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ABSTRACT

Mosquitoes are extremely important vectors that transmit zoonotic West Nile virus 
(WNV) globally, resulting in significant outbreaks in birds, humans, and mammals. The 

abundance of mosquito vectors combined 
with the migratory flying behaviour of 
wild birds across the globe has exacerbated 
the dynamics of WNV infection. Depth 
understanding of the WNV infection 
requires a comprehensive understanding 
of the character of the vector in terms of 
their taxonomy, morphology, biology, 
behaviours, preferences, and factors that 
promote their breeding. Most susceptible 
animals and humans may experience 
serious neurological illnesses such as 
encephalitis. Little is known about the 
susceptibility of mosquitoes to WNV 
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infection. This review provides insightful 
knowledge about the characteristics of 
mosquitoes that carry WNV and their 
susceptibility to WNV infection. The 
context of mosquito’s involvement in WNV 
transmission is demonstrated through space 
and time from the 1950’s until to date. The 
historical timeline of WNV transmission 
strength was significantly intensified via the 
complex interactions between vector, virus, 
and environment. Such knowledge will 
provide valuable insights into vector control 
intervention mitigation strategies, especially 
in tropical climate countries like Malaysia.  

Keywords: Characteristics, mosquitoes, timeline, 

vectors, West Nile virus

INTRODUCTION

Approximately 3,500 mosquito species 
have been discovered globally, which can 
be categorised into 41 genera (Xia et al., 
2018). Among them, some mosquitoes 
are associated with viruses, which have 
been further classified into two categories: 
mosquito-specific and mosquito-borne 
(Xia et al., 2018). Mosquito-specific 
viruses do not replicate in other species 
except mosquitoes, while mosquito-borne 
viruses replicate in mosquitoes and infect 
other animals (Bolling et al., 2015). The 
latter category of viruses replicates within 
mosquitoes and is regarded as the most 
significant cause of arboviral diseases, 
causing significant public health issues in 
medical and veterinary fields (Bolling et 
al., 2015). 

West Nile virus (WNV) is an emerging, 
zoonotic arthropod-borne virus transmitted 
by mosquitoes, primarily Culex species, 
across the continent (Rizzoli et al., 2019). 
In 2020, a 63-year-old man was reported 
dead in the United States due to WNV 
complications (Lewis, 2020). Meanwhile, 
approximately 25 people were diagnosed 
with West Nile fever in the Seville district 
in Spain, while 39 and 66 cases were 
detected in Greece and European Union 
regions during the same year. About six 
deaths were recorded in Greece, yet the 
disease remained unnoticed and unresolved 
over time (Allen, 2020). Not only limited 
to temperate countries, but WNV has also 
been detected in tropical climate countries 
like Malaysia in the mosquito, humans, and 
animals (Ain-Najwa et al., 2020; Bowen et 
al., 1970; Marlina et al., 2014).

WNV is a positive-sense single-stranded 
RNA virion containing an icosahedral 
capsid with a spherical envelope grouped in 
the Flaviviridae family (Rossi et al., 2010). 
As the name implies, the virus was first 
isolated from a febrile woman in the West 
Nile district of Uganda in 1937 (Smithburn 
et al., 1940). It unexpectedly spread to the 
Western Hemisphere in 1999 and expanded 
to various regions globally (Chancey 
et al., 2015). WNV causes significant 
clinical outcomes in birds, humans, and 
other susceptible mammals. The infected 
incidental hosts are mostly dead-end hosts, 
resulting in various clinical manifestations 
ranging from predominantly asymptomatic 
infection to clinical syndromes such as 
fever and skin rashes. Severe cases involve 
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neurological infections such as encephalitis, 
meningitis, and death (Rossi et al., 2010).

WNV transmission occurs in the enzootic 
cycle between wild birds, the reservoir 
host, and mosquitoes as vectors (Ahlers & 
Goodman, 2018). Naïve mosquitoes become 
infected during the blood-feeding of infected 
birds and subsequently transmit WNV to a 
wide range of susceptible hosts, including 
humans and animals. The renowned role of 
mosquitoes as vectors of WNV infection 
has been widely discussed. Being prevalent 
across the globe, including in Malaysia 
making, mosquitoes are an interesting 
subject to dig into in-depth, especially in 
terms of their character and effects during 
WNV infection. As the characteristics 
and susceptibility of mosquitoes in WNV 
infections are poorly discussed, this review 
will provide the information in depth. 

