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ABSTRACT

Mosquito holds microorganisms in their digestive tract to form gut microbiota. This
colonization and acquisition begins from their immature larval stage. Recent research
is now peeping into mosquito microbiomes to analyse their role in mosquito biology.
This knowledge may provide more information regarding its potential for developing
bio-control strategies. Meanwhile, little research is focussed on the fungal entities of
mosquito larval gut, as more research has been concentrated mainly on gut bacteria.
Therefore the rationale of the present study intended to characterise and analyse the
diversity of bacterial and fungal gut content of Aedes aegypti, Culex quinquefasciatus,
and Anopheles stephensi of three sites of Thrissur districts across seasons pre-
monsoon, monsoon and post-monsoon from 2018-2020, to analyse the phylogeny of
bacterial and fungal gut entities as well as physicochemical parameters of larval
breeding water during these stipulated time period (2018-2020) from aforementioned
sites and seasons. The study proposed to identify bacterial and fungal gut content from
these mosquito larvae by 16S rRNA and ITS sequencing, respectively. A total of 1026
bacterial isolates grouped into 63 species and 239 fungal isolates fitting into 64 species
were identified from these mosquito larval species by culture-dependent methods. The
bacterial isolates belonging to phylum Pseudomonadota and fungal isolates belonging
to division Ascomycota were predominant in these mosquito species. This study
provides insight into the predominance, abundance, and coexistence of bacteria and

fungi within and between the larval gut of mosquito species.

These bacterial and fungal communities identified from the gut of mosquito larval
species of Aedes aegypti, Culex quinquefasciatus, and Anopheles stephensi were used

for phylogenetic analysis. The organisms were primarily classified based on their



morphological characteristics and biochemical assays. However, the limitations and
accuracy of these methods were rectified by molecular characterisation. For the
present study, the 16S rRNA gene and ITS were used for molecular characterization
and phylogenetic assessment of bacteria and fungi, respectively. Nuclear 16S rRNA
gene sequences are beneficial for the differentiation between organisms at the genus
level across all major phyla of bacteria, while ITS is a well-recognised marker for
systematics and phylogeny. During the study, a total of 63 bacterial isolates and 64
fungal isolates were obtained. The reference sequences from the NCBI database were
also used for the study. For phylogenetic analysis, bacteria were clustered into distinct
families, including Pseudomonadaceae, Bacillaceae, Enterobacteriacea, Yersiniaceae,
Moraxellales, and Paenibacillaceae, using their 16S rRNA sequences. On the other
hand, a phylogenetic assessment of fungi was carried out after grouping them into
various families, such as Davidiellaceae, Debaryomycetaceae, Pleosporaceae,
Trichocomaceae, Aspergillaceae, Cordycipitaceae and Syncephalstracea based on
their ITS sequences. The results of the study provide valuable insight into intra and
interspecific genetic divergences between members of specific classes. Another
finding of the study was the close genetic similarity observed between

morphologically dissimilar and geographically distant species.

The abiotic and biotic factors of breeding water influence the survival and
proliferation of mosquito larvae. Mosquitoes prefer diverse aquatic bodies for egg-
laying and larval survival. During the present study physico-chemical properties of
breeding water, across seasons and their influence on the larval abundance of three
mosquito larval species, such as Aedes aegypti, Anopheles stephensi, and Culex
quinquefasciatus were assessed. Dissolved oxygen, pH, conductivity, total dissolved

solids, and temperature were found to have a significant influence on seasonal



variations and played a substantial role in determining the prevalence of these three
mosquito larval species. The findings of this study provide valuable insight into
important physicochemical parameters that affect the presence of mosquito larval
species. The study provides an interconnectedness or idea of the physicochemical
parameters of breeding water and the microbial composition of that water, which in
turn are linked to larval abundance and their role in shaping the gut microbiota of
mosquito species. These results offer valuable information regarding the role of
physicochemical parameters and their influence on larval abundance. This

information can be used to create new vector control strategies.

Key words: Mosquito larvae, Larval gut, Microbiota, Bacteria and Fungus.
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GENERAL INTRODUCTION




Insects are undoubtedly the most abundant and diverse metazoans in the
animal kingdom. The insect classification keeps changing as we explore and deploy
new techniques to study their character, habitat, and relationship. We have two
accepted patterns of insect classification. One is Imm’s classification, an older version
that is followed for a long period. The second is by Kristensen’s classification, which
entomologists prefer. As per Imm’s classification, the class Insecta was divided into
two subclasses Apterygota and Pterygota. Aptergota includes small agile wingless
insects and Pterygota comprises winged insects, which is divided into two divisions:
Exopterygota (Hemimetabola) and Endopterygota (Holometabola). Dipterans are
among the four largest living organisms pertained to Endopterygota, next to
Coleoptera, Lepidoptera, and Hymenoptera, followed by other five orders like
Neuroptera, Mecoptera, Trichoptera, Siphonaptera, and Strepsiptera (Richards &
Davies, 2013). According to Kristensen's classification, all six-legged arthropods
were grouped in the superclass Hexapoda. This superclass is bifurcated into
Entognathous hexapoda, which are wingless ametabolous arthropods that can retract
mouth parts into the head, and Ectognathous hexapods, winged metabolous
arthropods with extended mouth parts outside the head (Kristensen, 1981). The
dipterans, true flies with a single pair of wings and a pair halters for equilibrium,
comprising more than 1,60,000 species belong to the superclass Ectognathous.
Mosquitoes, midges, maggots and bots are the common members of this particular

order, which documents the importance of Diptera.
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Mosquitoes are nematocerid fly that taxonomically belongs to Culicidae
family. This biggest family, Culicidae is grouped into subfamilies Anophelinae,
Culicinae, and Toxorhynchitina (Rueda, 2008). The subfamily Anophelinae has
worldwide dispersion, having 485 recognized species and several unidentified
members of the species complexes that have not been scientifically reported (Foster
et al., 2017). In the existing form of Anophelinae classification, it is subdivided into
three genera, namely Anopheles (472 species in addition to several unspecified
members of species complexes, cosmopolitan), Bironella (eight species, Australasian)
and Chagasia (five species, Neotropical). The subfamily Culicinae (true mosquitoes)

is the largest troop, comprising 3046 species and Toxorhynchitinae with 90 species.

The studies of World Health Organisation (WHO) marked the presence of
more than 3500 species of mosquitoes globally, out of which less than 5% of
mosquitoes remain as hematophagous vectors of many debilitating diseases in humans
and livestock of their vicious biting (Coon et al., 2016; WHO, 2017). The high toll of
morbidity and mortality caused by vector mosquitoes has raised a public health
emergency of international concern as there are no treatments for arboviral diseases
(Souza et al., 2019). Aedes, Anopheles, Culex, and Mansonia genera are more
associated with the widespread prevalence of major mosquito-borne diseases across
the world, affecting millions of people. More than 950 species of Aedes, more than
1000 species of Culex, and more than 460 species of Anopheles exist worldwide. As
per the latest report from WHO, vector-borne diseases account for more than 17% of
all infectious diseases, with an annual death of more than 700 000 death cases across
the world. Mosquito-borne diseases play a crucial role in this regard. The Outbreaks
of chikungunya, Zika, dengue, yellow fever by Aedes species, West Nile fever by

Culex species, and malaria by Anopheles species (Anopheles gambiae and Anopheles
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stephensi) the main malaria vectors in Africa and Asia, respectively, has bad effect
the tropical and subtropical population of the world (WHO, 2020). WHO guidelines
implemented several strategies like chemical and bio-control methods to check the
progression of these diseases. A thorough understanding of disease transmission by
these mosquitoes requires a better knowledge of the host physiology and pathogenic

interaction from the early stages of mosquito development.

These small flies have cosmopolitan distribution with diverse habituation in
natural and anthropogenic ecosystems. For example, pools, phytotelmata dikes,
swamps, marshes, temporary and permanent pools, holes of rock, trees, lake margins,
plant containers, leaf axile, fruits, coconut husk bamboo nodes, artificial containers
(tires, tin cans, empty containers, fowl feeders), and other containers inadvertently
provided by humans etc. The early life cycle of a holometabolous insect starts with
egg laying and hatching within 24-48 hours of duration in an aquatic terrain (Figure
1). Normally eggs are laid in an air-water interface. The female mosquito must
consume a blood meal from a vertebrate host after mating for mature egg production.
This triggers the release of two neurohormones from the brain: Insulin-Like Peptides
(ILPs) and Ovary Ecdysteroidogenic Hormone (OEH), which in turn stimulate the
ovaries to produce ecdysone and IPL. These ovarian hormones regulate the production
of yolk proteins which gets into the primary oocyte to produce eggs, thereby removing
oogenesis arrest (Zhu et al., 2003; Noriega, 2004; Brown et al., 2008; Vogel et al.,

2015; Coon et al., 2016).

