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Chapter 3. Genetics of the mosquito Ae. aegypti

This chapter deals with the genetics of Aedes aegypti, including genetic linkage to
the physical map of the mosquito genome, its population genetics and its geographic
distribution (phylogeography). Information is then provided on the genetics of insecticide
susceptibility, the diverse modes of action and mechanisms of resistance to insecticides
(metabolic, target-site, reduced penetration, behavioural avoidance). The last section
focuses on the genetics of vector competence in Ae. aegypti, comprising the susceptibility
of the mosquito populations to viruses and dengue virus in particular, the anatomic
barriers to infection (midgut cells), the climatic factors affecting the infection
susceptibility, the genetic variability and geographical variations in Ae. aegypti vector
competence.
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Linkage map organisation of Ae. aegypti

Ae. aegypti was the first mosquito species for which a detailed genetic linkage map
was constructed and linked to the physical map (Craig and Hickey, 1967; Munstermann
and Craig, 1979). Sequence-tagged site (STS) markers were developed for two different
strategies, both based on physical maps using fluorescence in-situ hybridisation (FISH).
The first mapping strategy used cosmids (8 RFLP markers) and the second strategy used
cDNAs (21) (Brown et al., 2001). Recently, a band-based approach was used to perform
a physical mapping of the Ae. aegypti genome to its mitotic chromosomes (Sharakhova
etal., 2011; Timoshevskiy et al., 2013). The mitotic chromosome complement of
Ae. aegypti consists of three pairs of metacentric chromosomes (Rai, 1963) that are
numbered 1 (smallest), 2 (largest) and 3 (intermediate) (McDonald and Rai, 1970).
Ae. aegypti sex determination alleles have been linked to the smallest homomorphic
autosome 1 (McClelland, 1962). The three chromosomes of Ae. aegypti have been
subdivided into a total of 23 regions and 94 subdivisions based upon staining of early
metaphase chromosomes using YOYO-1 iodide (Timoshevskiy et al., 2014) (Figure 3.1).
In addition to 100 genetic markers and 183Mb of genomic sequence, a marker linked with
sex determination (Severson et al., 2002) and 12 quantitative trait loci (QTL) associated
with pathogen transmission (Severson et al., 1995; Bosio, Fulton and Salasek, 2000;
Gomez-Machorro, Bennett and Mufioz, 2004; Zhong et al., 2006) have been also
anchored to the chromosomes (Timoshevskiy et al., 2014).

Although whole-genome sequencing has been undertaken (genome size of Ae. aegypti =
1.376 GDb), sequence compilation is still in progress due to the abundance of transposable
elements (TEs) that cover approximately 50% of the Ae. aegypti genome (Nene et al.,
2007; Severson and Behura, 2012; Timoshevskiy et al., 2014). TEs are extremely
important to genome function and evolution (Arensburger et al., 2011) and may be
key factors in mosquito genome plasticity. Low levels of polyteny resulting in poor
quality of chromosome preparations add to the difficulty of using polytene chromosomes
for physical mapping purposes in Ae. aegypti (Sharma et al., 1978; Campos, Andrade and
Recco-Pimentel, 2003). Furthermore, the abundance of TEs complicates FISH
experiments which require the use of unlabelled repetitive DNA fractions to block non-
specific hybridisation. A physical map for Ae. aegypti corresponding to 13.3% of
the genome was developed using FISH markers on mitotic chromosomes (Severson et al.,
1993), genetic linked map (RFLP cDNA-based map) (Brown et al., 1995, 2001,
Sharakhova et al., 2011), and QTL (Severson et al., 1994, 1995; Bosio, Fulton and
Salasek, 2000; Gomez-Machorro, Bennett and Mufioz, 2004; Zhong et al., 2006).
More recently, a more detailed physical map of the mosquito was constructed and a total
of 624 Mb covered approximately 45% of the Ae. aegypti genome (Timoshevskiy et al.,
2014).

Though this mosquito has a high TE load including miniature inverted-repeat
transposable elements (MITES) and piRNA biogenesis genes, its genome has a low
proportion of transposon-specific piRNAs (Biryukova and Ye, 2015). This is important in
preserving overall genome stability because the small RNA pathway controls
TE mobilisation and movement (Saito and Siomi, 2010; Senti and Brennecke, 2010).
Unregulated movement of active elements or non-autonomous sequences can lead to
insertional mutagenesis through the genome resulting in a decrease in genetic fitness.
Arensburger (2011) also stated that the stability of the transposons in Ae. aegypti
is the result of a low proportion of transposon-specific piRNAs.
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Figure 3.1. A physical map of the Ae. aegypti genome
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Note: Chromosome regions and subdivisions are indicated on the left side of the idiograms.
Source: Timoshevskiy, V.A. et al. (2013), “An integrated linkage, chromosome, and genome map for
the yellow fever mosquito Aedes aegypti”, PLOS Neglected Tropical Diseases, Vol.7, No. 2, pp. 2052;
Timoshevskiy, V.A. et al. (2014), “Genomic composition and evolution of Aedes aegypti chromosomes
revealed by the analysis of physically mapped supercontigs”, BMC Biology, Vol. 12, pp. 27.

