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Zika virus (ZIKV) (Flaviviridae, Flavivirus) has become one of the most medically important mosquito-borne viruses because of its 
ability to cause microcephaly in utero and Guillain-Barré syndrome in adults. This virus emerged from its sylvatic cycle in Africa 
to cause an outbreak in Yap, Federated States of Micronesia in 2007, French Polynesia in 2014, and most recently South America 
in 2015. The rapid expansion of ZIKV in the Americas largely has been due to the biology and behavior of its vector, Aedes aegypti. 
Other arboviruses transmitted by Ae. aegypti include the 2 flaviviruses dengue virus and yellow fever virus and the alphavirus chi-
kungunya virus, which are also (re)emerging viruses in the Americas. This mosquito vector is highly domesticated, living in close 
association with humans in urban households. Its eggs are desiccation resistant, and the larvae develop rapidly in subtropical and 
tropical environments. Climate warming is facilitating range expansion of Ae. aegypti, adding to the threat this mosquito poses to 
human health, especially in light of the difficulty controlling it. Aedes albopictus, another highly invasive arbovirus vector that has 
only been implicated in one country (Gabon), is an important vector of ZIKV, but because of its wide geographic distribution may 
become a more important vector in the future. This article discusses the historical background of ZIKV and the biology and ecology 
of these 2 vectors.
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Zika virus (ZIKV) (Flaviviridae; Flavivirus) was considered a 
generally mild disease until it emerged in French Polynesia in 
2013 and more dramatically in the Americas in 2015. It is almost 
exclusively transmitted by Aedes species mosquitoes, and it is 
neurotropic. These combined characteristics make this virus 
unusual; biologically it falls between the Aedes-transmitted 
hemorrhagic disease flaviviruses, such as dengue and yellow 
fever viruses that have nonhuman primates as their vertebrate 
hosts, and Culex-transmitted encephalitic flaviviruses, such as 
West Nile and St Louis encephalitis viruses, with birds as the 
amplifying hosts [1]. Therefore, ZIKV does not adhere to the 
classical separation of flaviviruses by disease association and 
epidemiology, generally correlated with the phylogenetic rela-
tionships among the flaviviruses. Another unusual aspect of 
ZIKV is its pathogenicity to fetuses, especially during the first 
trimester of pregnancy. While there are a number of teratogenic 
viruses, flaviviruses generally do not cross the placenta and 
cause disease in the developing human fetus.

ZIKV was initially isolated in 1947 from a rhesus macaque 
monkey caged on a tree platform in the canopy as a sentinel 
to detect yellow fever virus (YFV) in the Zika forest, Uganda 
[2]. The virus subsequently was isolated in 1948 from Aedes 

africanus, also from the Zika forest [2]. Isolation of virus from 
other Aedes species, specifically of the Aedimorphus, Diceromyia, 
and Stegomyia subgenera, in forested habitats include Ae. afri-
canus and Aedes apicoargenteus (Uganda) [3, 4], Aedes lute-
ocephalus (Nigeria) [5], and Aedes furcifer and Aedes vittatus 
(Senegal) [6], and several species have been demonstrated in 
the laboratory to be competent vectors [7–9].

Outside of Africa, Aedes aegypti (Linnaeus) is considered the 
predominant vector of ZIKV. In 1956, the first experimental 
studies indicated successful transmission of ZIKV by laborato-
ry-infected Ae. aegypti to mice and monkeys [8], demonstrat-
ing that this virus could be transmitted in an urban as well as 
sylvatic cycle. And indeed, in 1966, ZIKV was isolated from 
this species in Malaysia [10]. In the laboratory, the extrinsic 
incubation period was estimated to be approximately 10 days, 
although virus titers remained high in the mosquito through 
60 days.

Zika virus was reported to have emerged from its sylvatic 
cycle to a rural habitat in 2007 when disease was recognized on 
Yap Island, Federated States of Micronesia, in 2007. The vector 
is presumed to have been Aedes hensilli, the most abundant and 
widespread Aedes species mosquito in Yap State [11]. Although 
virus was not isolated from any mosquito on the island in spite 
of attempts made, Ae. hensilli has been demonstrated to be an 
efficient vector [12].