The elongated eggs are self-assembled into rafts as the preferred orientation
within the cluster. The symmetry of their aggregation is always side-side, tip-tip and
never side-tip. The succeeding larval stage is the most active and lengthiest in the

lifecycle. This stage is subdivided into four instars, namely L1, L2, L3 and L4.
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Generally, larvae grow from 1.5mm (first instar L1) up to 20mm during fourth instar
L4. Even though larvae lack legs, their body is divided into three tagmata, namely a
prominent head with mouth parts, thorax, and abdomen, along with saddle and siphons
for breathing in the water (the only exception is for Anopheles which lay parallel to
the water surface for breathing due to the presence of rudimentary siphon) presence

of extensive hairs on the body is yet another, feature of mosquito larvae.

The pupal stage is an immature juncture that links two active phases of the life
cycle: larval and adult. Most of the time, it remains on the water surface with the top
of the thorax and abdomen hanging down. Anatomical pupae have two body parts:
the cephalothorax and the curved abdomen. The cephalothorax and abdomen are
formed from the larval thoracic segment and abdomen, respectively. There are ten
segments in the abdominal region, bearing the genital pouch on the last segment.
There is no general consciousness about sexual dimorphism in this stage of the
mosquito life cycle. The pupal stage lasts for 2-3 days. During this stage, they do not
feed and rely on the reserved food in the larval stage for pupal existence. They respire
oxygen through two respiratory trumpets present on the dorsal surface of the
cephalothorax without using the terminal abdominal spiracles (Moorefield, 1951;
Langton, 1995; Ha et al., 2017). A small ninth-segment ring (IX) in the pupa lies

behind the eighth segment, carrying the tail fins and a small anal lobe.

Adult mosquitoes have slender bodies having three divisions: a head, a thorax,
and an abdomen. The head appendages are occupied for gathering sensory
information and for feeding. It has compound eyes and a pair of long, many-
segmented antennae, maxillary palps, and proboscis. The antennae and maxillary
palps are important for detecting olfaction, particularly host odors, as well as odors of

breeding sites where females lay eggs. Proboscis acts as a microneedle system for
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aspirating blood and nectar by mosquitoes. The main visible difference between male
and female mosquitoes is in the antennae of males, which are bushier in comparison
to the females and contain auditory receptors to detect the characteristic whine of the

female (Krinsky, 2013; Choo et al., 2015).

Adult female mosquitoes feed on plants to get an energy source for flight.
They usually mate once and procure blood meal from vertebrate hosts to produce
viable eggs, whereas male mosquitoes totally depend on flower nectar as an energy
source for their existence and reproduction. Some female mosquito species
(anthropophilous) prefer to feed on man, while others (zoophilous) get nurtured by
animals (including mammals and birds) other than humans (Harwood & James, 1979).
Most of the anautogenous mosquitoes evolved as hematophagous vectors of diseases
due to their repeated cycles of blood feeding and egg production from vertebrate hosts.
Some autogenous females can also produce viable eggs, even without blood meal

(Clements, 1992).

Females feed every 3-5 days by piercing their proboscis into the host. They
utilize two pumping organs: the cibarial and pharyngeal dilator pumps situated in the
head region for sucking blood (Glenn et al., 2010). In single feeding, a female usually
engorges more than its weight of blood. After the digestion of blood meal, gravid
females lay eggs at an appropriate aquatic place. The process of egg laying alternating
with blood meal continues, and the mosquito dies. The time of blood feeding and the

number of eggs produced varies in different species. Some species
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Figurel: Mosquito life cycle; illustrated by the author

of mosquitoes (Anopheles and Culex) prefer to feed at dusk, twilight, or night time,
while others like Aedes species bite mostly during the daytime. Female mosquitoes
lay between 30-300 eggs each time. Some species of mosquitoes (Anopheles and
Aedes) lay single eggs directly into the water, and some clutch on water (Culex). The
egg hatches within 2-3 days in the tropics and will more days in temperate regions

(WHO,1997). Other species exhibit seasonal switching of hosts that provides a
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mechanism for transmitting diseases from animals to humans (zoonotic disease
transmission). Diapause (i.e., hibernation, aestivation, overwintering) occurs in
various life stages, e.g., as eggs in Psorophora and most Aedes; as larvae in
Coquillettidia, some Culiseta, Mansonia, Orthopodomyia, Toxorhynchites,
Wyeomyia, some Aedes; as adults, often fertilized females, in Uranotaenia, most
Culex, some Anopheles and other Culiseta; and as either eggs or larvae in

Culisetamorsitans (Rueda, 2008).

EXTERNAL LARVAL ANATOMY

Generally, the larval stage is of prime importance in the mosquito life cycle,
where continuous feeding takes place before it metamorphoses into pupae and adults.

The larval body is broadly divided into the head, thorax, and abdomen (Figure 2).

Head

The larval head protrudes from the thorax bringing the mouth parts anterior to
the body. Usually, the larval head is oval but in some species, it is triangular. On the
anterior side of the head, a pair of large laterally placed brushes are present. In
between these, a small median brush is also present. These three were well supported
by labrum. Behind the lateral brushes, is the presence of an unsegmented antenna
bearing variously distributed spines and the tuft of long hairs. Posteriorly on each side
of the head, there is a large pigmented spot, which will evolve into adult compound
eyes growing in the epidermal region of larvae. Below this pigmented eye, there is the
presence of functional larval lateral eyes. Posteriorly the head is attached to the
occipital foramen using a cylindrical membranous neck but in Anopheles, the head is
narrowed where it connects the thorax to promote the turning of the head upside down

while feeding (Snodgrass, 1959).
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The mouthparts of mosquito larvae consist of the labrum, a pair of mandibles,
a median hypopharynx, a pair of maxillae, and the labium. The labrum comprises a
small transverse median labral plate (which helps in feeding) on the dorsal side of the
head and a larger labropalatum on the underside that bears the feeding brushes. The
hypopharynx and the labium are joined into a single lobe located between the mouth
and dorsomentum on the oral cavity floor. Both the mandibles and the maxillae are
diagonally embedded on either side of this lobe (Cook, 1944). The maxilla includes
distinctive parts such as the maxillary body, the lateral maxillary palpus, and a basal
cardo. In some genera, the cardo is either united with the base of the maxillary palpus,
united with the maxillary body, or fused with the palpus and maxillary body to form
a single structure. In most larval mosquitoes, the tip of the maxilla bears a collection
of independent, flexible spicules called the maxillary brush, which helps to collect

food particles from the palatal brushes (Snodgrass, 1959).

The pharynx of mosquito larvae is a small, thin-walled, flattened sac that
opens directly from the mouth. It is tilted upward and posteriorly in the head. The
posterior ventral surface of the pharynx is continued as a thick-walled oesophagus

(Snodgrass, 1959).

Thorax

The larval thorax has a simple oval appearance without any external sign of
appendages. In the fourth instar stage, the thorax becomes considerably widened. On
its ventral side, beneath the cuticle, the presence of extroverted wings and legs of the
future pupa, and on the dorsal side, the pupal respiratory organs were seen. Under the

cuticle, long segmented legs flooded in loops are seen against the sides of the thorax.
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The forewings are large pads furrowed in their basal parts and smaller slender hind

wings are present as tapering free folds of the metanotum (Imms, 1907).

Abdomen

The larval abdomen appears to have eight segments, with the respiratory
apparatus on the eighth segment and the terminal segment sometimes considered the
ninth (Christophers, 1922). The first seven segments of the larval abdominal region
have no distinctive features, except in the case of Anopheles the last five or six
segments bear on the back pairs of small palmate brushes which aids the larva to
suspend from the surface of the water in its usual horizontal feeding position. The
respiratory apparatus is present on the posterior part of the eighth segment and bears
a pair of large open spiracles, which are water-absorbing organs rather than gills.
Other submerged mosquito larva, therefore, breathes through their skin (Snodgrass,

1959).
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Figure 2: External anatomy of mosquito larva; illustrated by the author

INTERNAL LARVAL ANATOMY

The prime specializations of the mosquito larva are for feeding and breathing;
there is little in the internal organization that is essentially different from that of other

insects.

Respiratory System

As metaplastic, they utilize dorsal spiracles on the large dorsal trunks for

respiration; the lateral trunks associated with the closed lateral spiracles are greatly
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reduced. The ninth abdominal segment's dorsal spiracles are secondary respiratory
apertures that permit the larva to breathe at the water's surface. Normally, the last pair
of lateral spiracles are on the eighth segment (Imms, 1907). The intima of the larval
tracheal trunks breaks between the segments, and the pieces adhered to the shed
cuticle are drawn out through the new instar's lateral and posterior dorsal spiracles.
Later, lateral spiracles are closed again, as they are not functional for larval
respiration. The tracheal system of the young larva on hatching is filled with a liquid
(Wigglesworth, 1953). Generally, air enters the tracheae only when the end of the
respiratory siphon comes above the water surface. One of the dorsal longitudinal
trunks fills first, followed by the other. The air gets into the tracheae as the embryonic

liquid diffuses through the tracheal walls.