RNA interference (RNAI) is an important anti-viral defence mechanism. Although
the Ae. aegypti genome encodes RNAI component orthologs, however, most populations
of this mosquito are readily infected by, and subsequently transmit, arboviruses (Nene
et al., 2007; Arensburger et al., 2011).

Population genetics and phylogeography of Ae. aegypti

The two Ae. aegypti subspecies: Ae. aegypti formosus, a wild mosquito apparently limited
to sub-Saharan Africa, and Ae. aegypti aegypti, found globally in tropical and subtropical
regions typically in association with humans (Moore et al., 2013), are described with
their characteristics under the Classification (Taxonomy) section in Chapter 1. In addition,
the Systematics section reports on the existence of two principal clades of Ae. aegypti
collections worldwide.

In Mexico, local patterns of gene flow among Ae. aegypti populations were assessed
using random amplified polymorphic DNA (RAPD) markers. Large genetic distances
were observed, suggesting reduced gene flow among the mosquitoes (Garcia-Franco et al.,
2002; Gorrochotegui-Escalante et al., 2002; Mufioz et al., 2013a). The populations
are panmictic along the Pacific coast, isolated by distance in northeast Mexico, and
exhibit moderate gene flow across the Yucatan peninsula (Mufioz et al., 2013a).
In the southern Pacific coast region reduced gene flow may result from sampling at
altitudes greater than 1 500 m, which is close to the altitudinal limit for Ae. aegypti
in Mexico (Lozano-Fuentes et al., 2009; Navarro et al., 2010), the mosquito being unable
to survive at altitudes greater than 2 000 m (Lozano-Fuentes et al., 2012).
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Sequence variation in the mitochondrial NADH dehydrogenase subunit 4 (ND4) gene,
has been used to describe patterns of gene flow among Ae. aegypti s.l. collections within
and among countries outside Africa (Gorrochotegui-Escalante et al., 2000, 2002; Bosio
et al., 2005; Costa-da-Silva, 2005; Herrera et al., 2006; Bracco et al., 2007; Ribeiro et al.,
2007; Paduan and Ribolla, 2008; Paupy et al., 2008; Urdaneta-Marquez et al., 2008;
Duenfias et al., 2009; Hlaing et al., 2009; Lima and Scarpassa, 2009; Lozano-Fuentes et al.,
2009; Paupy et al., 2012; Mufioz, 2013a; Moore et al., 2013). In Mexico, novel ND4
haplotypes were discovered and used to assess the amount of gene flow among breeding
sites and to possibly predict the degree to which dengue virus (DENV) is transferred
among sites (Gorrochotegui-Escalante et al., 2000, 2002; Garcia-Franco et al., 2002).

To date 96 novel ND4 haplotypes have been discovered and three phylogenetic patterns
have been consistently noted: either mtDNA haplotypes were distributed
as two well-supported clades (Gorrochotegui-Escalante et al., 2000; Bosio et al., 2005;
Lima and Scarpassa, 2009), or as a basal group similar to outgroup subspecies from
which a second derived clade arises (Gorrochotegui-Escalante et al., 2002; Bracco et al.,
2007; Paduan and Ribolla, 2008; Duefias et al., 2009; Hlaing et al., 2009; Lozano-Fuentes
et al., 2009; Paupy et al., 2012; Mufioz et al., 2013a). The broad distribution of specific
haplotypes in Venezuela (Urdaneta-Marquez et al., 2008), Brazil (Bracco et al., 2007;
Paduan and Ribolla, 2008; Lima and Scarpassa, 2009), Guatemala (Bracco et al., 2007),
and Peru (Costa-da-Silva, 2005) demonstrates efficient mosquito dispersion in Central
and South America.

Control practices are implicated as a major cause of genetic drift in Ae. aegypti. This was
the conclusion of a study investigating 19 Ae. aegypti collections in Thailand, from
Chiang Mai in the north to Songkhla province in the south (Bosio et al., 2005). That study
found seven mitochondrial ND4 haplotypes, no evidence of isolation by distance, and
low gene flow estimates among collections. They also concluded that these patterns
are consistent with genetic drift arising from vector control efforts. Furthermore,
polymorphisms were examined at 10 isoenzyme loci among 15 Ae. aegypti collections
from Chiang Mai (Mousson et al., 2002). Low gene flow was also detected among
these collections. These authors also concluded that this pattern was related to insecticide
treatments. Additional studies further demonstrate the contribution of insecticide
exposure to genetic drift in Martinique (Marcombe et al., 2009, 2012, 2013), Phnom Penh
(Paupy et al., 2004) and French Guiana (Failloux et al., 2002). More on natural factors
and human activities affecting gene flow or distribution is given under Chapter 4.