GLOBAL TIMELINE OF WNV 
DETECTION IN MOSQUITO

WNV infection has been dispersed globally 
across Africa, Europe, North America, 
South America, Asia, and Australia. Various 
species of Culex spp. have been reported 
based on species diversity and vector 
competence (Figure 1). The first evidence 
of the detection of WNV in mosquito 
communities was revealed in Egypt with 
the discovery of Culex univittatus and Culex 
antennatus (Taylor et al., 1953). During 
the 1960s, WNV was detected in Culex 
modestus in France, isolated in humans 
(Hannoun et al. as cited Balenghien et al., 
2008, p. 592). In Malaysia, the first study 
was published in 1970, at which about 

three Culex spp. (Culex tritaeniorchynchus, 
Culex vishnui, and Culex pseudovishnui) 
was found positive for the Kunjin virus, a 
subtype of WNV (Bowen et al., 1970). Later, 
various mosquito species was recognised, 
notably from Culex spp., as potential WNV 
vector in every continent up to the year 2020 
in this world except Antarctica (DiMenna et 
al., 2006; Eastwood et al., 2011; Farajollahi 
et al., 2011; Hamer et al., 2009; Lu et al., 
2014; Maquart et al., 2016; Martínez-de 
la Puente et al., 2018; Mixão et al., 2016; 
Orshan et al., 2008; Reisen et al., 2014).

TAXONOMY AND MOSQUITO 
GENUS THAT HARBOUR WNV

Mosqui toes  belong to  the  phylum 
Arthropoda, class Insecta, subclass 
Pterygota, order Diptera, and suborder 
Nematocera. The Culicidae family is 
divided into three subfamilies, Culicinae, 
Anophelinae, and Toxorhynchitinae 
(Table 1). Culicinae (Aedemomyia, Aedes, 
Armigeres, Coquillettidia, Culex, Culiseta, 
Ficalbia, Haemagogus, Heizmannia, 
Mansonia, Orthopodomyia, Psorophora, 
Topomyia, Trichoprosopon, Uranotaenia, 
and Verralina) and Anophelinae (Anopheles) 
are of medical and veterinary importance as 
they carry deadly pathogens to animals and 
humans (Becker et al., 2010). The female 
mosquitoes from both subfamilies feed 
on blood to spawn progenies, contributing 
extensively to the spread of mosquito-borne 
diseases (Becker et al., 2010; Tandina 
et al., 2018). In contrast, members of 
Toxorhynchitinae feed on nectar as the 
source of nourishment (Taylor et al., 1953) 
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Table 1
Taxonomical classification of mosquito

Taxonomy Classification
Kingdom Animalia
Phylum Arthropoda
Class Insecta
Order Diptera
Suborder Nematocera
Family Culicidae
Subfamily Culicinae Anophelinae Toxorhynchitinae
Genus Aedemomyia, Aedes, Armigeres, 

Ayurakitia, Coquillettidia, Culex, 
Culiseta, Deinocerites, Eretmapodites, 
Ficalbia, Galindomyia, Haemagogus,

Anopheles, 
Bironella, 
Chagasia

Toxorhynchites

Figure 1. Global timeline of West Nile virus (WNV) vector according to species, continents, and host. This 
worldwide distribution was detected in different mosquito species from the year 1950’s until 2020

Note. *WNV was detected in the United States from multiple countries from 1999 to 2016. Anopheles spp. are 
comprised of Anopheles atropos, Anopheles barberi, Anopheles bradleyi, Anopheles franciscanus, Anopheles 
freeborni, Anopheles hermsi, Anopheles punctipennis, Anopheles quadrimaculatus, and Anopheles walkeri
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Note. The vectors are classified into seven taxonomic ranks. The ten genera of vectors involved in West Nile 
virus infection were bolded, and their distinctive features were discussed further in Table 2