The dorsal blood vessel (Hemolymph circulation)

The dorsal blood vessel of larvae is a simple muscular tube stretching along
the midline of the back from the eighth abdominal segment into the head. The dorsal
vessel is divided into an abdominal heart and a thoracic aorta without any nervous
connection. This hemolymph circulation is driven by the contractile action of the
dorsal vessel. The abdominal heart is perforated along the sides by eight pairs of
segmental openings, or ostia, whereas the thoracic aorta is imperforate (Jones, 1954).
Along the sides of the heart, fan-shaped segmental muscle fibers known as alary
muscles that support the heart on the body wall are present. In the head region, the
aorta goes underneath the brain, where it is open ventrally, allowing the free discharge
of blood into the head cavity, whence it flows backwards to re-enter the heart through
the body by ostia. The larval heart beats forward at an average of 85.2 pulsations a

minute (League et al., 2015).
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Nervous system

The central nervous system of the larva includes a brain and sub-oesophageal
ganglion in the head and a ventral chain of segmental ganglia in the abdomen united
by paired connectives. The last ganglion is that of the eighth abdominal segment

(Snodgrass, 1959).

The reproductive organs

Rudiments of the reproductive organs are present in the young larva in a very

elementary state; they slowly develop during the larval life (Snodgrass, 1959).

Gut (Alimentary canal)

The alimentary canal of mosquito larvae is a relatively simple tube. It
comprises three parts: an ectodermal stomodaeum, an endodermal mesenteron, and an
ectodermal proctodaeum (Figure 3). The stomodaeum starts with the pharynx (in the
head region), which is extended by a narrow oesophagus that passes through the neck
into the thorax, where it enters the early part of the mesenteron, known as the cardia
within the cardia the oesophageal walls are destined to form the entrance funnel of the
stomodaeum into the mesenteron. They are lined with exoskeletons made up of chitin
and cuticular glycoprotein. This will separate the lumen from the epidermis and is
shed during each ecdysis. The cardia is followed by a long straight tube known as the
stomach, or ventriculus, that extends back into the seventh abdominal segment. The
anterior end of the stomach bears a circle of eight large pouch-like diverticula, the
gastric caeca. This midgut region lacks an exoskeleton and is replaced by a peritrophic
membrane secreted by the epithelial membrane of the midgut. The tight junctions

between the epithelial membrane act as a barrier to the entry of pathogens (Song et
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al., 2018). The peritrophic membrane is a non-cellular membrane between the gut
lumen and epithelium, composed of glycoproteins and chitin fibrils. The food particles
in the stomach are enclosed in a thin tubular peritrophic membrane, which is
continuously replaced as it sheds (Wigglesworth, 1930). The peritrophic membrane
divides the midgut into the endo and ecto peritrophic space and microorganisms are
usually restricted to the former, preventing their direct contact with the midgut
epithelium. The peritrophic membrane has two different forms, type | and type II.
While type | lines the entire midgut and sometimes is actively produced by female
adult mosquitoes during blood feeding and surrounds the blood bolus, type Il is only
found in a specific region of the anterior larval gut and produced by cardia (Lehane,
1997; Rodgers et al., 2017). The peritrophic membrane has diverse functions, such as
a barrier protecting the epithelium from mechanical damage by food particles,
safeguarding from toxins present in food, microbial invasion, and concentrating food
and digestive enzymes (Shao et al., 2001).

The proctodaeum, or intestine, is bifurcated into a short anterior part and a
longer posterior part known as the rectum. The anterior intestine begins as an
expansion from the end of the stomach and then tapers to a tube with an S-shaped
bend opening to the sac-like anterior enlargement of the rectum, which finally
continues as a narrow tube to the anus. The malpighian tubules (excretory organ) are
five in number; they originate from the anterior end of the intestine, especially the
hindgut. They absorb wastes, such as uric acid, transported to the anterior hindgut.
Thus, the hindgut contains a combination of nitrogenous waste and food waste,
thereby creating a peculiar nutritive environment for insect gut bacteria than for gut
bacteria of animals, in which these two waste products are separated. While water

resorption is a function that is well-documented for the hindgut (Chapman, 1998). The
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hindgut can also be a site of nutrient absorption, as demonstrated for numerous insect
groups, including crickets.

Accessory structure

A pair of small salivary glands of varied shapes is present ventrally in the
thorax. The salivary ducts merge in a common outlet duct that enters the head and
opens on the labia hypo pharyngeal surface just below the mouth. The glands usually
consist of two parts of different shapes separated by a constriction. The spherical
anterior part of each gland consists of 12 to 15 large cells; the ovoid-shaped posterior
part contains 50 to 60 much smaller cells. The opposite sides of glands are connected

by a strand of nephrocytes (Jensen & Jones, 1957).
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Figure 3: Internal anatomy of mosquito larval gut; illustrated by the author
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FOOD RESERVES

The larval stage is the most energetic stage during the mosquito life cycle,
where it requires and conserves the nutritive substances for pupation and adult
emergence. Under aseptic conditions, the larva requires carbohydrates, fats, minerals
(mainly calcium), protein-lipid (cholesterol), vitamin B-complex (especially biotin),
and yeast nucleic acid; the promoters may be contained in yeast, liver extract, and
micro-organisms (Akov, 1962). The pupal stage is dependent upon the larval stage for
everything except the air it breathes. Only when the winged adult finally emerges from
the pupal skin can the mosquito again take food and become an independent, self-
sustaining insect once more. The elaboration and storage of food reserves in the body
of the fourth-instar mosquito larva is the subject of a special study by (Wigglesworth,
1942). The stored materials chiefly include protein, fat, and glycogen for rapid
consumption when the larva is subjected to starvation and replenished on subsequent
feeding. The nutritional physiology of mosquito larvae has been fairly well
investigated. Although most of the algae remain a nutritious food source for larvae,

certain blue-green algae remain as larvicide by its toxicity (Marten, 2007).

CLASSIFICATION OF LARVAE BASED ON THE FEEDING PATTERN

The feeding organ comprises the labrum (upper lip), a pair of mandibles, the
hypopharynx, (tongue-like) a pair of maxillag, and the labium (lower lip), composed
of a united pair of second maxillae. During feeding, the larva does not engulf the water
taken into the pharynx with its food but is discharged from the mouth. Thus anal lobes
maintain the physiological balance of water in the larval body. The larvae were
categorized into filter feeders, browsers, and predators based on their mouth parts,

mode of feeding, and habitat. To be more specific, it includes four functional types
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(depending upon the feed size and location of food availability) that have been
recognized in mosquito larvae: collecting (further subdivided into collector-filtering
and collector-gathering), scraping, shredding, and predators (Merritt et al.,1992).
Collector-filterers (e.g., Culex, Anopheles and Culiseta) remove particles that
are suspended in the water column or boating on the water surface, whereas collector-
gatherers (e.g., Aedes and Wyeomyia) feed by removing particles deposited on or
loosely connected to rocks, vegetation, and other submerged surfaces (Clements,
1992). Filter feeders: They are larvae that strain out small food particles from the
water, which are sufficiently small enough to pass directly into the gut without further
breakdown e.g., Anopheles stephensi. Browsers: They feed on abrade solid material,
the particles of which require further manipulation by the mouthparts before entering
the digestive tract. Predators: They have strongly chitinized labral brushes. The role
of the maxillae has been suppressed and the mandibles are the principal mouth parts.
These are very large with strongly chitinized claws and take up most of the oral region
of the head capsule. Large, stiff spines that grasp the prey are associated with the
strong claws. This is true of the larvae of Chaoborus and Mochlonyx (Clements,

1992).

Usually, most of the larval species are heterotrophic, which feeds on organic
matter (algae) and other microorganisms (bacteria, fungi, and yeast) in the water for
about 4-7 days or longer, depending on the water temperature and availability of food.
Larvae of mosquito predators (e.g., Toxorhychites, Lutzia) feed on larvae of other
mosquitoes. In some predatory species, the first instar is a filter feeder, and the
predaceous feeding structures are not developed until the second instar. The pupae
(tumblers), or resting stage, appear after the fourth larval moult. Unlike larvae, pupae

do not feed and live for 1-3 days before becoming adults (Clements, 1992). Categories
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of larval feeding behaviour have generally been based on two criteria: particle size

range and the general location of the food item (Merritt et al., 1992).