In summary, because Ae. aegypti is the primary global vector of severe viral diseases
to humans (see Annexes A and B), it is crucial to study its population genetics in order to
develop strategies to control the dispersion of the mosquito. Studies over the past 50 years
have shown large differences among global populations of this species. Past studies based
on morphological polymorphisms and allozymes were recently completed by the use of
molecular genetic markers (including microsatellites and mitochondrial markers).
Phylogenetic analyses consistently resolved two clades. In addition, phylogenetic
analyses showed that populations of Ae. aegypti outside Africa consist of mosquitoes
arising from two ancestral clades; one is basal and primarily associated with West Africa
while the second arises from the first and contains primarily mosquitoes from East Africa.
Across these many studies on population genetics, and those based on the distribution of
the mosquito haplotypes around the world, it can be suggested that mosquito dispersion
is very efficient, most likely due to commercial transportation and human movements.
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Genetics of insecticide susceptibility and development of insecticide resistance

Resistance to insecticides

According to the World Health Organization (WHO, 2012a, 2012b), insecticide
resistance is defined as the ability of an insect to withstand the effects of an insecticide by
becoming resistant to its toxic effects by means of mutation and natural selection.
Appropriate tools (biological, biochemical and/or molecular) are needed to identify
the mechanisms involved in developing resistance and to conduct surveillance at
individual and/or population levels.

Such resistance has been observed in more than 500 insect species worldwide, including
more than 20 Aedes species (Diptera: Culicidae). Over 400 scientific reports worldwide
document insecticide resistance in Ae. aegypti.

The large use of insecticides, and the resultant selection pressure on insect populations,
has led to widespread resistance to all classes of insecticides among many invertebrate
pests, making control difficult. Frequent applications of the same insecticide will select
for those individuals in a population that are able to survive the recommended rates of
the compounds owing to a genetically-fixed difference. Over time, this selection pressure
will lead to a resistant population becoming established. In such cases, other compounds
within the same class of chemistry are most often also affected; for instance, resistance
to one pyrethroid type usually confers resistance across the whole group of pyrethroids,
a phenomenon known as cross-resistance. Sometimes, depending on the nature of
the resistance mechanism, multi-resistance can occur between different chemical classes,
for example organophosphates and carbamates. The frequent treatments of crops
with similar synthetic insecticides may also indirectly affect the susceptibility of insects
of public health importance, with insect vectors additionally exposed when in the vicinity
of agricultural sprays (Brogdon and McAllister, 1998; Hemingway and Ranson, 2000;
Liu et al., 2006).

The portfolio of insecticides available for management of arthropod vectors (PAHO,
1994; WHOPES, 2005) is very limited and unlikely to increase dramatically in the near
future. Development of resistance to commonly-used insecticides is therefore a serious
threat to human ability to combat mosquito-borne diseases. Insecticide susceptibility must
be viewed as a valuable “natural resource” at risk for being depleted. This underscores
the critical importance of monitoring insecticide resistance through development and
implementation of relevant management schemes. More information is contained
in the section on “Prevention and management of insecticide resistance” of Annex A.

Insecticides, mode of action and resistance mechanisms

Vector control programmes include activities to control both immature and adult stages of
Ae. aegypti. Chemical or biological larviciding and physical source reduction of container
habitats are intended to control larvae, but house-to-house larval control is too laborious
for sustainable implementation by vector control programmes or community participation
(Reiter and Gubler, 1997; WHO, 2009; Horstick et al., 2010). During dengue outbreaks,
outdoor and indoor spraying of insecticides is used to kill adults (WHO, 2009; Esu et al.,
2010). Control measures are explored with more details in Annex A.

The four chemical classes of insecticides (organochlorides, organophosphates,
carbamates, pyrethroids) used for larvae and adult mosquito control have
their biochemical target sites in the insect central nervous system, which makes them fast-
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acting killing agents. They act on only two different molecular target sites in the central
nervous system, leading the insect to over-excitation and death. Organophosphates and
carbamates both inhibit acetylcholinesterase (AChE), an enzyme of crucial importance
in terminating nerve impulses by cleaving the natural neurotransmitter acetylcholine (Eto,
1974). In contrast, synthetic pyrethroids (and DDT, representing the organochlorides)
modulate voltage-gated sodium channels, resulting in rapid knockdown properties
(Khambay, 2002). It is important to note that these four chemical classes address only
two different modes of action, so there is much less target-site diversity involved in
the control of adult mosquitoes compared with the agricultural sector, which can rely on
many more modes of action to date (Nauen and Bretschneider, 2002; Nauen, 2006).
Insect growth regulator (IGR), pyriproxyfen is a juvenile hormone analogue that can be
considered as an alternative to conventional insecticides because of its specific activity
against immature insects, low persistence in the environment and virtually non-toxic
to mammals (Madhu and Vijayan, 2009).