Taxonomy Classification
Genus Heizmannia, Hodgesia, Isostomyia, 

Johnbelkinia, Kimia, Limatus, Lutzia, 
Malaya, Mansonia, Maorigoeldia, 

Mimomyia, Onirion, Opifex, 
Orthopodomyia, Psorophora, 

Runchomyia, Sabethes, Shannoniana, 
Topomyia, Trichoprosopon, 

Tripteroides, Uranotaenia, Verralina, 
Wyeomyia, Zeugnomyia

Anopheles, 
Bironella, 
Chagasia

Toxorhynchites

Table 1 (Continue)

and are poorly known due to the lack 
of medical significance (Hayes et al., 
2005). Nevertheless, their larvae are used 
as a mosquito biological control as they 
prey on other mosquito larvae, gradually 
reducing the number of medically important 
mosquitoes (Service, 2012). 

Mosquito species are mostly found 
in warm and humid climates due to their 
conducive environmental conditions (Paz, 
2015). According to Chancey et al. (2015), 
although WNV has been documented 
throughout all continents except Antarctica, 
vectors of WNV among the mosquito 
populations are different in every continent, 
as presented in Figure 1. Currently, 62 
mosquito species from 10 genera are 
involved in WNV infection, i.e., Aedes, 
Anopheles, Coquillettidia, Culex, Culiseta, 
Deinocerites, Mansonia, Orthopodomyia, 
Psorophora, and Uranotaenia (Centers for 
Disease Control and Prevention [CDC], 
2016). Every genus can be differentiated 
through morphological  features of 
prespiracular setae, postspiracular setae, 

scutellum, wing vein scales, and sterna 
scales that are presented on the thorax and 
abdomen parts (Table 2). 

L a b o r a t o r y  e x p e r i m e n t s  h a v e 
demonstrated that Aedes albopictus and 
Culex pipiens var. pallen can transmit WNV 
(Kitaoka et al., 1950; Philip & Smadel, 
1943). Additionally, Egypt reported the 
first isolation of WNV in 1952 from Cx. 
univittatus and Cx. antennatus (Taylor et 
al., 1953). According to Hayes et al. (2005), 
the abundance of mosquito vectors and 
the prevalence of the infection among the 
mosquito population is directly correlated 
to the severity of WNV transmission. 
Culex spp. is more frequently infected with 
WNV than other genera and is considered 
a competent vector of WNV. It was evident 
in a major outbreak in New York City in 
1999 (Asnis et al., 2006), where Culex spp. 
was the most prominent and abundant genus 
compared to other genera. In the outbreak, 
81% of the Culex spp. mosquitoes were 
infected with WNV with a viraemia of 
107.2±0.4 PFU/ml. Conversely, Aedes spp. 
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mosquitoes are classified as moderately 
efficient WNV vectors even though WNV 
was isolated from the Aedes spp. population 
during the outbreak (Turell et al., 2000). In 
2002, a strain of WNV (NY99) carrying 

a mutation in its envelope nucleotide 
sequence adapted to a new Culex species 
causing a widespread epidemic involving 
crows, horses, and humans in the USA 
(Moudy et al., 2007; Snapinn et al., 2007).

FecunditySurvival 
rate

Mosquito
fitness

(5)

Figure 2. Overview of the West Nile virus (WNV) transmission cycle between reservoir hosts, i.e., diverse 
bird species and mosquitoes. Once the viraemic blood enters the body of the mosquitoes, the virus replicates 
in the midgut, followed by the dissemination to the salivary gland and ready to pass the virus to other hosts (1). 
When an infected mosquito bites the bird, the infected bird amplifies the virus and further spreads it to other 
birds during the roosting period (2). Concurrently, the infected mosquitoes will bite the dead-end host like 
humans, horses, and other mammals (3). Like in birds, the WNV transmission cycle can be circulated between 
humans through medical interventions such as blood transfusion, organ transplantation, and breastfeeding (4). 
Throughout the cycle, the mosquito population affects not only the hosts but also within the mosquito cycle 
via cytopathological effects in the body of mosquitoes, which are detrimental to mosquitoes with low survival 
rates and decreased fecundity effects (5)