GUT MICROBIOME

The insect gut displays specialized paunches that assist microbial persistence.
The potential challenge in the insect life cycle is the transmission of microorganisms
from one generation to another. Mostly in insects, females leave their eggs after
depositing eggs in their outer breeding sites. Hence, the direct transfer of gut
symbionts between their conspecifics is more limited in most insects than in
mammals, which have extended parent-offspring contact (Martinson et al., 2012). In
the case of mosquitoes, the presence of microbes starts from the larval stage onwards.

Microbes get colonized in the salivary gland, reproductive tract and gut.

The gut harbours more microbiota due to its extended length starting from the
mouth to the anus. However, the vertical transfer of microbes between generations is
limited in mosquitoes. While the type and microbial existence largely depends on its
habitat. It often remains a hostile environment for microbial survival due to the timely
shedding of the exoskeletal lining of both foregut and hindgut, which severely disrupts
or eliminates any attached bacterial populations. The midgut produces and frequently
sheds the peritrophic membrane and associated microbes, most of which do not cross
into the space adjacent to midgut epithelial cells. In holometabolous insects like
mosquitoes with distinct life stages, there is a radical remodelling of the gut and other
organs at metamorphosis, with the complete expulsion of the larval gut and contents
as a meconium that is covered in the peritrophic membrane of the pupal stage. There
is a partial or complete void of microbes (especially bacteria) when they transform

into adults (Moll et al., 2001).
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Virome

Mosquito virome comprises arboviruses that can replicate in mosquitoes and
vertebrates and later identified Insect-specific viruses (ISVs) confined to insects and
do not replicate in vertebrates (Ohlund et al., 2019). Mosquitoes act as a prominent
host for a key group of viruses that are insect-specific (Bolling et al., 2015). Initially,
metagenomic approach was used to explore and surveillance specific viruses, such as
DENV-1, Phasi Charoen-Like virus (PCLV) in Aedes aegypti and CHIKV, DENV-3,
and YFV in Aedes albopictus. The pilot study using mosquito virus metagenomic
sequencing was performed to characterize the heterogeneity of DNA in wild
mosquitoes from California (Chandler et al., 2015). This study scrutinized a group of
female mosquitoes from different species collected in three geographical sites,
comprising Culex erythrothorax and other undetermined species. This study affirmed
that the virome was highly diverse across each sample and most of its members were
uncharacterized. Later, these metagenomic approaches were employed to evaluate

viral load (Shi et al., 2018) in two mosquitoes Aedes and Culex genera.

The comparison presented a remarkable difference in the virome of
mosquitoes, in which the genus Aedes has a low viral diversity and less abundance
than Culex. This metagenomic approach leads to the sighting of different viral families
Bunyaviridae, Reoviridae, Orthomyxoviridae, Rhabdoviridae, unclassified Chuvirus
Flaviviridae, Mesoviridae, and Negevirus groups in mosquitoes. Most resident virome
act as commensal microbes due to their inability to infect vertebrate cell lines,
prolonged host infection, and vertical transmission. For example, densovirus, a single-
stranded DNA virus can disseminate and persist naturally in mosquito populations.
Mosquito denso virus (MDVs) can cause systemic infection in mosquitoes and

replicate in many different tissues, including the midgut, malpighian tubules, fat body,
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musculature, neurons and salivary glands. So, this commensal virome can be used as
an excellent candidate for paratransgenesis, a bio control method for vector

mosquitoes (Mukha et al., 2006).

Bacteria

Bacteria account for the major percentage of mosquito microbiota, occupying
various organs mainly in the gut and to a lesser extent in salivary glands, ovaries,
testes, male accessory glands, and hemolymph. The larval gut harbors a diverse and
enormous number of microbes, especially bacteria of both positive and negative
strains. These microbial food resources can act as limiting factors for larval
development reasons. For example, axenic (free of microbes) larvae are found dead
during the first instar itself compared to larvae colonized with bacteria. A substantial
fraction of microbes get transferred horizontally into the gut by larval feeding during
their aquatic life stage. The presence of a continuum of bacteria is documented during
the juvenile, pupal, and adult stages. The bacterial communities vary, overlap, or are
reduced when they transform from one stage to another (adult). Normally larvae meet
their nutritional requirements by feeding on heterotrophic bacteria, fungi, and
protozoa (ciliates and flagellates) (Carpenter, 1983; Walker et al., 1991). This paves
the initial way for microbial colonization in the gut. The bacterial survivorship in the
larval gut is highly dependent upon the microbial content of its habitat driven by leaf
material input and other allochthonous organic debris, along with the prevailing
physicochemical parameters of the breeding water.

Core microbiota (microbiota shared by the same species from different
geographical areas) and pan microbiota (different microbiota shared by different
mosquito species regardless of their geographical location) are the two concepts that

are solemnly influenced by the biogeochemical properties of breeding water. From
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the earlier studies, it was found that midgut is dominated by Gram-negative bacteria
for example, in the case of Anopheles stephensi a causative agent of malaria, Gram-
negative Myroides, Chryseobacterium, Aeromonas, Pseudomonas, Klebsiella,
Enterobacter and Shewanella and the rest were Gram-positive Exiguobacterium,
Enterococcus, Kocuria, Microbacterium, and Rhodococcus. Significant variation can
be reflected in microbiota due to the effect of environmental habituation (Chavshin et
al., 2012; Jones et al., 2013; Jones et al., 2021).

In the case of Aedes aegypti, Proteobacteria is the predominant phylum present
in larvae, pupae, and adults. Phylum Firmicutes, Actinobacteria and Bacteroidetes, as
well as members of Proteobacteria, were found to be consistently present in fourth
instar larvae (Coon et al., 2014; Wang et al., 2018). Other genera frequently found in
the larvae gut include Chryseobacterium, Elizabethkingia, Pseudomonas, Neisseria
and Enterobacter (Osei-Poku et al., 2012). The Actinobacteria, Leucobacter and
Microbacterium, both belonging to the Microbacteriaceae family, are abundant in
Aedes aegypti larvae but nearly absent in adults (Coon et al., 2014). In contrast,
Chryseobacterium (Flavobacteriaceae) was a common component of mosquito
microbiota at all life stages. A proteobacterium of the genus Asaia is stably associated
with larvae and adults of Anopheles stephensi and earlier studies documented that the
microbiota changes according to the existing ecological niche of larvae (Favia et al.,
2007; Rani et al., 2009) whereas in the case of Culex quinquefasciatus Bacillus sp.,
Staphylococcus sp. and Pseudomonas sp., are more frequently encountered in the
larval gut (Vasanthi & Hoti, 1992).

Fungus

As far as mycobiota is considered, it is the least analyzed gut entity compared

to larval gut bacterial microbiota (Guegan et al., 2018). Mosquitoes can encounter
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fungi during different phases of their life cycle. During the larval stage, they are
exposed to fungi on the plant detritus, on the water column, and on the water in their
aquatic breeding sites, whereas adults are exposed to fungi during their resting period
(both indoor and outdoor), blood-feeding, oviposition, etc as ubiquitous eukaryote
fungi are found in all mosquito habitats. They enter into the larval body either by
ingestion through different feeding behaviours (collecting-filtering, as well as grazing
on and shredding of decaying and living organic matter) or by active and passive
breaches in the cuticle (Merritt et al., 1992). Recent studies have pointed to the
presence of a core fungal community dominated by yeast in all mosquitoes (Luis et
al., 2019). The yeast intake benefits larvae as it holds the nutritional value required

for development.

On the contrary, the ingestion of entomopathogenic fungi is lethal to
mosquitoes. The fungal spore’s ingestion is a common route to reach the larval gut.
Ingestion of Culicinomyces, Beauveria bassiana, Metarhizium anisopliae and
Aspergillus clavatus spore was reported for Aedes, Culex, and Anopheles mosquito
larvae. These spores remain in the midgut and release toxins, which can eventually
cause larval death. In general, many of these fungi germinate and penetrate the
different parts of gut epithelium by various paths. For example in the case of Aedes
aegypti, Beauveria bassiana blastopore colonizes the foregut, midgut, and hindgut
region within 24 hours of post-infection, While in the case of Culex quinquefasciatus
the ingestion of Aspergillus clavatus spore leads to its accumulation in the gut thereby
disrupting the gut epithelial tissue for facilitating fungal dissemination into mosquito
body (Scholte et al., 2004; Bawin et al.,2016).