The various mechanisms that enable insects to resist the action of insecticides can be
grouped into four distinct categories as follows: metabolic resistance, target-site
resistance, reduced penetration, and behavioural avoidance.

Metabolic resistance

Metabolic resistance is the most common resistance mechanism that occurs in insects.
This mechanism is based on the enzyme systems, which all insects possess to help them
to detoxify naturally-occurring xenobiotics and insecticides. It is commonly accepted that
insect detoxification systems derived from the plant-insect evolutionary arms race,
and several insect detoxification enzymes have been associated with the detoxification of
plant toxins and all types of chemicals, including insecticides (Despres, David and Gallet,
2007). Over-expression of enzymes capable of detoxifying insecticides or amino acid
substitutions within these enzymes, which alter the affinity of the enzyme for
the insecticide, can result in high levels of insecticide resistance (Hemingway et al., 2004;
Flores et al., 2005, 2006). Increased expression of the genes encoding the major
xenobiotic metabolising enzymes is the most common cause of insecticide resistance
in mosquitoes. Over-expression of detoxifying enzymes can occur as the result of gene
amplification (e.g. duplication) or due to changes in either transacting regulator elements
or the promoter region of the gene (Guillemaud et al., 1997; Hemingway and Ranson,
2000; Hawkes and Hemingway, 2002). The consequence is a significant increase
in enzyme production in resistant insects that enables them to metabolise or degrade
insecticides before they are able to exert a toxic effect.

Three enzyme families (with a variable number of gene members), the cytochrome P450
monooxygenases (P450s), glutathione transferases (GST), and carboxyl/cholinesterases
(CCE) are implicated in insecticide metabolism. Each of these catalyses a wide range of
detoxification reactions. They are the primary enzymatic defence against xenobiotics,
are responsible for the removal of many by-products of metabolism, play essential roles
in multiple biosynthetic pathways and are involved inchemical communication
(Feyereisen, 2005; Oakeshott et al., 2005; Ranson and Hemingway, 2005). Some
individual enzymes also have structural roles instead of, or in addition to, their catalytic
activity. This diversity in the function of each enzyme family is accomplished by
a mixture of highly specialised enzymes, often with specific substrates and strictly
regulated expression profiles, and more generalist, ubiquitously expressed enzymes.
Many insect species show an amazing diversity of detoxification enzymes. As insect
genomes have been sequenced, and the detoxification genes annotated, it has become
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apparent that these detoxification gene families are very rapidly evolving and each insect
has a unique complement of detoxification genes, with very few orthologs across insect
species (Ranson et al., 2002; Claudianos et al., 2006). The rapid expansion and
diversification of detoxification genes likely facilitated the adaptation of insects to their
particular ecological niches, and, on a more recent evolutionary timescale, has enabled
them to survive various man-made xenobiotics, including insecticides. A small subset of
the detoxification genes has been previously described in Ae. aegypti (Sieglaff, Duncan
and Brown, 2005; David et al., 2006; Lumjuan et al., 2007).

Target-site resistance

Target-site resistance is the second most common mechanism of resistance to insecticides
encountered in insects. Insecticides (e.g.organophosphates, carbamates, DDT and
pyrethroids) generally act at a specific site within the insect, typically within the nervous
system. The site of action can be modified in resistant insect strains such that
the insecticide no longer binds effectively.

Reduced sensitivity of the target receptors to insecticide results from non-silent point
mutations in the gene encoding the protein constituting the target site. For example,
the target site for organophosphate and carbamate insecticides is AChE in the nerve cell
synapses. Several mutations in the AChE gene have been found in insects (Fournier,
2005), which result in reduced sensitivity to inhibition of the enzyme by these
insecticides (Weill et al., 2003).

Alterations in the target site that cause resistance to pyrethroids and DDT are often
referred to as knockdown resistance (kdr), in reference to the ability of insects
with relevant alleles to withstand prolonged exposure to insecticides without being
‘knocked-down’. The kdr is conferred principally by non-synonymous mutations in
the voltage-gated sodium channel gene that reduce insecticide binding to this channel
in the insect nerve sheath, thereby preventing the loss of co-ordinated activity and
paralysis in the insect (Soderlund and Knipple, 2003; Davies et al., 2007; Rinkevich,
Du and Dong, 2013).

Worldwide, numerous kdr-conferring voltage-gated sodium channel allele mutations
(e.g. S989P; 11,011M; 11,011V; V1,016l; V1,016G; F1,534C; and D1,794Y) have been
described in Ae. aegypti (Vontas et al., 2012; Rinkevich, Du and Dong, 2013). Multiple
kdr mutations had been reported from Mexico, the Caribbean, and Central America
(Saavedra-Rodriguez et al., 2007). Subsequent studies reported the presence of kdr
conferring mutations in Ae. aegypti collections from Brazil (Martins et al., 2009a, 2009b;
Lima et al., 2011; Belinato, Martin and Valle, 2012), Mexico (Ponce-Garcia et al., 2009;
Siller et al., 2011; Aponte et al., 2013) and the Caribbean (Marcombe et al., 2009, 2012,
2013; Harris, Rajatileka and Ranson, 2010; Bariami et al., 2012; McAllister, Godsey and
Scott, 2012; Maestre-Serrano et al., 2014; Alvarez et al., 2015).