Table 2
Distinctive features of mosquito genus involved in West Nile virus infection 

Genus Description References
Aedes Presence of postspiracular setae and dark 

scutum with the presence of white scales as 
well as broad scutellum

Becker et al. (2010); 
Jeffery et al. (2012)

Anopheles Proboscis and maxillary palp have an equal 
length approximately with a round scutellum 

Jeffery et al. (2012)

Coquillettidia Absence on pulvilli, with yellow or purplish 
scutum with proboscis curved downward

Jeffery et al. (2012)
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MORPHOLOGY OF MOSQUITOES 
THAT HARBOUR WNV 

Mosquitoes are distinguished from other 
Nematocera such as Tipulidae, Bibionidae, 
Mycetophilidae, Sciaridae, Pschodidae, 
Chaoboridae, Simuliidae, Ceratopogonidae, 
and Chironomidae through the presence of 
a long-scaled proboscis feature, which is 
longer than the thorax and pointing forward 
with palps (Becker et al., 2010; Mullen & 
Durden, 2019). The body is divided into the 
head, thorax, and abdomen (Figure 3). The 
head consists of compound eyes, an antenna, 
a palp, and a proboscis (Service, 2012). The 
antenna and the palp are distinctive features 
of male and female mosquitoes and are used 
as sex determinants (Becker et al., 2010). 
Male mosquitoes have a plumose (bushy) 
antenna, with palp length as long as the 
proboscis. Female mosquitoes have a pilose 
(non-bushy) antenna with a shorter palp, 

as shown in Figure 4. A pair of pedicels 
is located on the head as touch and sound 
receptors. The proboscis is in the middle of 
the head in a cylindrical structure, which 
is responsible for injecting infected saliva 
and sucking the blood of hosts (Becker et 
al., 2010).  

The thorax, which comprises three 
legs, each at the left and right sides of 
the body and a pair of wings, is placed 
between the head and abdomen of the 
mosquitoes. The vein of the wings is 
known as venation, which differs for some 
mosquito species. For instance, Culex spp. 
and Coquillettidia spp. wing scales are 
narrow and conspicuous with broad size 
(Becker et al., 2010). However, the wing 
veins are easily faded and similar in colour, 
causing these features to be not commonly 
used as key identification for species and 
sex determination. Eleven segments known 

Table 2 (Continue)

Genus Description References
Culex The absence of prespiracular and postspiracular 

setae on the thorax and pulvilli are present
Becker et al. (2010); 
Jeffery et al. (2012)

Culiseta Presence of setae on the inferior part of 
mesepimeral and scale on remigium wing vein

Jeffery et al. (2012)

Deinocerites Postspiracular setae and prespiracular setae 
absent Antenna longer than the proboscis

Becker et al. (2010)

Mansonia Broad and intermixed with pale and dark on the 
wing vein in an asymmetrical pattern

Becker et al. (2010); 
Jeffery et al. (2012)

Orthopodomyia Tarsomere leg part I is longer than the 
tarsomeres leg part from II-V

Jeffery et al. (2012)

Psorophora Postspiracular setae and prespiracular setae are 
present. The apex of the abdomen pointed; the 
mesopostnotum bare

Becker et al., (2010)

Uranotaenia Dark vertex with proboscis is swollen apically 
with no hair

Jeffery et al. (2012)
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Figure 3. Morphology of mosquito. The lateral view of the thorax. The thorax is located between the head 
and abdomen, which comprises numerous setae in different sites to distinguish between genera and species 
of mosquitoes

Figure 4. Male (Left) and Female (Right) Culex spp. mosquito based on distinctive features for sex identification, 
such as antenna and length of pulp (Becker et al., 2010)

as tarsals are in the abdomen and connected 
by an intersegmental membrane (Becker et 
al., 2010). The colour of the abdomen of an 
adult varies according to the species. For 
instance, Culex spp. mosquitoes generally 
appear yellowish to brown, while Aedes 
spp. normally appear black and white on 
the abdomen (Komp, 1923). The last tarsal 

comprises a pair of distinctive claspers and 
tiny finger-like cerci for males and females. 
The abdomen of an unfed female mosquito 
is thin and slender but expands, resembling 
an oval red balloon after a blood meal. The 
abdomen appears white when filled with 
eggs (Service, 2012). 