Also in 2007, ZIKV was detected for the first time in Aedes 
albopictus (Skuse), in Gabon, Africa, in an urban environment 
[13]. This species was first introduced into Africa in 1991, and 
found for the first time in Gabon in 2007; the same year, not 
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only ZIKV, but also chikungunya virus (CHIKV) and dengue 
virus (DENV) were detected in the country. This finding was 
especially concerning because of the highly invasive nature of 
this mosquito species as evidenced by its geographic global 
expansion in Africa, Europe, and the Americas.

In 2013–2014, ZIKV was introduced into French Polynesia in 
the South Pacific, leading to an urban outbreak outside Africa 
for the first time [14]. The origin of this outbreak remains 
unknown, and the virus spread to other Pacific Islands from 
there, most likely from infected travelers. The 2 mosquito spe-
cies thought to possibly be involved in this new location are Ae. 
aegypti, present on Pacific Islands, and the endemic species, 
Aedes polynesiensis [15]. Both species were found to be poorly 
competent, lending suspicion that other Aedes vectors may have 
been involved. The relatively low viral loads in patients infected 
with ZIKV with an order of magnitude of 1 × 105 copies/mL 
compared with 1 × 107 to 1 × 109 copies/mL for CHIKV [16, 
17] suggest that vector competence may be critical—that is, the 
mosquito must be highly susceptible to infection to establish a 
human–mosquito transmission cycle.

ZIKV IN THE AMERICAS

The focus of attention on ZIKV vectors in the Americas has 
been on Ae. aegypti, the vector of DENV, CHIKV, and urban 
YFV. This species occurs in 2 distinct forms in its native coun-
try, Africa: the feral form, subspecies formosus, and the domes-
ticated form, subspecies aegypti [18]. It is the latter form that 
has been inadvertently spread throughout the world, becom-
ing established in receptive environments, specifically tropical 
and subtropical regions, not only as a consequence of accom-
modating temperatures in those regions, but also as a result 
of its highly domesticated nature leading to close association 
with urban households, and manmade perturbations on the 
environment. It was first introduced into the Americas in the 
16th century. This species arguably poses the greatest threat for 
transmission of arboviral infections to mankind.

A potential secondary vector and even more invasive spe-
cies is Ae. albopictus, which, like Ae. aegypti, is in the subge-
nus Stegomyia and is ecologically similar to Ae. aegypti, albeit 
with significant differences. Until recently, Ae. albopictus was 
found only in the Eastern Hemisphere, but became established 
in the United States in the mid-1980s [19]. Aedes albopictus dis-
tribution has expanded dramatically into temperate regions of 
Europe and North America, currently inhabiting 28 countries 
beyond its native tropical range in Southeast Asia, and is now 
found on every continent except Antarctica [20, 21]. A review 
of the vector status of Ae. albopictus (to 2004) examines its role 
in dengue and other arboviral outbreaks [22]. Aedes albopictus 
was the vector of the first CHIKV outbreak reported in Europe 
in 2007 when there were an estimated 254 human cases occur-
ring in Italy [23]. CHIKV infection of Ae. albopictus was associ-
ated with a mutation in the envelope protein gene (E1-A226V), 

making this species competent. In addition, Ae. albopictus has 
been incriminated as likely the significant vector of ZIKV in 
Gabon [13] but also may play a secondary role in viral transmis-
sion in Mexico in the state of San Luis Potosi, as reported by the 
Pan American Health Organization/World Health Organization 
(WHO) in April 2016 [24] and elsewhere. But there is no defini-
tive evidence it is playing a significant role in transmission in the 
current outbreak (since 2015 to July 2017) in other countries in 
the Americas. Whether this is due to behavioral differences, life 
table characteristics, vector competence, or lack of effective sur-
veillance for this species is under study. Understanding this spe-
cies’ biology is critical, as Ae. albopictus may become significant 
vectors of ZIKV in the future if the virus were to adapt to them 
through genome microevolution as occurred with CHIKV in 
La Réunion 2005–2006 during the Indian Ocean outbreak [25].

Aedes aegypti and Ae. albopictus are holometabolous. Eggs 
withstand some degree of drying depending on the species, 
with Ae. aegypti eggs more resistant to drying than temperate 
Ae. albopictus [26, 27], giving the former an advantage under 
dry conditions. Aedes aegypti eggs actually need to dry as a 
stimulus for embryonation. In Florida, Ae. aegypti are regain-
ing terrain previously lost to the more competitive Ae. albopic-
tus (see below), moving north as temperatures have increased 
and environments have become drier, favoring their survival. 
An Australian study demonstrated 2%–15% Ae. aegypti egg 
viability following 1 year of desiccation and viability remaining 
>88% through 56 days of varying levels of dryness. Intraspecific 
variations in egg survival times were recorded, suggesting local 
adaptation [28]. In the laboratory, –3°C for 24 hours was identi-
fied as a threshold for viability of Ae. albopictus eggs [29].

