation is posed by 
New Zealand where Cx. quinquefasciatus is one of multi-
ple Culex species present. The exact contributions of these 
endemic Culex species and Cx. quinquefasciatus towards 
malaria transmission are only circumstantially known 
and may differ in different areas/latitudes, and the overall 
contribution of avian malaria to the observed population-
level decline of avian communities is less well established. 
Here, an engineered/Wolbachia-based solution would be 
most advantageous if the ecology of Cx. quinquefasciatus 
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provided unique transmission routes, for example by 
bringing it into contact more often with urban-dwell-
ing non-native reservoir hosts. Another consideration 
unique here to New Zealand would be any potential nega-
tive impacts a genetic control programme targeting Cx. 
quinquefasciatus may have on these endemic Culex spe-
cies, and what concerns, if any, exist towards changes in 
the population status of these native mosquitos in New 
Zealand. What is clear from this case study is that more 
research is required to establish the precise threat to bird 
communities in New Zealand from Cx. quinquefasciatus. 
The difficulty in establishing such conclusions, even in an 
area as relatively well-studied as New Zealand, highlights 
the wider potential threat posed by Cx. quinquefascia‑
tus to smaller insular communities across the Pacific and 
Indian oceans where little or no research may yet have 
been conducted.

We highlighted significant technical gaps that will need 
to be addressed if a genetic control solution to this pest is 
to be found. This point is of particular urgency given the 
rapid projected decline of some insular avian communi-
ties and the relatively long periods of research and devel-
opment, product testing/trialling and regulation required 
before these technologies can be used in the field. This is 
further exacerbated by the relative lack of focus on Cx. 
quinquefasciatus to date, in respect of development of 
efficient rearing and microinjection methods, and also 
the low number of lab-adapted colonies, which would, at 
least initially, likely slow development of such systems in 
this pest. In terms of genetic modification, the primary 
goal should be the establishment of a system for the reli-
able engineering of the Cx. quinquefasciatus genome. 
Research to date suggests that the piggyBac system—the 
workhorse of engineering insect genomes—displays sig-
nificant limitations in Cx. quinquefasciatus and future 
efforts should be focussed elsewhere. An initial demon-
stration of CRISPR-Cas knock-in in this species provides 
a potential alternative, but will require substantial further 
evaluation against other gene targets. Wolbachia transin-
fections may provide a quicker route to a genetic control 
strategy, especially if existing wPip-infected Cx. quinque‑
fasciatus populations can be identified which are bidi-
rectionally incompatible with those in each target area. 
However, this would require the simultaneous develop-
ment of mass-sexing systems and it is likely that it would 
only be applicable to ‘IIT or sterile-male’ releases, rather 
than in a pathogen-blocking self-sustaining mechanism. 
Such a mechanism would require a novel transinfection, 
which again requires additional development and testing 
phases. There is no technical reason, however, for strate-
gies involving genetic modification and Wolbachia to be 
viewed as mutually exclusive. Indeed, it may be beneficial 
to instigate use of ‘rapid-deployment’ technologies such 

as IIT or SIT in order to ‘shore up’ refuges or prevent 
continued spread to uninvaded islands within an archi-
pelago, whilst simultaneously encouraging the develop-
ment of longer-term, more sustainable solutions such as 
gene drives. Ultimately, it is only through objective con-
sideration of all the technological options available that 
current threats to insular avian communities, such as 
those posed by Cx. quinquefasciatus, will be resolved.
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