Reduced penetration

Reduced penetration (and behavioural resistance by reduced penetration) occurs when
insects develop a heritable mechanism(s) that reduces or prevents the entry of a toxin into
the insect’s body. Modifications in the cuticle or digestive tract linings that prevent or
slow the penetration/absorption of insecticides can be found in some resistant insects.
This resistance mechanism is non-specific and can affect the effectiveness of a broad
range of insecticides. Reduced uptake of insecticide, often referred to as cuticular
resistance, is frequently described as a minor resistance mechanism. Certainly, for pests
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where the major route of insecticide delivery is via ingestion, this is likely to be the case.
However, for dengue control, where insecticides are typically applied spatially or on wall
surfaces, uptake of insecticides is primarily through the appendages. An increase in
the thickness of the tarsal cuticle, or a reduction in its permeability to lipophilic
insecticides, could have a major impact on the bioavailability of an insecticide in vivo.

Reduced cuticle penetration is the least understood resistance mechanism. Though it may
have a primary role in resistance (Valles, Dong and Brenner, 2000; Ahmad, Denholm and
Bromilow, 2006; Puinean et al., 2010), it more often acts in combination with the other
mechanism(s).

Behavioural avoidance

Insecticide resistance in mosquitoes may also be conferred by behavioural changes
in response to prolonged exposure to an insecticide. Behavioural avoidance does not have
the same importance as physiological resistance but may be considered to be
a contributing factor, leading to the avoidance of lethal doses of an insecticide (Chandre
et al., 2000; Grieco et al., 2007). This type of response can be further divided into direct
contact excitation (sometimes referred to as “irritancy”), and non-contact spatial
repellency when insects move away from the insecticide-treated area before making
direct contact (Chareonviriyaphap et al., 1997; Grieco et al., 2007).

To better approximate insect behaviour in natural field settings, numerous experiments
have been made over many decades using specially constructed experimental huts (Smith,
1965; Rozendaal et al., 1989; Roberts and Alecrim, 1991; Bangs, 1999; Grieco et al.,
2000, 2007; Polsomboon et al., 2008; Malaithong et al., 2010). Most experimental hut
studies have been conducted to observe the behaviour of Anopheles mosquitoes; however,
Grieco et al. (2007) successfully demonstrated that chemical actions could be observed in
experimental huts using Ae. aegypti as a model system. The results obtained from both
laboratory and field studies can help facilitate the choice of the most effective chemicals
and measures to control house-frequenting adult mosquitoes.

Conclusion on resistance to insecticides

Insecticide resistance develops in an insect population when individuals carrying genes
that allow them to survive exposure to the insecticide survive, mate and pass these genes
onto the next generation. Thus, any activities that control the individuals with
the resistance trait will delay the spread of the resistance genes in the population.
Some elements on prevention and management of insecticide resistance are given
in Annex A.

Genetics of vector competence in Ae. aegypti

Vector competence, a key factor

The vector competence (VC) is defined as the intrinsic permissiveness of an arthropod
vector for infection, dissemination and transmission of a pathogen (Black et al., 2002;
Dickson et al., 2014). The full competence of a vector is determined not only by its ability
to become infected, but also by its ability to transmit a pathogen.

VC in Ae. aegypti is an element of primary importance to consider because of
this mosquito’s public health impact as main potential transmitter of dengue, yellow fever,
Zika and chikungunya viruses. In a few restricted areas, Ae. aegypti is also a vector of
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Wuchereria bancrofti and Brugia malayi, both of which cause lymphatic filariasis or
elephantiasis (Service, 2012; Powell and Tabachnick, 2013)

Consequently, Ae. aegypti has been the subject of numerous vector competence and
population genetic studies (Aitken, Downs and Shope, 1977; Gubler et al., 1979;
Tabachnick and Powell, 1979; Rosen et al., 1985; Tabachnick et al., 1985; Tardieux et al.,
1990; Miller and Mitchell, 1991; Apostol, Reiter and Miller, 1996; Bosio and Beaty,
1998; Vazeille-Falcoz et al., 1999; Bosio, Fulton and Salasek, 2000; Bennett et al.,
2002b; Gorrochotegui-Escalante et al., 2002; Mercado-Curiel, Black and Mufioz, 2008;
Lozano-Fuentes et al., 2009; Sylla et al., 2009; Lambrechts, 2011; Lambrechts et al.,
2011; Guo et al., 2013; Mufioz et al., 2013b; Chepkorir et al., 2014; Diagne et al., 2014;
Dickson et al., 2014; Gongalves et al., 2014; Vega-Rda et al., 2014).