The eggs hatch when submerged under water. The larvae 
pass through 4 instars followed by pupation and emergence of 
the adult. The 2 species share larval habitats where they coex-
ist and experience interspecific resource competition. Larvae of 
Ae. albopictus appear to be more competitive under such con-
ditions [30], giving them an advantage when both species are 
developing in the same container of water. It has been hypoth-
esized that the increased success of Ae. albopictus is due to its 
ability to feed very quickly and not to stop feeding even in the 
presence of a predator, thereby selecting for mosquitoes ovi-
positing in predator-free containers. This seems to be true for 
both temperate and tropical forms of Ae. albopictus [31]. They 
also seem to be refractory to apparently toxic compounds, pos-
sibly because of their association with tires that have noxious 
leachates [32]. Aedes albopictus adults may have an advantage 
possibly as a result of satyrization, or asymmetric mating inter-
ference with Ae. aegypti [33]; furthermore, evolved resistance to 
this phenomenon results in reduced fitness, but the phenome-
non appears to be rare in the field [34, 35]. For all these reasons, 
Ae. albopictus appears to be displacing Ae. aegypti except under 
dry conditions where superior egg survival of Ae. aegypti gives 
this species a distinct advantage.
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Additional differences in the biology of Ae. aegypti and Ae. 
albopictus include life table characteristics, preferred habi-
tat, and feeding and breeding differences. Aedes aegypti prefer 
urban habitats, and breed in any container that holds water 
around homes, taking blood meals from the inhabitants of these 
houses after emergence as adults, and often resting indoors. 
Aedes aegypti feeding habits are highly focused on humans, and 
the females take blood meals frequently (ie, more than once in 
each gonotrophic cycle), potentially transmitting virus with 
each blood meal [18, 36, 37]. Aedes albopictus, on the other 
hand, prefer suburban back yards and green parks rather than 
urban city centers. In addition, their feeding preferences are 
more catholic—they will feed on domestic animals and such 
mammals as squirrels and chipmunks as readily as on humans. 
Faraji and colleagues [38] found that in the northeastern United 
States, Ae. albopictus fed exclusively on mammalian hosts with 
>90% of their blood meals derived from humans and domesti-
cated pets, and they fed from humans significantly more often 
in suburban than in urban areas. In southern Thailand, 100% 
of the Ae. albopictus blood meals were human, with a very low 
proportion of double blood meals [37]. In general, 6%–10% 
of Ae. albopictus blood meals have been reported to be double 
blood meals from multiple vertebrate hosts [39, 40].

Vectorial capacity, VC = [ma2 (I*T)pn]/−ln(p), incorporates 
biology of the mosquito and its ability to become infected and 
transmit virus, including m, the vector density in relation to the 
host; a, the probability that a vector feeds on a host in 1 day (ie, 
the host preference index multiplied by the feeding frequency); 
p, the probability that a vector survives 1 day; n, the duration 
of the extrinsic incubation period (EIP) in days; I  (infection 
rate) * T (transmission rate) is equal to vector competence (b) 
or the proportion of vectors ingesting an infective meal that are 
later able to transmit the infection; and 1/−ln(p) is the dura-
tion of the vector’s life in days after surviving the EIP. Frequency 
of feeding on the targeted host (host feeding [a]) is one of the 
most important components of vectorial capacity. Aedes aegyp-
ti’s focused feeding habits on humans partially explain the 
effectiveness of this species as a vector. While the ability of Ae. 
aegypti to become infected with and transmit YFV in Nigeria 
was demonstrated to be low, they sustained the outbreak due to 
both frequent blood feeding and high population density [41]. 
As will be discussed later, Ae. aegypti similarly appears to not be 
a highly efficient vector of ZIKV.