It can also enter the larval body through cuticular penetration. Fungi in the

genus Coelomomyces are known to infect mosquito larvae by cuticular penetration. In
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addition, soil entomopathogenic fungi like Metarhizium anisopliae and Beauveria
bassiana are noted for infecting multiple species of mosquito larvae through
respiratory apparatus by direct cuticle penetration. Active cuticular penetration
involves various steps like attachment of spore to host epithelium, germination to form
a fungal tube, differentiation of fungal tube into attachment organ (appressoria),
followed by the formation of penetration tube to cuticular layer, degradation of
cuticular layer by degrading enzymes, succeeded by the proliferation of fungus in the
hemolymph as blastopore or hyphal bodies. As the infection progresses, the insect
host succumbs to infection through fungal toxin or starvation (Scholte et al., 2004;
Seye et al., 2009; Lovett & St. Leger, 2017). These qualities of entamophagenic fungi
can be convincingly used as a bio-control measure against malaria Anopheles
stephensi (Bukhari et al., 2011). Generally, the feeding behaviour also leads to the
formation of commensals in the hindgut. Not less than four fungal species in the genus
Smittium sp., belonging to the order of Harpellales, can attach and replicate in the
hindgut of various mosquito species with no effect on larval development or survival
(Sweeney, 1981; Piyaratne et al., 2005). The presence of the genus Penicillium was
reported many years back from mosquito larvae of Aedes sp., Anopheles sp., Culex
sp. and Mansonia sp., based on the morphological analysis of fungal colonies (Lara
da Costa et al., 1998).

By using the culture-dependent method, the presence of fungi like Candida
parapsilosis and Meyerozyma guilliermondii were spotted in larvae, pupae and adults
(in both gut and gonads) of Aedes aegypti and Aedes albopictus in both laboratory
strains and wild-collected strains by culture-dependent method from countries like
Brazil, Bangladesh and Italy (Bozic et al., 2017). Identifying these fungi in Aedes sp.,

which complete their life cycle in anthropized environments, suggests these
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mosquitoes could contribute to the dissemination of pathogenic yeasts, thus increasing
their public health relevance (Bozic et al., 2017). Metabolic interactions between
members of the mycobiota and the mosquito host are being discovered. As an
example, a fungus from the Talaromyces genus was identified to be naturally present
in the midgut of field-caught Aedes aegypti females from Puerto Rico (Anglero-
Rodriguez et al., 2017) using a combination of microscopy and sequencing of the
rRNA internal transcribed spacer (ITS) (Schoch et al., 2012). Talaromyces enhanced
DENV?2 infection by transcriptional and enzymatic inhibition of trypsin in the midgut,
thus increasing mosquito vector competence (Anglero-Rodriguez et al., 2017).

PHYSICOCHEMICAL PARAMETERS

The selection of breeding sites by gravid female mosquitoes is an innate
behavioural trait that profoundly influences mosquito survival and population
dynamics. Along with these physical and chemical characteristics, lentic aquatic
breeding sites influence the probability of hatching, immature larval development,
pupation, and adult emergence by specifying the niche of a mosquito species.
Typically, larval mosquitoes are found in different aquatic habitats, including
freshwater and saline environments. Based on the type of aquatic habitats larval
mosquitoes were categorized into three types: fresh water osmoregulators, euryhaline
osmoregulators, and euryhaline osmoconformers (Bradley, 1987). For example the
mosquito Ochlerotatus taeniorhynchus has the ability to tolerate salinities with the
help of salt-secreting rectal segments, while the obligate freshwater forms like Aedes
aegypti, Culex quinquefasciatus lack salt glands and limited their distribution in
freshwater habitats. At the same time, earlier studies have revealed the existence of
Anopheles mosquitoes in brackish and freshwater found in rural, urban and coastal

areas (Piyaratne et al., 2005).
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The instigation for ovipositional flight is related to the breeding site's
environmental parameters like temperature, relative humidity, wind speed and
rainfall. The selection of a breeding site involves visual, olfactory, and tactile
responses. Physico-chemical properties of the mosquito breeding habitat, such as
optimum temperature, total suspended solids, total dissolved solids, electrical
conductivity pH, ions and dissolved oxygen, have an effect on larval development and
survival. The data regarding geochemical properties is a potent key factor for larval
surveillance for vector management. Apart from this, these parameters can also
influence the microbial composition of breeding water. Fluctuations in pH,
temperature, ions and dissolved oxygen content can cause variations in the microbial
content of breeding water (Kaufman et al., 1999). This positively or negatively
influences the larval survival as they consume these tiny organisms as food. This
implies an indirect relation between physico-chemical parameters in shaping the gut
microbiota of mosquito larvae. Anopheles stephensi an urban vector for malaria
thrives in clean water collected in overhead tanks, fountains, cisterns, etc. The
profiling of Anopheles stephensi breeding water quality provides more insight into the
positive correlation of water parameters such as total dissolved solids, electrical
conductivity, total hardness, phosphate, fluorides and chlorides on larval survival
(Thomas et al., 2016). Aedes aegypti displays a great deal of distinctiveness in

choosing their breeding site, limiting their distribution to preferred sites.

The chemical cues such as microbial metabolites like specific bacteria-
associated carboxylic acids, methyl esters and kairomones serve as potent oviposition
stimulants for gravid Aedes aegypti. More over, female mosquitoes are inexorably
linked to laying eggs in artificial containers, especially discarded tires, which resist

desiccation, the eggs then hatch after being transported in used tires from different
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countries, which results in cosmotropical distribution, for example, from Asian
countries to Western countries (Ponnusamy et al., 2008; Takumi et al., 2009). The
chemical preference varies among mosquito species for example Culex and Anopheles
mosquitoes are more inclined to turbid water with high alkalinity and less oxygen
content. Earlier studies have marked the prominent chemical factor in each mosquito
species respective breeding site, especially Aedes, Culex, and Anopheles. Sulphate
content was lower in the Culex and Anopheles breeding sites than in the Aedes
breeding sites, whereas the chloride content was higher in the Culex and Anopheles
breeding sites and lower in the Aedes breeding sites. The phosphate content was less
in Aedes aegypti breeding sites. A thorough understanding of breeding ecology is
inevitable for larval control management if the mosquito is of epidemiological

importance.

PHYLOGENETIC ANALYSIS

To fully assess the role of vector mosquitoes in the epidemiology of human
diseases, it is essential to understand the diversity of microbiota harboured by natural
flies during each phase of their life cycle. DNA sequencing and molecular
phylogenetics are increasingly being used in microbiology to study the transmission
of microbes. By reconstructing the evolutionary history of microbial genomes, the
behaviour of microbial populations can be modelled, and the future of epidemics may
be forecasted (McCormack & Clewley, 2002). Phylogenetic analysis explores the
evolutionary relationships between organisms and is a vital foundation for microbial
studies. The development of reliable phylogenetic trees is an important step in
characterising new pathogens and developing new treatments in biomedicine. Trees

based on gene sequences are maps with which to articulate the elusive concept of
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biodiversity. Thus, comparative analyses of small-subunit rRNA (16S or 18S rRNA)
and other gene sequences show that life falls into three primary domains, Bacteria,
Eucarya and Archaea (Woese, 1987; Woese et al., 1990). Recent studies have
highlighted host-microbiota phylosymbiosis, i.e. a congruency between the host

phylogeny and the divergence in its associated microbial community composition.

Even though mosquitoes lead to several deadly diseases in mankind, it cannot be
completely ruled out from the ecosystem. From an ecological perspective, the role of
mosquitoes is inevitable as they are members of aquatic and terrestrial food chains,
serving as food for higher trophic levels like birds and fishes (Vijayan, 2010). In
populous countries like India, there is a surge in mosquito-borne diseases like malaria
(Anopheles mosquito), dengue (Aedes mosquito) and filariasis (Culex mosquito),
which are capable of affecting public health, the social and economic status of the
country. National Vector Borne Disease Control Programme (NVBDCP) of India
reported malaria as the most life-threatening disease in the country, with 95% of the
population in the country residing in malaria endemic areas. Filariasis and dengue
follow this. For control of these epidemics, vector control is considered to be one of
the important master plan to reduce transmission. The use of chemical insecticides
can restrain adult mosquitoes. However, larval control is more economical and
provides sustainable control by eradicating the emergence of adult mosquitoes. A
thorough understanding of larval gut content with special emphasis on dominant
members like bacteria and fungi is essential in formulating an effective biocontrol to

check these outbreaks and epidemics. The present study aims

e To investigate gut microbiota (bacterial and fungal communities) in Aedes
aegypti, Culex quinquefasciatus & Anopheles stephensi using culture

dependent method.
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To delve into the molecular phylogeny of the microorganisms residing in the
mosquito guts by employing advanced molecular techniques, to unravel the
evolutionary relationships among these microbial communities and gain
insights into their genetic diversity.