Susceptibility of Ae. aegypti populations to viruses

Infection with dengue virus

Ae. aegypti becomes infected with a viral disease, dengue for example, when
the mosquito bites and acquires a blood meal from a dengue virus (DENV)-infected
human, the primary host of the virus. The mosquito infection depends on factors such as
DENV virulence, physical barriers and innate immunity that can confer resistance or
susceptibility of an Ae. aegypti population to viruses.

The relationships between DENV and its arthropod vector Ae. aegypti are crucial,
and an analysis of host cell responses to flavivirus infection of mosquito vectors is
very important for understanding the maintenance and transmission of the disease."
Mosquito populations differ in their susceptibility to flavivirus development (i.e. VC),
reflecting the different barriers encountered by the virus from its entry into the mosquito
to its release in the saliva. Factors such as specific mosquito epithelial cells receptors,
aswell as differential viral replication in the mosquito, are critical for VC - as are
other genes as exhibited by quantitative trait loci (QTL) studies (Gomez-Machorro,
Bennett and Mufioz, 2004).

Three Ae. aegypti strains with different susceptibilities to DENV infection have been
reported (hamely DS3, DMEB and IBO-11), and these have been used to study whether
midgut cell receptors for DENV may be markers for VC (Bennett and Beaty, 2005).
Ae. aegypti susceptibility to DENV, attributable to multiple genetic factors, is found to be
usually very high, particularly against DENV-2,° as elicited by DS3 and DMEB strains.

It has been observed that the three strains showed a difference in the degree of infection
of their midgut (MG) cells, depending on their susceptibility to DENV. For example,
the IBO-11 strain expressed almost no infection remaining after 26 days post-infection.
DMEB strain showed increase in infection up to 26 hours in all the three MG regions,
having the maximal virus accumulation in the posterior MG which then diminished
by 14 days post-infection, compared to the other susceptible strain DS3 that has maximal
virus accumulation in anterior MG at 14 days post-infection. These results also display
a statistically-significant MG infection increase from the first five hours post-infection
to 26 hours in DS3 and DMEB strains (p < 0.05). Moreover, IBO-11 strain exhibited
a significant decrease (p < 0.05) of MG infection from 5 to 336 hours post-infection.
Virus infection of IBO-11 strain was almost completely abolished (p < 0.05) from 13 to
336 hours post-infection (Mercado-Curiel, Black and Mufioz, 2008). The susceptibility,
resistance and refractoriness depend on multiple genetic factors (Miller and Mitchell,
1991).
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Anatomic barriers to infection (midgut cells)

The VC for arboviruses is associated with a number of anatomic barriers to productive
vector infection. These include a midgut infection barrier (MIB), a midgut escape barrier
(MEB) and a salivary gland barrier (Black et al., 2002). In potential vectors provided with
an MIB, a virus cannot infect and/or replicate in the mosquito MG cells. This may be due
to a lack of specific cell surface receptors for the virus or to MG cells being non-
permissive for infection with the virus (Mercado-Curiel, Black and Mufioz, 2008).
Potential vectors provided with an MEB may allow virus replication in the MG, even
to high titres (concentrations), but the virus is then unable to exit the MG to cause a
disseminated infection. The VVC for flaviviruses in Ae. aegypti is thought to be controlled
by at least two genes or sets of genes, one controlling the MIB and the other controlling
the MEB (Miller and Mitchell, 1991; Bosio and Beaty, 1998; Bosio, Fulton and Salasek,
2000). A study by Bennett et al. (2002b) also concluded that these barriers are probably
major determinants of VC to DENV in nature and during experimental infections.

Bosio and Beaty (1998) proposed a significant additive genetic effect in MIB and
demonstrated that the DENV titre in the mosquito MG and head did not correlate with
the rate of infection. They also showed that the heritability for virus titres in tissues
(MG or head) were almost identical in different strains of Ae. aegypti formosus and
showed that the amount of virus in the MG did not determine if the virus
was disseminated, which hypothetically may be due to the presence or absence of DENV
receptors (in the MG, in particular).

Barriers to infection can vary widely in prevalence among Ae. aegypti populations,
leading to large intraspecific variation of Ae. aegypti VC that may influence
the epidemiology of DENV and other flaviviruses (Black et al., 2002).

Climatic factors affecting the infection susceptibility

Susceptibility of Ae. aegypti mosquito to DENV varies geographically and can be
influenced by climatic factors such as temperature, which affect the incidence, seasonality
and distribution of vector-borne diseases.

The VC has shown to be affected by temperature, which impacts biological processes of
mosquitoes including their interaction with viruses (Watts et al., 1987; Lambrechts et al.,
2011). Chepkorir et al. (2014) demonstrated a significantly higher infection rate at
high temperatures for mosquitoes collected in Nairobi and Kilifi (Kenya), which is
consistent with previous results (Watts et al., 1987). The 2014 study showed that
the Nairobi Ae. aegypti population is a relatively inefficient vector for DENV-2 compared
to that from Kilifi with the former showing high infection, but low dissemination rates
in low- and high-temperature settings. These results also suggested a weak MIB and
a strong MEB for the Nairobi population, and a moderate MIB but weak MEB for the
Kilifi population.