The current distribution of Ae. aegypti and Ae. albopictus in 
the continental United States is limited to the selected Atlantic 
and Gulf states (Figures 1 and 2) [42]. If Ae. albopictus were 
to become a significant vector of ZIKV in the United States 
through viral adaptation/mutation, as was the case for CHIKV 
in La Reunion [23, 43], Italy [44], France [45], and Asia [46], 
the United States and other temperate locations would be at 
greater risk of ZIKV transmission because the range of this spe-
cies extends further north than that of Ae. aegypti, for example, 

north to New England and the lower Great Lakes in the United 
States (Figures 1 and 2). Aedes albopictus is increasing its range 
not only in the Americas, but also in Europe [47]. There have 
been multiple introductions of this species to the United States, 
first at the Port of Houston in 1985, and later in the Port of Los 
Angeles, and differences in genetics of distinct populations can 
be seen. (D. M.  Fonseca, unpublished data). Used tires and 
“lucky bamboo” are 2 common culprits containing eggs [48]. 
The invasive success of both Ae. aegypti and Ae. albopictus [49] 
has been attributed to the “anthropogenically induced adapta-
tion to invade” hypothesis of Hufbauer and colleagues [50].

Aedes species survive adverse climatic periods in the egg stage; 
thus, the ability of the eggs to withstand cold and desiccation 
(discussed above) is critical to perpetuation of the species and 
continued transmission of viruses such as ZIKV in temperate 
environments. Both temperate and tropical populations of Ae. 
albopictus have become established in the United States, with 
the temperate ones being more cold adapted, allowing them to 
become established in cooler environments. Aedes aegypti and 
possibly Ae. albopictus egg survivorship/hatching success is 
important in understanding and predicting future ZIKV trans-
mission in the temperate environments of North and South 
America. It is also likely that Aedes can gradually adapt to cooler 
temperatures, which will affect the limits of their ability to expand 
north in North America, and south, in the Southern Hemisphere, 
as well as increase their distribution vertically in elevation. One 
study conducted with a population of Ae. aegypti at the limits 
of its distribution in Argentina, demonstrated larvae completed 
development during a simulated cold season, with a trend toward 
increased survival of late-hatching cohorts. Survival was 30% 
at 13.2°C and >90% at 20°C; development time was 49.4  days 
at 13.2°C and 17.7 days at 20°C. These levels of success are only 
meaningful if the emerged adults are able to mate and take blood 
meals successfully, but the greater success at development under 
cool conditions than those seen in other studies suggests adapta-
tion to the cooler climate in the country [51].

VECTOR COMPETENCE

The many studies evaluating vector competence of Aedes spe-
cies for ZIKV have been difficult to compare with each other 
as different populations of Ae. aegypti have been used, includ-
ing both colonized and field populations, different strains of 
ZIKV, various doses in the infectious blood meal (unnaturally 
high and lower doses), blood meal presentation, and other dif-
ferences (Table  1). In general, geographic origin of the virus 
and vector make a difference; the African strains of virus have 
been found to be more infectious for Ae. aegypti than American 
strains [52].

Since multiple introductions of Ae. albopictus have been 
suggested in the United States [53], with both temperate and 
tropical origins, vector competence assays should be con-
ducted with multiple populations, as it is known that there 
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Figure 2.  Maps showing the reported occurrence of Aedes albopictus by county between 1 January 1995 and March 2016 in the United States. Reported occurrence from 1 
January 1995 through 1999 (A), from 1 January 1995 through 2004 (B), from 1 January 1995 through 2009 (C), and from 1 January 1995 through March 2016 (D), representing 
the best knowledge of the current distribution of this mosquito based on collection records. Counties shown in white had no reported Ae. albopictus presence records within 
the specified time period. Counties shown in yellow had Ae. albopictus presence records for 1 year within the specified time period, those shown in orange had 2 years of 
presence records within the specified time period, and those shown in red had ≥3 years of presence records within the specified time period. Adapted from Hahn et al [42].
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Figure 1.  Maps showing the reported occurrence of Aedes aegypti by county between 1 January 1995 and March 2016 in the United States. Reported occurrence from 1 
January 1995 through 1999 (A), from 1 January 1995 through 2004 (B), from 1 January 1995 through 2009 (C), and from 1 January 1995 through March 2016 (D), representing 
the best knowledge of the current distribution of this mosquito based on collection records. Counties shown in white had no reported Ae. aegypti presence records within the 
specified time period. Counties shown in yellow had Ae. aegypti presence records for 1 year within the specified time period, those shown in orange had 2 years of presence 
records within the specified time period, and those shown in red had ≥3 years of presence records within the specified time period. Adapted from Hahn et al [42].
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is intraspecific variation. Such variation may be behind the 
findings that Culex pipiens and its sibling species, Culex quin-
quefasciatus, are not competent ZIKV vectors in a total of at 
least 11 experimental laboratory studies [54–64] among others 
reviewed in [65]; but Cx. quinquefasciatus was demonstrated to 
transmit to mice when a population from Hainan province of 
southern China was infected with a 2016 isolate from Samoa 
[66], and the presence of ZIKV RNA and infectious virus in 3 
of 80 pools of Cx. quinquefasciatus collected in field studies in 
Recife, Brazil, a hotspot for ZIKV [68]. In addition, laboratory 
studies demonstrated the presence of viral RNA in the saliva 
of perorally infected Culex [67, 68]. Other Brazilian scientists 
differ in their findings, concluding that Cx. quinquefasciatus has 
not played a role in the Rio de Janeiro outbreak; experimental 
studies with Cx. quinquefasciatus from areas with the highest 
incidence of microcephaly associated with ZIKV infections in 
the Northeast Region of Brazil demonstrated they are refrac-
tory to ZIKV [69]. One possible explanation for the discrepancy 
in results is mosquito population genetics, which are known to 
vary for Cx. quinquefasciatus populations [70], and virus genet-
ics, which are known to affect vector competence. While this 
explanation seems unlikely, and Cx. pipiens/Cx. quinquefascia-
tus do not appear to play a significant role in ZIKV transmis-
sion, one cannot rule out that with some combinations of virus 
and vector strains, Cx. quinquefasciatus may possibly serve as 
secondary vectors.