Thorax

Head Abdomen
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BIOLOGY OF MOSQUITOES 

All mosquitoes have four stages in their 
life cycle, i.e., the egg, larval, pupal, 
and adult stages, collectively known as 
complete metamorphosis (Becker et al., 
2010). However, the development properties 
show great diversity between species as the 
mosquitoes emerge. The presence of water is 
necessary during the larval and pupal stages 
to allow them to grow (American Mosquito 
Control Association [AMCA], 2018). The 
lifespan of the mosquitoes is not more than 
two months on average. Typically, the life 
span of an adult male mosquito (≤ 10 days) 
is shorter than the female (Manimegalai & 
Sukanya, 2014). In contrast, adult female 
mosquitoes may live about 6 to 8 weeks 
in tropical regions and hibernate for 5 to 
6 months in protected areas during winter 
(Service, 2012). These female mosquitoes 
come out during warm periods in the winter 
and lay successive batches of eggs (Lawler 
& Lanzaro, n.d.). 

After copulation, the female mosquitoes 
hunt for a host to obtain blood meals for 
nourishment and egg maturation (Becker 
et al., 2010). The oviposition sites are 
influenced by water quality, local vegetation, 
light intensity, and food accessibility. 
The eggs are transparent initially and 
eventually darken to brown and black as 
they develop. The shape and features of the 
eggs are different depending on the mosquito 
family classification. For instance, Culicine 
mosquitoes lay elongated oval-shaped eggs. 
In contrast, Anopheline mosquitoes lay 
individual cigar-shaped eggs, which are 
laid in diverse forms, either individually or 

in a group adjacent to water bodies (Becker 
et al., 2010). 

Eggs of most mosquito genera have a 
lengthy survival period but may easily die 
due to desiccation, except for Aedes spp., 
which can withstand a longer desiccation 
period (Becker et al., 2010). Greater 
chitin content and melanisation degree 
enhanced the egg resistance desiccation 
(ERD) level. Hence, Aedes’ egg showed 
higher contents of chitin and melanin than 
other mosquito genera, contributing to its 
increased resilience towards desiccation 
under inhospitable environments (Farnesi 
et al., 2017). The species can withstand 
desiccation for up to 8 months (Kweka et al., 
2018). Once the eggs are hatched, the larval 
stage develops and undergoes four instars 
before developing into the pupal stage. 
The larva inhabits aquatic conditions and 
continues to evolve in water bodies (Bashar 
et al., 2016). The size of the larva increases 
with every instar stage when they moult 
the outer skin. The level of each instar is 
determined by the head capsule size located 
anterior to the larvae. The tail, known as 
the siphon, is located on the posterior site 
and functions as a breathing apparatus via 
spiracles (AMCA, 2018). The breathing 
process occurs by having the larva hanging 
downward while exposing the siphon to 
the air. In water bodies, mosquitoes feed 
on algae, protozoa, and microorganisms 
as their source of nutrients (Becker et 
al., 2010; Diaz-Nieto et al., 2016). The 
development of the mosquito larval stage 
depends on environmental temperatures 
(Becker et al., 2010). For instance, the 
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floodwater mosquitoes, such as Aedes 
vexans, successfully develop at 30°C, while 
snow-melt mosquitoes like Ochlerotatus 
cantans prefer lower temperatures (~10°C) 
and cannot develop at temperatures over 
25°C. In contrast, the larvae of Cx. pipiens 
thrive between 10 and 30°C (Becker et al., 
2010). 

The pupal stage continues after the 
fourth instar stage in the aquatic habitat. The 
pupa does not feed and can withstand a short 
period of desiccation. Tissue destruction of 
larval organs occurs prior to the development 
of the adult body within the pupal skin 
(Becker et al., 2010).