Genetic variability and geographical variations in Ae. aegypti vector
competence

A number of genetic studies on VC were conducted worldwide, which demonstrated
agreat VC variability. The results of some of these works performed in different
countries are presented hereinafter. All in all, they indicate that vector control strategies
should be adapted to the available data for each region. Further analysis should be
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conducted to better understand the reasons for this large variability in VC and how these
parameters correlate with epidemiological findings (Gongalves et al., 2014).

Ae. aegypti populations exhibit considerable genetic variability in VC for flaviviruses,
including DENV-2 viruses. The range of VCs shown suggests that the ability to
overcome the MIB and MEB to transmit DENV-2 JAM1409 is a quantitative trait with
multiple genes that likely condition VC and collectively determine the infection rates of
mosquito populations. This theory has been studied using crosses of susceptible and
refractory mosquito lines (Miller and Mitchell, 1991; Bosio and Beaty, 1998).

Significant genetic variation in Ae. aegypti on a smaller scale has been demonstrated in
Puerto Rico (Apostol, Reiter and Miller, 1996) and in Mexico (Gorrochotegui-Escalante
et al., 2000). Subsequently, the potential variation in VC on a regional geographic scale
was addressed in Mexico. The major aim of this research was to determine if genetic
variability in Ae. aegypti populations conditions the incidence and severity of dengue
fever and dengue haemorrhagic fever outbreaks. Such study can help identify genetic
biomarkers for mosquito populations that pose undue risk for severe diseases and allow
control programmes to focus their resources on areas at greatest risk.

Several studies have shown that Ae. aegypti has a continuous variation in its competence
to transmit flavivirus (Bennett et al., 2002a; Black et al., 2002; Severson et al., 2004;
Gorrochotegui-Escalante et al., 2005). Ae. aegypti from 24 collections in Mexico and
the United States were challenged orally with DENV-2 JAM1409, and the VC of the
populations ranged from 24% to 83%. In general, the Ae. aegypti collections from
throughout Mexico exhibited considerable variability in VC, and collections from
the Yucatan Peninsula were generally more competent than those from other geographic
regions (Bennett et al., 2002b). Lozano-Fuentes et al. (2009) showed that the Neovolcanic
Axis (NVA) in Mexico is a natural barrier to Ae. aegypti VC for DENV, as a much lower
VC (20%) prevails for mosquito populations from south of the NVA compared to
mosquitoes collected from north of the NVA (55%).

Ae. aegypti populations from Belo Horizonte, Brazil, exhibited wide variation in VC to
transmit dengue. Most Brazilian states are infested with Ae. aegypti and are consequently
at risk of dengue transmission (Figueiredo et al., 2008). Moncayo et al. (2004) studied
populations from various geographical locations and showed that Ae. aegypti from
Galveston, Texas (United States) were more susceptible than those from Bolivia but were
less susceptible than mosquitoes from Thailand. This concurred with the observations
made by Bennett et al. (2002b) on Ae. aegypti collected from various locations in Mexico
and by Chepkorir et al. (2014) on populations from two different Kenyan sites, that
all differed significantly in their MG susceptibility to infection.

The VC studies on Ae. aegypti from West Africa have shown that mosquitoes are more
refractory for both DENV (Tabachnick et al., 1985; Bosio and Beaty, 1998) and
yellow fever virus (YFV) (Tabachnick et al., 1985; Miller and Mitchell, 1991) compared
to Ae. aegypti collected from the Americas or Asia (Diallo et al., 2005, 2008).

In studies directly comparing collections within Senegal, wide variation in VC was shown
for both high-passage (Sylla et al., 2009) and low-passage field isolates of DENV-2
(Diallo et al., 2005, 2008). Especially, sylvatic collections from south-eastern Senegal
were more refractory than other collections from throughout the country. However,
it should be noted that the study by Sylla et al. (2009) only examined the highly passaged
DENV-2 Jam1409 isolate (reinforcing the importance of using strains circulating in the
geographic area of study). Previous studies demonstrated that geographically-distinct
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collections of Ae. aegypti from Senegal are genetically diverse and documented the great
variability in VC for both DENV-2 and YFV across the country. The northwest-southeast
decline in the susceptibility to YFV BA-55 is very similar to that seen with DENV-2
JAM1409 (Huber et al., 2008; Sylla et al., 2009).