VIRUS PERPETUATION

ZIKV is maintained primarily by transmission between humans 
and Aedes species mosquitoes. Some Aedes species capable of 
transmitting ZIKV and other viruses are likely to live year-round 
across certain tropical areas in the Americas, Africa, and Asia. 
However, in less suitable habitats, the virus may persist in the 
environment through alternative mechanisms. While there is 
no requirement for an enzootic amplification cycle, similar to 
DENV, CHIKV, and YFV once virus emerges from its sylvatic 
habitats, sylvatic transmission between nonhuman primates 
and forest-dwelling mosquitoes may serve to maintain the virus 
during periods of low urban transmission either due to climatic 
conditions or to high herd immunity in the human population. 
Antibody to ZIKV has been detected in other vertebrates besides 
nonhuman primates in Africa and Asia, but because of extensive 
cross-reactions among flaviviruses even in serum neutralization 
assays, these serologic assays are not confirmatory [71]. However, 
more studies are needed as experimental infections demonstrated 
susceptibility of diverse vertebrate species. The role of sylvatic 
virus in directly causing disease in humans is under investigation 
with DENV [72], and clearly occurs with YFV [73].

Another mechanism of viral maintenance is vertical trans-
mission, which may serve to facilitate maintenance during low 
transmission seasons/years. Infection of male Ae. furcifer, a forest 

vector, has been reported [6]. ZIKV vertical transmission in Ae. 
aegypti mosquitoes was demonstrated in F1 adults following 
intrathoracic inoculation, yielding a minimum filial infection 
rate of 1:290 [74]. These investigators did not observe vertical 
transmission by Ae. albopictus similarly tested. But intrathoracic 
inoculation is not a natural means of infection. Following per-
oral infection of Ae. aegypti with 8.9–9.3 log10 plaque-forming 
units/mL ZIKV (Honduras), resulting in >93% disseminated 
infections, a filial infection rate (FIR) of 11.9 (range, 4.9–24.6) 
was found, equal to approximately 1:84, a rate higher than that 
generally observed for flaviviruses. Ae. albopictus, similarly 
tested, was determined to have an FIR of 11.8 (range, 1.7–134.8), 
thus also capable of vertical transmission [75]. Finally, alternate 
vectors must be considered as playing a role in maintenance of 
ZIKV. Little research has been done evaluating mosquito species 
other than Ae. aegypti and Ae. albopictus, with the exception of 
the studies mentioned above on Cx. quinquefasciatus.