To analyse (comparative) physicochemical parameters in natural habitat of
these selected mosquitoes across seasons will shed a comprehensive view of

the seasonal conditions that influence the mosquitoes' breeding sites.
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REVIEW OF LITERATURE




Generally, mosquitoes are considered annoying creatures that act as bridge
vectors for diseases. Out of more than 3500 species, only a few female mosquitoes act
as carriers of deadly viruses and parasites that result in human mortality and disease.
Their positive role in the biosphere is purely neglected. Being a member of the food
chain, the role played by mosquitoes is worth appreciating. Mosquito larvae, which
occupy the base trophic level in the aquatic food chain, are being eaten by Gambusia
(mosquito fish), which in turn are taken by medium-sized fish. These medium-sized
fish are food for large fish. Alligators, birds and humans are consuming the large fish

(Rueda, 2008).

The interdependence between prokaryotes and eukaryotes, as well as between
eukaryotes and eukaryotes, is inevitable for the existence of life on Earth. For
example, chemical signalling occurs between microbes and insects in ample instances.
Like that, mutualistic interaction occurs between plants and mosquitoes in which
mosquitoes act as excellent pollinators and plants as providers of nectar. Floral nectar
serves as a habitat and server of nutrients to microorganisms. These microbes can alter
the inflorescence odour by acting as semi chemicals (message-bearing chemicals). It
is thereby strengthening plant-pollinator signalling system in pollinators like
mosquitoes. Normally mosquitoes are attracted both by visual inflorescence displays
odour as well as by carbon dioxide released by microbes. These floral nectar are the
chief source of dietary nutrients besides extra floral nectar, aphid honey dew and fruit
juices needed for adult mosquitoes for fight, mating, blood-feeding, and fecundity.

The Aedes communis and Aedes canadensis behave as pollinators of a particular
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variety of orchids, Habenaria obtusata, in North American swamps and in Silene
otitis, a perennial and dioecious plant mostly seen in Europe and Central Asia
(Manguin & Boete, 2011). Tanacetum vulgare, commonly called Tansy, is a perennial
herbaceous flowering plant that attracts Culex pipiens by semiochemicals for
pollination (Peach et al., 2021). The mosquito plant interactions were justified by the
studies of (Beier, 1996; Nyasembe & Torto, 2014) in mosquitoes collected from
Western Kenya, in which 6.3% of the indoor-resting mosquitoes and 14.4% of host-
seeking Anopheles gambiae and Anopheles funestus showed positive result for

fructose(a form of carbohydrate present in plants).

Since mosquitoes hold a place in the food chain, the elimination of mosquitoes
will affect the ecological balance. Over time globally, a lot of death due to mosquito-
borne diseases has been reported next to tuberculosis and AIDS. On a world-wide
basis, mosquito-borne diseases are a key group of concern. More than 400, 000 people
die every year from malaria and other serious illness epidemics like dengue, yellow

fever, chikungunya, and Zika in numerous metropolitan cities.

By 2050, half of the world's population is expected to be exposed to the risk
of arbovirus transmission (Viglietta et al., 2021). The principal methods available for
reducing the public health burden of most mosquito-borne diseases are vector-based
interventions. Among the vector mosquitoes, the genera Aedes, Anopheles and Culex
play an important lead in disease transmission. Aedes (Stegomyia) aegypti (Linneaus),
a day-bitting mosquito, more intimately associated with humans than other vertebrate
hosts for blood feeding during the gonotrophic cycle. This preference makes it more
adaptable to survive in human habituations to feed and rest. Out of 950 species of
Aedes mosquitoes, Aedes aegypti has been the vector of dengue virus, yellow fever

virus, Zika virus, and chikunguniya virus. This single species of mosquito remains the
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main threat, causing inestimable suffering to mankind (Powell, 2018). Aedes aegypti,
was an indigenous species to Africa, whose ancestral population was still found in the
forest zone, whose larval forms were found in tree holes, and whose adults depend on
non-humans for blood meals. The mosquito shows cosmo tropical distribution due to
its greater adaptability to avoid the effects of transient climatic conditions. By the start
of civilisation, humans began to use containers and utensils for water storage all year
around, making it an interesting breeding place for Aedes aegypti to obviate adverse

conditions like flood for oviposition (Jansen & Beebe, 2010).

The sylvatic yellow fever virus (YFV) originated in Central African rain forest
terrain and extended along riverine forests. There was no documentation of yellow
fever outside Africa before 1500. The primary vector mosquito was Aedes africanus
for sylvatic YFV. Other mosquito species with identical larval habitats and biting
options are also involved in YFV transmission, including Aedes furcifer-taylori,
Aedes vittatus, Aedes luteocephalus, Aedes opok, Aedes metallicus, and Aedes
simpsoni sensu lato and Aedes bromeliae (Hanley et al., 2013). The 15th-19th
centuries witnessed large-scale epidemic inflation of yellow fever by trade in port
cities of North and South America, Africa, and Europe, where a lot of mortalities and
morbidities were recorded. During 1900-1901, studies by Walter Reed found that
yellow fever was transmissible among humans by Aedes aegypti mosquitoes (Bryant

etal., 2007).

Dengue fever was first mentioned as “water poison” connected with flying
insects in a Chinese medical encyclopaedia in 992 from the Jin Dynasty (265-420
AD). By 1823, the term ‘denga’ or ‘dyenga’ was used to name a particular disease on
the east coast of Africa. 1870 witnessed an outbreak in Zanzibar (Swahili Unguja), an

island in the Indian Ocean, lying 35 km off the coast of east-central Africa. The
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affected people manifested sudden cramp-like seizures. The term ‘dengue’ was
assumed to have originated from Swahili word ‘ki denga pepo,” which means “a
sudden, cramp-like seizure caused by an evil spirit”. It is believed that dengue spread
by slave trade from East Africa and Cuba to Caribbean islands during the outbreaks
in 1828. During the time of 11 World war, the pandemic spread too many parts of the
world. The virus was isolated by Japanese scientists Hotta and Kimura in 1943 by
inoculating the brain of suckling mice using the serum from dengue patient as culture
media. In the succeeding year (1944) virus was isolated by Albert B. Sabin from U.S.
soldiers in India, New Guinea, and Hawaii. These isolations laid the foundation for
the classification of the virus into serotype 1 (DENV1) and serotype 2 (DENV?2),
respectively. At the time of epidemic of Manila, Philippines in 1956, Hammond
isolated other two serotype, i.e serotype 3 (DENV3) and serotype 4 (DENV4). The
year 1980 was marked by resurgence of dengue hemorrhagic fever (DHF), and dengue
shock syndrome (DSS) in many parts of the world especially it radiates from
Southeast Asia and the Western Pacific to the American region. Globally by the end
of 90s and in the early beginning of 2000 an unprecedented rise in the number of
dengue disease with a high rate of mortality and morbidity was recorded (Gubler et

al., 1997).

The epidemiological data on dengue in India is quite intriguing and interesting.
In India, the first confirmed sporadic outbreak of DHF occurred in 1956 in Vellore
district, Tamil Nadu. Later, in 1963-1964, a massive blow of DHF occurred in
Calcutta, West Bengal; from there, it took about twenty to thirty years to spread to
other states of the country. The first major nation-wide epidemic occurred in 1996,
caused by DENV-2, a genotype 1V strain of the virus. Almost 10,252 cases and 423

deaths were reported at that time. Following this, a gradual expansion in viral
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transmission has been noticed in the country. At present, four serotypes of DENV are

prevalent in India (Chakravarti et al., 2012).

During 1914-1970, the Rockefeller Foundation conducted research programs
on yellow fever; the discovery of ZIKV and numerous other arboviruses was its
outcome. Zika was discovered during a course of study on vectors responsible for
sylvan YFV in Uganda. In 1947, the ZIKA virus was isolated in Ziika forest near
Entebbe, a city in Uganda, from non-human primate (Rhesus monkey) and mosquitoes
(Aedes africanus) in 1948. This virus was named after the geographical location from
which it was isolated. By 1954, the first infection of ZIKA was reported in humans
residing in Nigeria (Africa). This particular ZIKV was isolated from an Aedes aegypti
mosquito during the 1960s in Asia. By 2007, hundreds of ZIKA infections in humans
were reported from Yap State (one of the four states of the Federated States of
Micronesia). It became a worldwide concern when it hit Brazil in 2015. However,
globally, geographic distribution of ZIKV, its incidence and prevalence of disease,

are likely to be underestimated (Waggoner & Pinsky, 2016).

The geographic expansion of ZIKA led to reports of cases from areas of zero
or minimal transmission. Serological confirmations of the ZIKA virus in India were
reported shortly after 1954 in the states of Gujarat and Tamil Nadu. After years of
dormancy in 2018, the first compiled report of the largest outbreak of ZIKA occurred
in Jaipur, Rajasthan, and Madhya Pradesh in the months of September and October
2018. A total of 153 cases were reported from Jaipur, and 130 confirmed cases of
ZIKA were reported from Madhya Pradesh and 70 confirmed cases were reported

from Kerala (Saxena et al., 2019; Sah et al., 2023).