Once the adult emerges, the haemolymph 
pressure is raised for the legs and wings to 
stretch. The emerging males come out 1 to 
2 days before the female completes sexual 
maturity concurrently with the emerging 
female. The mosquitoes take a short break 
on the water’s surface before flying off to 
allow the body and wings to dry. After 24 to 
48 hr of emergence, female and male adult 
mosquitoes feed on nectar before mating 
(Becker et al., 2010). 

TRANSMISSION OF WNV 

Horizontal transmission between the 
avian reservoirs, mostly from the family 
of passerine and charadriiform and the 
mosquitoes, primarily the Culex and Aedes 
genera, had contributed to the large outbreak 
of WNV in the USA (Komar et al., 2003). 
However, this transmission mode only 
partially explained the expansion of WNV 
infections. Other modes of transmission, 
such as vertical transmission, are important 

for maintaining WNV among mosquito 
populations, as shown in Figure 2 (J. F. 
Anderson & Main, 2006). 

Vertical transmission depends on vector 
competence, which is affected by extrinsic 
and intrinsic factors. The extrinsic factors 
comprise virus dosage (Kramer et al., 1983) 
and extrinsic incubation temperature (Dohm 
et al., 2002). The extrinsic incubation 
period, which begins when the mosquito 
ingests the virus through an infected blood 
meal and ends when the host is infected (S. 
L. Anderson et al., 2010), is also crucial. 
Meanwhile, the intrinsic factors affecting 
vertical transmission are comprised of 
virus strains (Moudy et al., 2007), mosquito 
populations (Richards et al., 2007), and 
mosquito species (Goddard et al., 2003). 

Consequently, mosquitoes are greatly 
affected by infection and resistance to WNV 
infection (Ciota et al., 2011). Studies reported 
mosquito-specific species influenced 
these conditions as measured parameters 
for determining the potential vector of 
WNV (Ciota et al., 2011). For instance, no 
significant differences in the survival and 
fecundity rates are observed, measured by 
the number of egg production and hatched 
eggs in WNV-infected female Cx. pipiens 
and unexposed female Cx. pipiens (Styer 
et al., 2007). Conversely, WNV-infected 
female Culex tarsalis experienced reduced 
fertility and increased blood-feeding rates 
(Ciota et al., 2011). 

Nevertheless, WNV could replicate 
higher viral loads in Cx. tarsalis compared 
to Cx. pipiens, with up to 107.7 PFU/ml, 
recovered under diverse experimental 
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conditions (Dohm et al., 2002; Styer et 
al., 2007). Distinctive viral loads were 
detected in four different body segments of 
the mosquito, including the head, thorax, 
abdomen, and leg segments, suggesting 
widespread dissemination to other body 
parts. The study estimated that the thorax, 
where the salivary gland is located, contained 
the highest viral load of WNV, ranging from 
105.5 to 107 PFU/ml, followed by the head 
(104.8–106 PFU/ml), abdomen (104.6–106.1 
PFU/ml), and leg segment (103.5–105 PFU/
ml) (Styer et al., 2007). 

The adaptation of the mosquito fitness 
towards WNV infection is shielded by the 
immune response of mosquito immunity 
against WNV, primarily on the salivary 
gland and midgut part (Ahlers & Goodman, 
2018; Sim et al., 2014). The blood-feeding 
process begins with the insertion of the 
proboscis, a long thin needle-like structure 
found in the mouthpart of the mosquito. The 
proboscis comprises six stylets, including 
a hypopharynx, labrum, mandibles, and 
maxillae (Kong & Wu, 2010). It vertically 
pierces the host’s skin (dermis) and injects 
saliva. The saliva contains heparin, acting 
as the anticoagulant (Ha et al., 2014), 
and sialokinin to increase endothelial 
permeability, which leads to vasodilation 
(Zeidner et al., 1999) and provides the 
anaesthetic effect (Ribeiro & Francischetti, 
2003). During this process, the susceptible 
vector is infected with WNV from ingesting 
the viraemic blood meal of the amplifying 
host. A viral load at approximately 4.4 logs 
PFU WNV/ml is enough for the mosquitoes 
to establish WNV infection (Richards et 