ABIOTIC FACTORS

Mosquitoes are particularly susceptible to climate variabil-
ity and climatic change as they are poikilothermic organisms; 
despite its domestic habits, Ae. aegypti is no exception. There 
have been numerous studies on association between tempera-
ture and development, current and future geographic distribu-
tion, and population dynamics of Ae. aegypti mostly in relation 
to DENV transmission [76, 77], but also looking specifically 
at impact on the vector itself [78, 79]. Temperature and pre-
cipitation affect both the immature stages of the mosquito, a 
holometabolus organism with immature stages confined to 
water-containing environments, and the adult stage. However, 
adults have a greater ability to survive in ostensibly inhospitable 
environments by moving to protected areas, (eg, cellars, sew-
ers). That being said, Ae. aegypti larvae also have been found to 
breed very successfully in subterranean habitats, such as wells 
and service manholes in Australia [80]. Septic tanks in Puerto 
Rico have been demonstrated to be productive for Ae. aegypti 
larvae [81]. Such protected habitats allow Ae. aegypti to main-
tain DENV during the dry season. The identification of such 
habitats is especially important as Aedes control campaigns 
are directed at surface habitats primarily. New habitats more 
biologically accommodating to the vectors are also created by 
warming climates. For example, Ae. aegypti is now found at 
elevations up to 1420 m above sea level in Mexico, where ele-
vations >1200 m above sea level had been prohibitive in the 
past [82]. Similarly, Lozano-Fuentes [83] commonly found Ae. 
aegypti at elevations as high as 1700 m, and occasionally from 
1700 to 2130 m above sea level, in Mexico.

Other factors besides climate contribute equally, if not more, 
to increasing risk of infection with viruses such as ZIKV trans-
mitted by Ae. aegypti. Such factors fall into social, economic, 
and epidemiologic groups. Passenger travel has increased 
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significantly, allowing viremic individuals to travel with increas-
ing speed to receptive environments containing susceptible 
mosquitoes. The estimated number of passengers flying inter-
nationally increased from 227 million in 1980 to 1.2 billion 
people in year 2016 [84, 85]. It is anticipated that by 2030, the 
number of people flying across international borders will exceed 
1.8 billion per year. Because individuals with DENV, ZIKV, 
CHIKV, and YFV infections are infectious during the viremic 
phase for Ae. aegypti mosquitoes, these viruses may move even 
more frequently around the globe in the future. Furthermore, 
not only human travel, but also increased movement of goods 
around the world, creates an environment where eggs are trans-
ported inadvertently with cargo between regions. The vectors 
Ae. aegypti and Ae. albopictus are spreading geographically as a 
consequence of their invasiveness as container breeders and the 
ability of their eggs to withstand dry conditions. Anthropogenic 
changes increase breeding habitats and increase contact between 
humans and mosquitoes in increasingly dense urban population 
centers with substandard housing and lacking infrastructure to 
support the number of people living there.

PREVENTION AND CONTROL

With the continued expansion of DENV and the recent intro-
duction of ZIKV to the Americas, there has been a new impe-
tus for vaccine development and antivirals against flaviviruses. 
Nonetheless, control of arboviral activity still rests largely with 
vector control at this time. This is problematic with the growing 
prevalence of insecticide resistance, particularly to commonly 
used organophosphates and pyrethroids, as well as carbamates 
and organochlorines and growing intolerance of the commu-
nity to the use of such toxic agents, diminishing effectiveness of 
such intervention strategies. Moyes and colleagues [86] recently 
provided a comprehensive assessment of the geographical distri-
bution of insecticide resistance in Ae. aegypti and Ae. albopictus, 
against the backdrop of environmental suitability for these species 
[87]. Figure 3 points out the locations of populations that have 
been bioassayed. This makes control of Ae. aegypti and Ae. albop-
ictus and the diseases they cause a particularly grand challenge.

In the early 20th century, systematic elimination of Ae. aegypti 
breeding sites successfully led to vector suppression and conse-
quent control of yellow fever [88]. In the 1950s, DDT (dichlo-
rodiphenyltrichloroethane) was used to spray infested containers 
and solid surfaces to further control Ae. aegypti [89]. By the early 
1960s, the species was declared absent from 22 countries. But 
when control efforts ceased, Ae. aegypti, which likely had not 
been completely eliminated by the earlier efforts, reemerged in 
force repopulating cities in Central and South America. Today, 
Ae. aegypti continues to pose a major public health threat.