Furthermore, it has been demonstrated that VVC of Ae. aegypti for DENV is dependent on
the interactions between the mosquito strain and virus genotype in natural collections
(Lambrechts et al., 2009). Using viruses and vectors that are geographically proximate
and genetically diverse is important in order to make strong conclusions about VC
between collections. Assessing VC in Ae. aegypti with a viral isolate collected in
proximity seems to be the most informative approach (Lambrechts et al., 2009). Diallo
etal. (2005, 2008) followed this process by examining the VC of Ae. aegypti
from Senegal with multiple local isolates of DENV-2. The 2008 study reported low levels
of MG infection (0.0-26.3%) and variable disseminated infection (0-100%) in
six collections from Senegal regardless of geographic location. Both studies demonstrated
variability in infection rates based on the isolate of DENV-2 and the collection site,
confirming the local adaptation between the virus and the mosquito vector. They also
showed that although collections of sylvatic Ae. aegypti presented lower infection rates
than sylvatic Aedes from other species, some sylvatic Ae. aegypti mosquitos developed
nevertheless a disseminated infection.

Similarly, Lambrechts et al. (2009) demonstrated that differences in VC among
three Ae. aegypti collections from Thailand infected with three genotypes of DENV-1
was a result of mosquito and virus genotypes interactions. Dickson et al. (2014) also
highlighted interactions between mosquito and virus genotypes in sylvatic Ae. aegypti,
and with YFV in West Africa. Overall, VC was dependent upon both viral and vector
strains. Importantly, and contrary to previous studies, the study by Dickson et al. (2014)
reported that sylvatic collections of Ae. aegypti showed high levels of disseminated
infection for local isolates of both DENV-2 and YFV.

Recently, VC of Ae. aegypti for chikungunya virus (CHIKV) has been investigated and
itwas found that Ae. aegypti populations from Cape Verde and Kedougou (Senegal)
were competent for CHIKV, but Ae. aegypti from Dakar (Senegal) presented a low
susceptibility to the virus. The virus strains belonging to the West African lineage
were the only ones disseminated by the domestic population of Ae. aegypti from Dakar
and transmitted by those from Cape Verde (Diagne et al., 2014). And as previously
demonstrated in Kerala, India (Kumar et al.,, 2012), it has been also observed
that Ae. albopictus was a better vector for this virus (CHIKV) than Ae. aegypti (Diagne
etal., 2014).

In addition to DENV, CHIKV and YFV, Ae. aegypti is also a vector for Zika virus
(ZIKV), a single-stranded RNA virus belonging to the Flaviviridae family (Faye et al.,
2014; Abushouk, Negida and Ahmed, 2016). More details on ZIKV and related infection
are given in Annex B, section “Virus infection vectored by mosquitoes”. The VC for
ZIKV in Ae. aegypti is variable, depending on the source of the mosquitoes and the virus
strain. Ae. aegypti collected from French Polynesia displayed high ZIKV infection rate,
but late ability to transmit the virus (Richard, Paoaafaite and Cao-Lormeau, 2016).
Ae. aegypti from Singapore infected with ZIKV demonstrated high MG infection,
resulting in the salivary glands of more than half of the mosquitoes being tested positive
for ZIKV (62%) by Day 5, and all mosquitoes potentially infective by Day 10 (Li et al.,
2012).
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Summary on vector competence

In summary, Ae. aegypti is a most efficient vector for several deadly (e.g. dengue, yellow
fever) and debilitating (e.g. chikungunya, Zika) arthropod-borne diseases. The vector
competence (VC) for arboviruses is associated with a number of anatomic barriers
to productive vector infection. The VC for flaviviruses in Ae. aegypti is thought to be
controlled by at least two genes or sets of genes, one controlling the midgut infection
barrier (MIB) and the other controlling the midgut escape barrier (MEB). The mosquito
susceptibility to DENV, attributable to multiple genetic factors, is usually very high,
particularly against DENV-2 as elicited by DS3 and DMEB strains. The ability
to overcome the MIB and MEB to transmit DENV-2 JAM1409 is a quantitative trait with
multiple genes that likely condition VC and collectively determine the infection rates of
mosquito populations. The rate of midgut infection, midgut escape and salivary gland
infection generally increases at higher temperature, though may vary amongst different
populations. Natural geographic features may also act as a barrier to gene flow in varied
Ae. aegypti populations (for VC) for DENV-2.

V/C differences among different populations infected with genotypes of DENV result
from interactions between mosquito and virus genotypes. At subspecies level, Ae. aegypti
aegypti is generally far more efficient in transmitting DENV in urban agglomerations
than the sylvatic Ae. aegypti formosus, albeit with a variation in VVC.

While Ae. aegypti is unquestionably a much stronger potential transmitter for dengue,
yellow fever and Zika viruses, it seems that Ae. albopictus would be a more efficient
vector for CHIKV, especially in sylvatic and rural settings. Both mosquitoes are day
biters, multiple feeders and capable to transmit several pathogens.

Notes

! More information on flavivirus infection can be found in Annex B. Human and animal health
affected by mosquitoes.

2 The four viral serotypes of DENV are explained in Annex B. Human and animal health affected
by mosquitoes.
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