Likewise, the chikungunya virus (CHIKV) was first isolated in 1952 in
Tanzania, a country in East Africa. The disease was named from a Makonde word
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portraying the bent posture of people with severe arthralgia, which is a trait of
chikungunya fever. In earlier times, viruses disseminated in forest regions of Sub-
Saharan Africa, and enzoonotic transmission occurred between non-human primates
and vector mosquitoes. Later, the pandemic was reported on the Asian continent
during the 1950s and 1960s, after the opening of the Suez Canal for trade. This disease
was reported in many parts of South Africa, like Zimbabwe, Cameroon, Uganda, and
Senegal. The year 1999 was endorsed by an outbreak in Port Klang, Malaysia. In
2004, a severe outbreak occurred in coastal Kenya and spilled out on the islands of
the Indian Ocean, infecting millions of people. Consequently, the infection spread and
flourished in other countries like Italy, France, America, Europe, and Asia. The reason
for this unprecedented surge and spread of the pandemic is mainly due to air travel.
Aedes albopictus, a native of Asia, was considered the second chikungunya virus
vector besides Aedes aegypti. From its native land, it spread to islands in the Indian
Ocean, then to southern European countries and to Africa. In 1963, the first outbreak
occurred in Kolkata, India, which claimed to be the first Asian country to have
chikungunya. Later on, it gets reported from other states of the country, like
Maharastra, Tamil Nadu, Kerala, etc. India is estimated to contain the highest number
of chikungunya virus infection cases from Asia. Even though Aedes albopictus acts
as a vector, its implication on disease transmission is less in Asia when compared to

that of Aedes aegypti (Chandak et al., 2009; Weaver & Lecuit, 2015).

Culex quinquefasciatus Say, 1823 (the southern house mosquito) is a member
of the Culex pipens species complex. The Culex pipens species complex comprises
Culex pipiens Linnaeus 1758, Culex quinquefasciatus Say 1823, Culex pipiens pallens
Coquillett 1898, and Culex australicus (Dobrotworsky & Drummond, 1953). Culex

quinquefasciatus (nocturnal biting mosquito) was the prime vector of the nematode
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Wulchereria bancrofti (agent of bancroftian flariasis) and the West Nile virus (WNV).
As anthropophilic species, adults feed on both bird and human blood and have the
vigour to transmit sylvatic arboviruses from migratory birds to humans in urban areas.
Culex quinquefasciatus was also potent enough to transmit the protozoan Plasmodium
relictum, the causative agent of bird malaria (Lopes et al., 2019). As an opportunistic
mosquito, it can survive in a bit of breeding water, which makes its geographical
expansion easier. It acts as a prominent vector nematode, causing lymphatic filariasis
in semi-urban areas of Asia. It vectored the Rift Valley virus in the African region and
West Nile, St. Louis encephalitis virus, and Western equine encephalitis virus in the

United States (Vadivalagan et al., 2017).

To date, in 1866, Otto Wucherer described the first Wuchercheria bancrofti
microfilaria as the agent of lymphatic filariasis in Brazil. Lymphatic filariarsis is a
neglected tropical disease and has an epidemic spread in countries like Asia, Africa,
and America. In terms of its geographical distribution (Fontes et al., 2012). Lymphatic
filariasis is one of the most important health concerns in India. The disease was
documented in India as early as the 6th century B.C. by the eminent Indian physician
Susruta in his book ‘Susruta Sambhita’. In India, Wuchereria bancrofti, vectored by
Culex quinguefasciatus, was responsible for 99.4% of infectious problems in the
country. To overcome this, India launched the National Filaria Control Programme
(NFCP) in 1955 with the rationale of controlling the epidemic (Agrawal &

Sashindran, 2006).

Rift Valley Fever (RVF) is considered a global menace, affecting a wide array
of animal species, including humans. The epidemic mainly causes abortions in
livestock. Up until the late 20th century, the RVF was restricted to Sub-Saharan Africa

(SSA). The first report of RVF outside SSA came from Egypt in 1977; in the
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succeeding year (2000) it was first reported outside the African continent and then

from the Arabian Peninsula(Clements et al., 2007).

In 1937, WNV was first isolated from the West Nile district of Uganda from
the blood of a native Ugandan woman. The zoonotic transmission of WNV occurs
through the bird-mosquito-bird transmission cycle. The period 1950-1980 was
marked by the geographical endemic spread of WNV throughout Africa, the Middle
East, Southern Europe, Western Russia, South Western Asia, and Australia due to its
viability in infecting numerous mosquito and bird species. It became a global public
health concern after its discovery in North America in New York City in 1999. It
causes neurodegenerative outbreaks in the United States. WNV infections have been
linked to a high prevalence of long-term effects like memory loss, confusion, and
fatigue. Nearly 1% of WNV infections result in neuroinvasive diseases such as
meningitis, encephalitis, or acute poliomyelitis. It was evident that neurological
impairments can persist for years following infection (Petersen et al., 2013). In India,
WNV has been isolated from human beings, frugivorous bats (Rousettus
leschenaulti), domestic pigs (NIV, unpublished data), and mosquitoes. In India,
among Culex mosquitoes, Culex vishnui, Culex quinguefasciatus, Culex
tritaeniorhynchus, Culex bitaeniorhynchus, and Culex univittatus act as potent vectors

of WNV/(Paramasivan et al., 2003).

St. Louis encephalitis (SLE) is an arboreal disease present in the New World
(North America) and transmitted between bird-mosquito cycles. By 1600, Europeans
had settled in North America, and large-scale agricultural development caused a shift
in North America's landscape topology. This creates a perfect habitat for Culex
mosquitoes and avian finches like doves, house finches, etc. By 1933, thousands of

SLE cases were reported in St. Louis, Missouri. In the succeeding years, it spread to
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many parts of North America (Reisen, 2003). Malaria is a common vector-borne
disease present in tropical and subtropical regions of the world, including Africa, Asia,
and America. In 1880, Charles Laveran discovered the presence of malaria parasites
in human blood. The role of mosquitoes in transmitting malaria was discovered by Sir
Ronald Ross in 1898. It is caused by protozoan parasites belonging to four
Plasmodium species, namely Plasmodium vivax, Plasmodium malariae, Plasmodium
falciparum and Plasmodium ovale and is vectored by Anopheles mosquitoes. Not all
anophelines can transmit malaria. Only mosquitoes belonging to the Anopheles sub-
genus Cellia can transmit the disease. There are around 460 recognised species so far,
of which over 100 can transmit human malaria. Some species of vector mosquitos
comprise Anopheles culicifacies, Anopheles sacharovi, Anopheles superpictus,
Anopheles stephensi, Anopheles arabiensis, Anopheles pulcherrimus, and Anopheles

hyrcanus (Raghavendra et al., 2011).

India, the most populous country in the world, faces serious public health
challenges when it comes to the matter of accurate estimation and proper control of
malaria. The year 1950 was marked in the history of India as having the highest
incidence of malaria, with an approximate 75 million cases and 0.8 million deaths per
year. Many reasons for the disease's prevalence include the country's geographical
topography and favourable climatic conditions that sustain the parasite and the vector
mosquitoes. Two major human malaria species are reported in India: Plasmodium
falciparum and Plasmodium vivax. Plasmodium malariae has been reported in
Odisha, the eastern state of India, whereas Plasmodium ovale is absent. To overcome
the epidemic, the government of India introduced the National Malaria Control
Programme (NMCP) in 1953 with the vision of declining and controlling the disease's

progression (Das et al., 2012).
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According to the World Health Organisation (WHO), around 1/6 of illnesses
and diseases are caused by vector-borne diseases. Every year, over one million
mortality cases and almost one billion cases were reported from various parts of the
nation. Mosquito-borne diseases include dengue, yellow fever, chikungunya, Zika
virus (Aedes aegypti), chikungunya, dengue, and WNV (Aedes albopictus).
Lymphatic filariasis is vectored by Culex quinquefasciatus and Anopheles (more than
60 known species can transmit diseases), malaria and lymphatic filariasis in Africa.
Dengue remains the fastest-spreading mosquito-borne disease in the world. Aedes
aegypti was the principal vector, and Aedes albopictus was the secondary vector of

the disease (WHO, 2014).

Viruses get circulated to humans by the bite of infected female mosquitoes.
Once the virus is incubated for a period of approximately 1 week, the mosquito can
transmit the virus until its end. Later, the infected mosquito acts as a vector and
disseminates the virus by biting. In keeping with WHO statistics, about 40% of the
total population is at risk of dengue. Out of the affected cases, about 2.5% of deaths
were reported. The major cause of this massive blow was the lack of effective antiviral
medication and vaccines. As stated by the WHO, every year, about 200000 yellow
fever cases were reported, resulting in more than 30000 deaths worldwide. At present,
there are no specific treatment norms for diseases. The treatments were provided for
existing symptoms shown by the patients. Chikungunya was less severe when

compared to dengue and yellow fever.