The field of vector control is moving forward rapidly with 
promising new approaches. But the behavior and biology of Ae. 
aegypti and Ae. albopictus make these species particularly diffi-
cult to control over the long term. Specifically, their propensity 

to breed in artificial and natural containers in close proximity 
to people’s homes, where in addition the adults have access to 
protected resting sites, diminishes exposure to treatment. The 
number, diversity, and distribution of containers make it logisti-
cally difficult to treat all existing habitats to eliminate breeding. 
Furthermore, control of Ae. aegypti–transmitted pathogens is 
exacerbated by this species’ habit of feeding often and almost 
exclusively on human blood, thereby increasing the efficiency of 
transmission (R0) of each individual female [36].

As a consequence, a broad multifaceted approach to control 
is needed. With integrated pest management, a combination of 
methods is applied in concert, addressing prevention of trans-
mission, reduction of the vector population, and the elimination 
of conditions that lead to mosquito infestations [90]. One aspect 
of this approach is adoption of personal protection measures 
by the community, education on Ae. aegypti and Ae. albopictus 
habits and on how to prevent mosquito bites, and source reduc-
tion. But such effort on its own has not been very successful in 
controlling disease. Additionally, ultra–low volume sprays and 
fogging with US Environmental Protection Agency–registered 
pesticides, generally conducted by mosquito control organiza-
tions or companies using aircraft or truck-mounted sprayers, 
have been used. But this method of control is fraught with prob-
lems not only because of indoor resting behavior of the vector, 
but also insecticide resistance, insecticide persistence in the 
environment, toxicity of the compounds for nontarget species, 
and public opinion. While peridomestic and indoor residual 
spraying may have been successful in the past, this approach is 
no longer acceptable to most people in an urban environment.

Biopesticides are being used as larvicides to circumvent the 
problem of resistance to and toxicity of chemical compounds. 
Examples include microbial control agents—for example, 
Bacillus thuringiensis (Berliner) [91] and Bacillus sphaericus 
Neide [92]—and insect growth regulators such as methoprene, 
pyriproxyfen, and diflubenzuron, which are chitin synthesis 
inhibitors [93, 94]. Pyriproxyfen not only inhibits the devel-
opment of the adult mosquito, but in addition, when an adult 
mosquito comes in contact with this agent it can inadvertently 
transfer it to other containers [95]. It has been demonstrated 
in the field that low doses are effective in inhibiting Aedes and 
the residual activity can be maintained for 11–15 weeks [96]. 
But in the laboratory, resistance to some chitin synthesis inhibi-
tors develops within a few generations [93]. Excellent thorough 
reviews on microbial control agents have been published and 
should be read for comprehensive information (eg, [97, 98], 
among many others). But it must be kept in mind that any intro-
duced lethal agent, whether chemical or biological, affects the 
entire ecosystem because of the interdepence of all life.

Physical approaches to mosquito control include lethal ovi-
traps, insecticide-treated clothing, mosquito coils, and other 
such measures (see Ogoma and colleagues [99] for a review of 
spatial repellency testing methodologies). But both cultural and 
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biological factors hinder integrated pest management methods, 
making development of novel methods a priority. To name a few 
such factors, people are hesitant to allow biological or chemical 
agents to be added to their drinking water; many breeding sites 
are cryptic and cannot be easily located; and breeding habitats 
may be ephemeral, making biological control ineffective.

Exciting novel approaches under development and in trial 
circumvent chemicals and biologicals and can be incorporated 
into an integrated vector control program. These approaches 
attack the adult stage of the mosquito and use the manipulated 
male mosquito as the delivery vehicle. They include sterile 
insect technique (SIT) [100], a modification of SIT where genet-
ically engineered males carrying dominant lethal genes (release 
of insects carrying dominant lethal gene [RIDL]) are released 
into the wild [101], and release of Wolbachia-infected mosqui-
toes. Each of these approaches will be discussed briefly below.

Sterile Insect Technique

In this autocidal approach to mosquito control, large num-
bers of irradiated or chemosterilized males are released 
into the environment where they compete with wild-type 
males to ultimately suppress the F1 population of that spe-
cies. Because SIT control is based on mating behavior, this 
approach is species-specific. But in field tests, the sterilized 
males lack competitiveness; furthermore, mated females 
may move into the area and lay eggs, further diminishing 
effectiveness. Repeated releases of the sterilized males is 
necessary as the procedure is not self-sustaining, but it is 
only native species that are being introduced, making the 
technique environmentally friendly. This technique has 
been extremely successful in eradicating the screw-worm fly  
(Cochliomyia hominivorax) from North and Central  
America [102].