al., 2007). Replication of the virus takes 
place in the midgut, followed by transfer 
to the salivary gland and dissemination 
throughout the mosquito body (Cheng et 
al., 2016). However, the midgut and salivary 
glands can act as barriers that impede the 
dissemination of the virus throughout 
the mosquito’s body. As a result, not all 
mosquitoes serve as the vector of WNV 
(Vogels et al., 2017). The limitation of virus 
replication is species-specific, resulting in 
the distinct vector species being susceptible 
to the respective mosquito-borne viruses 
(Wanasen et al., 2004). The mosquito 
immune system and RNAi pathway in the 
innate immune response of the mosquito 
are protective, warding off death from 
WNV infection (Ahlers & Goodman, 2018). 
However, the maximum capacity for the 
different mosquito species to replicate WNV 
is unknown. 

Unlike the high viral load in mosquitoes, 
dead-end hosts such as mice could only 
recover low amounts of WNV viral load 
(102 PFU/ml of blood), impeding WNV 
transmission (Styer et al., 2007). Thus, other 
mammals, including humans, are specified 
as dead-end hosts for WNV, likely the 
endpoint in the WNV transmission cycle 
(Colpitts et al., 2012). Immunocompromised 
dead-end hosts could potentially develop 
higher levels of viraemia. For example, 
dogs treated with methylprednisolone 
(glucocorticoid) showed higher mean WNV 
titres than the control group, with up to 
6.6 × 108 PFU/mosquito values. Similarly, 
immunosuppressed hamsters treated with 
cyclophosphamide, one of the chemical 
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compounds used in chemotherapy, had 
increased WNV viraemic load, which 
continued to elevate for eight days post-
infection of WNV, resulting in serious 
illness or death (Mateo et al., 2006). The 
exposure to the compound caused a decrease 
in the total leukocyte count, signifying that 
the animals were immunocompromised 
and developing clinical signs affecting 
several vital organs, i.e., the lungs, heart, 
kidney, and parts of the brain, involving 
the hippocampus, cerebral cortex, and 
cerebellum sections. Besides, high WNV 
titres (108 PFU/ml) were sustained for 8 days 
in the WNV-infected immunosuppressed 
hamster before death compared to the 
control hamster (Mateo et al., 2006).

BREEDING PREFERENCE OF 
MOSQUITOES THAT HARBOUR 
WNV 

The ubiquity of adult mosquitoes in a habitat 
is dependent on diverse factors, including 
the host population and biotic and abiotic 
factors (Bashar et al., 2016). The lack of a 
hygienic environment contributes to various 
conducive breeding sites for mosquito 
species such as Culex quinquefasciatus and 
Aedes aegypti (Bashar et al., 2016). Culex 
mosquitoes are primarily abundant in peri-
urban and rural areas due to continuous 
water sources from irrigation systems 
(Boyer et al., 2014). Water depth affects 
the suitability of the breeding habitat of 
different mosquito species. Aedes aegypti 
and Ae. albopictus are found at low water 
depth, whereas Cx. quinquefasciatus and 
Culex tritaeniorhynchus prefer high water 

depth for oviposition (Bashar et al., 2016). 
Additionally, Rueda et al. (2008) reported 
that freshwater and brackish water are 
preferable habitats for mosquitoes to 
thrive in, but they do not breed in marine 
habitats with high-salt concentrations. A 
study by Tandina et al. (2018) reported 
that, Ae. aegypti mosquitoes favour clean 
water with average organic content, which 
usually collects in tree holes and man-made 
containers. The abundance of artificial and 
natural containers has increased the habitats 
suitable for Aedes mosquitoes to grow 
(Tandina et al., 2018). Urbanisation and 
the abundance of vegetation contributed to 
increased habitats for Aedes spp. mosquitoes 
primarily, Ae. aegypti (Ebi & Nealon, 2016). 
It shows that every mosquito species has a 
distinct feeding habit. The Culex species 
are more active from dusk to dawn and are 
known as night-biting mosquitoes (Becker 
et al., 2010). According to Rohani et al. 
(2008), the Culex species favours polluted 
aquatic environments such as cesspools. 