Index of environmental suitability
for persistance of Aedes
aegypti/albopictus populations

States/provinces where Ae. aegypti/
albopictus has been reported

Organophosphate bioassay data

Pyrethroid bioassay data

Aedes aegypti

Aedes albopictus

0

1.0

Figure 3.  Locations of bioassay data for the organophosphates and pyrethroids, 2006–2015. Locations of populations that have been bioassayed (susceptibility and dose 
response, adult and larval) are shown for both insecticide classes, overlaid on maps of environmental suitability for Aedes aegypti and Aedes albopictus. Adapted from Moyes 
et al [86] and Kraemer et al [87].
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Release of Insects Carrying Dominant Lethal Gene

Suppression is basically a modification of the SIT where, in place 
of irradiation or chemosterilization, a dominant lethal trans-
gene is inserted during the embryonic stage. Its expression is 
artificially repressed during rearing in the laboratory but func-
tional following release of the engineered males in the wild; any 
wild female mating with a RIDL male will produce offspring, 
all of which carry 1 copy of the RIDL system. All the female 
progeny will therefore die from the female-specific lethality. The 
male progeny, on the other hand, will survive, and because they 
carry 1 copy of the RIDL system, half of the next generation’s 
female progeny will die, and so on [101].

Oxitec (Oxitec Limited, Oxford, United Kingdom) has devel-
oped its own version of RIDL where the male mosquitoes are 
engineered to contain a self-limiting gene that causes their off-
spring to die, but allowing Oxitec insects to live and reproduce 
normally when they are fed a diet containing tetracycline (in 
the rearing facility). The self-limiting gene, tTAV (tetracycline 
repressible transactivator variant), is a gene variant that has 
been optimized to only work in insect cells. In the wild, off-
spring that contain the self-limiting gene make a nontoxic pro-
tein that ties up the cell’s machinery so its other genes are not 
expressed and the insect dies [103]. Field studies in the Cayman 
Islands led to a suppression of 80% of the natural population 
[104] and, in Brazil, a suppression of 78%–95% of the natural 
population [105].

Wolbachia

Wolbachia is an endosymbiotic bacteria that is naturally found 
in many arthropod species, with the exception of Ae. aegypti 
[106]. Infection of Ae. aegypti with Wolbachia has been shown 
to inhibit DENV and CHIKV replication [107] as well as ZIKV 
[108]. Contributing further to the effectiveness of Wolbachia is 
the phenomenon of cytoplasmic incompatibility [109], allow-
ing it to spread efficiently in caged populations [110] and in 
the environment, as demonstrated in Australia with the release 
of Ae. aegypti infected with wMel Wolbachia. The frequency 
of these Wolbachia-infected Ae. aegypti remained at >90% for 
3 years [111] demonstrating that Wolbachia is a highly efficient 
gene drive mechanism.

A pressing question is what level of population suppression 
of Ae. aegypti is necessary for elimination of virus transmission 
to humans, the target host. Since Ae. aegypti may take multiple 
interrupted blood meals in each gonotrophic cycle, mosquito pop-
ulations with few infected females may still be effective in mainte-
nance of the virus transmission cycle. Other issues that need to be 
addressed include lack of acceptance by the community, logistics of 
release, and certainty that nontarget insects are not harmed.

CONCLUSIONS

Aedes aegypti and Ae. albopictus are widely distributed glob-
ally and 2 of the most important vectors of human pathogens 

involved in the transmission of medically important arboviruses 
such as DENV, ZIKV, CHIKV, and YFV. This review has dis-
cussed some of the factors that have contributed to the ecological 
success of these species, including rapid development, desicca-
tion-resistant eggs, resistance to the principal insecticide classes 
currently available on the market, preference for the urban envi-
ronment and consequently proximity to humans, globalization 
(ie, increase of trade and travel), lack of effective surveillance, 
and lack of efficient control. Furthermore, Ae. albopictus demon-
strates ecological plasticity and a strong competitive ability [112]. 
Relationships between climate and vector ecology and the social, 
economic, and epidemiological factors involved in virus trans-
mission remain unclear. Models have not accounted for local 
microclimate effects, leading to difficulty interpreting results. 
But socioeconomic factors, including adequate healthcare and 
sanitation, may affect the current geographic distribution and 
human incidence of many diseases more significantly than cli-
mate. Clearly, integrated management approaches to control Ae. 
aegypti and Ae. albopictus must be undertaken if there is any 
hope of controlling these 2 important mosquito vectors.
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