FACTORS THAT PROMOTE THE 
BREEDING OF MOSQUITOES AND 
ENHANCE WNV TRANSMISSION

Aquatic Site

According to Maquart et al. (2016), 
lakeshores with emergent vegetation 
promote the breeding of mosquitoes and 
present a higher number of positive WNV 
mosquito pools. However, there are WNV 
infections at sites far from lakeshores, even 
though the number of mosquito traps was 
lowered. Additionally, migratory birds are 
preferred to stay aloft in small lakes and 
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swamp areas for long or short rest where 
there are higher numbers of Cx. pipiens 
mosquito populations, the most WNV-
competent vector (Gomes et al., 2013). 

Migration of Wild Birds
WNV intensification and transmission by 
mosquito fully depends on introducing an 
immunologically naïve avian population 
(Reisen et al., 2014). Dispersion of birds 
into new geographic attributes to the prompt 
widespread of WNV transmission in North 
America in 1999 (Rappole, 2000). Various 
migratory and resident birds choose wetland 
habitats as resting and breeding sites, 
permitting the virus to be established through 
the migration route, which eventually allows 
rapid augmentation of WNV via enzootic 
transmission (Valiakos et al., 2014).

Ornithophilic Properties
The ornithophilic properties of some species 
of mosquitoes, such as Cx. univittatus that 
also feed on humans for their blood meal 
increases the potential threat of the species 
as WNV vectors (Mixão et al. 2016). Further, 
the blood preferences of Cx. pipiens are 
avian hosts, mainly from the Passeriformes 
family: Blue Jay, Common Grackle, House 
Finch, American Crow, House Sparrow, 
Cardinal, and American Robin. These bird 
species attribute to the reservoir host of the 
WNV transmission and viral expansion of 
WNV (Komar et al., 2003). 

Climatic Condition
In terms of climate, the ambient temperature 
increases the transmission of WNV and 

vector abundance (Deichmeister & Telang, 
2011). WNV was discovered throughout 
tropical and temperate regions of the 
world, which are conducive climates for 
Cx. pipiens and Cx. quinquefasciatus to 
breed and survive (Farajollahi et al., 2011). 
Environmental factors, mainly temperature 
and rainfall parameters are crucial in 
breeding mosquitoes and WNV transmission 
(Paz, 2015). Flooding and heavy rainfall are 
ideal environments for ardeid birds, which 
subsequently lead to the proliferation of the 
Culex annulirostris mosquito (van den Hurk 
et al., 2014). Further, higher temperatures 
increased the infectivity on the rate of virus 
replication (Kilpatrick et al., 2008). 

Anthropogenic Activities

Anthropogenic activities involve the 
transformation in nature, which results 
from human activity such as deforestation, 
urbanisation, and global warming. Xia et 
al. (2018) revealed that the global warming 
and climate change phenomenon is prone 
to the indirect transfer of infected vectors, 
causing a higher number of mosquito 
viruses in China. Importantly in terms of 
vector ecology, Culex spp. mosquitoes prone 
to well adapted to the man-made habitat 
and rise in vector abundance, ultimately 
increasing the avian seroprevalence in urban 
sites (Epstein, 2001). Deforestation disrupts 
the natural habitat of vectors and influences 
the transmission of vector-borne diseases 
(Burkett-Cadena & Vittor, 2018). Besides, 
the emergence of puddles in deforested 
sites creates a favourable location for the 
development of larvae (Vora, 2008). 
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CONCLUSION

Successful WNV transmission from the 
amplifier host to the susceptible host has 
been largely contributed by the strong 
and impactful role of mosquitoes as 
vectors. By recognising the taxonomic 
and morphological characteristics of Culex 
spp. as the principal vector of WNV, its 
ornithophilic properties and factors that 
enhance their breeding provide a better 
understanding of WNV transmission and 
infection dynamics globally, including in 
Malaysia. 
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