WHO has listed malaria (vector-Anopheles) as a dreaded disease affecting
more than 97 countries across the world, with more than 3.4 billion people at risk. The
disease severely hit Sub-Saharan Africa, with more than 90% of deaths. Lymphatic

filariasis, also known as elephantiasis, is transmitted mainly by Culex mosquitoes.
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About 120 million people are presently infected with lymphatic filariasis, of which 40
million are disFigureured and debilitated by the disease. It affects more than 25
million men with genital disease and more than 15 million people with lymphoedema.
About 65% of those infected live in the Southeast Asia Region, 30% in the African

Region, and the remainder in other tropical areas (WHO, 2014).

Unplanned urbanisation, environmental changes, increased global travel and
trade, and other societal challenges have escalated the emergence or re-emergence of
vector-borne diseases. The United Nations (UN) specifies urbanisation as the process
by which a large number of people permanently congregate in comparatively small
regions, producing a city (Desa, 2018). In line with data from 2018, 55% of the world's
population lived in cities, and it was anticipated that by 2050, that number is expected
to rise to 68% (Desa, 2018). The reports from the WHO stated that urbanisation
presumably brings about the emergence of new vector-borne diseases, particularly

viral diseases spread by mosquitoes (WHO, 2017).

Rochlin and co-workers in 2011 stated the role of bio-indicators, like bacteria,
plankton, plants, and animals, to assess the state of an ecosystem's normal habitat.
They have been used to evaluate the environmental status and existing biogeographic
changes. Significant mosquito habitats are frequently found close to populated
regions, particularly residential areas. The environmental changes brought on by
human activities have a major impact on the diversity and abundance of many
mosquito species. Urban environments have become the principal breeding grounds
for invasive species like Aedes albopictus and the common yellow fever mosquito,
Aedes aegypti. The presence of a large area of breeding habitats, lots of human hosts,

and little mosquito control creates an ideal mosquito hotspot (Rochlin et al., 2011).
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One of the most significant abiotic elements affecting the physiology,
behaviour, ecology, and, consequently, the survival of insects is the ambient
temperature. As poikilotherms, insects have variable internal temperatures that are
influenced by the temperature of their environment. Due to fluctuations in thermal
variation, insects have to face challenges like desiccation, changes in metabolism, and
even losing the ability to move. Aedes aegypti mosquitoes can withstand temperatures

between 15°C and 32°C (Reinhold et al., 2018).

Similar findings have been reported in Asia, where climate change could
worsen mosquito-borne diseases. Studies have reported that an increase in
temperature (1-2°C) results in rapid and higher viral replication, making the situation
more favourable for the acute spread of dengue and chikungunya, especially in areas

with a large number of Aedes mosquitoes (Lounibos & Kramer, 2016).

The vector-borne ailment episystem includes biological and environmental
units and aspects of the overall epidemiological vector-borne disease system within
particular spatial or temporal scales. An important facet of the Anthropocene is the
shift in land use from naturally occurring to human-dominated landscapes, which
modified disease risk by affecting the interrelationship between people, pathogens,
vectors, and vertebrate hosts. The major root cause of the worldwide dissemination of
vector-borne diseases is the immediacy and intensity of unscientific land use and its
impacts on local ecology. Arthropod vectors are able to quickly adjust to local climatic
and ecological changes. For instance, drought can have a significant impact on
vegetation, aquatic predators, and water table levels, all of which affect vector
populations. Lack of precipitation can influence mosquito populations both at the
larval and adult stages. Flood water mosquitoes have shown a variety of adaptations

for surviving and growing in transient habitats, particularly transient pools of water
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produced by drought conditions. Notably, several species of mosquitoes can produce
drought-resistant eggs that are capable of withstanding many years without water.
Hatching occurs when prompted by environmental factors such as changes in water
table levels. Whereas urban mosquitoes are naturally adaptable and can take
advantage of habitats made in response to drought (such as water storage facilities),
this adaptable property of invasive aedine mosquitoes to container settings helps in

the local transmission of viruses in temperate regions.

Vector control and surveillance are the most productive methods to check for
mosquito-borne diseases. While choosing the most appropriate vector control method,
or combination of methods, consideration should be given to the local ecology,
behaviour of the target species, the availability of implementation resources, the
cultural context in which control interventions are carried out, the feasibility of
applying them in a timely manner, and the adequacy of coverage. Methods of vector
control include the elimination or management of larval habitats, larviciding with
insecticides, the use of biological agents, and the application of adulticides. Frank and
colleagues in 1980 pointed out that integrated pest management (IPM) has been
practiced by mosquito control organisations for many years. These elements of
mosquito control are present in practically all programmes. Integrated Mosquito
Management (IMM) is a reframing of IPM; its goal is to manage mosquito populations
to lower the risk of mosquito-borne disease transmission and to achieve a low level of
mosquito annoyance by using the most efficient and cost-effective techniques with

the least detrimental environmental impact (Frank et al., 1980; Floore, 2006).

During the last century, malarial vector control strategies were solely based on
chemical agents like dichloro-diphenyl-Trichloroethane (DDT). For example, the use

of long-lasting insecticide-treated nets (LLINS) and indoor residual spraying (IRS) of
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DDT has prevented 75% of malarial deaths globally by controlling vector mosquitoes
(Anopheles). Duly, WHO recommended that mosquito control be the sole intervention
that can curtail malaria transmission from peak levels to close to zero (Shaw &
Catteruccia, 2019). Malaria incidence in India was reduced by 99.8% from 75 million
cases annually in the 1930s to 110,000 cases annually in the 1960s. In addition,
extensive spraying programmes have generated behavioural resistance in some
countries' vectors. This may be a direct reaction to the irritating pesticides (DDT or
pyrethroids), which can have an effect on control attempts, or it may be a genetic
feature that has evolved as a result of selection due to the presence of insecticides in

homes.

A few Indian malarial vector species exhibit physiological resistance to DDT,
posing major issues in vector control programs. In India, indoor insecticide spraying
is used to combat malaria. After the eradication programme slackened in the 1970s
due to the development of physiological resistance issues, there was a massive surge
of malaria. This was made worse by the construction of irrigation systems, the
relocation of susceptible human populations into risk zones, and the presence of
outdoor resting populations of Anopheles culicifacies, the main malaria vector. The
1980s witnessed the reintroduction of DDT in India, a country where Anopheles
culicifacies is DDT-resistant. Due to DDT's irritating impact, which lasts considerably
longer than its poisonous effect, malaria transmission has been reduced (Pates &

Curtis, 2005).

Smith and Webley (1969) demonstrated the irritating impact of DDT in
verandah trap houses, where mosquitoes become irritated and leave the huts more
quickly than those who weren't sprayed. (Smith & Webley, 1969). Sadasivaiah and

co workers in 2007 suggested the combined use of IRS with DDT or other insecticides
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as a pivotal part of the national malaria control programme. Synthetic pyrethroids are
a safe substitute for DDT, especially in new housing areas and in places with low and
seasonal transmission. The use of pesticide-impregnated traps and aerial insecticide
sprays, improved vector control, and surveillance have achieved great progress
against vectors such as tsetse flies, mosquitoes, sandflies, etc. However, the elaborate
use of chemical control strategies has caused insecticide resistance to develop and
spread in naturally occurring populations of Anopheles, Aedes, Culex, and
Phlebotomus. For example, malaria vectors developed resistance to DDT or
pyrethroids and demanded the use of shorter-duration insecticides like carbamates and
organophosphates as control measures. Although the public health effects of this
phenomenon are still unknown, it raises strong concerns for the future of these vector
control methods. In the case of malaria, LLIN and IRS techniques exclusively target
Anopheles species that feed and rest indoors. Aside from a restricted application of
larvicidal substances, no tools are currently available to stop transmission by outdoor
biting and feeding mosquito populations. The development of alternative strategies to
effectively reduce the transmission of pathogens by insect vectors is therefore a high

priority (Hoffman et al., 2002).

To combat Culex or Aedes mosquitoes, residual home spraying is no longer
frequently utilised. This is partially due to the fact that many vector species have
outdoor resting habits or rest indoors on materials that haven't been sprayed, including
clothing, curtains, etc. The ability of Aedes mosquitoes to adapt to new breeding
grounds creates a serious threat, especially in urban areas where high population
densities of humans and mosquitoes expose a lot more individuals to the risk of
disease. The strategic techniques of vector control notified by WHO are known as

Integrated Vector Management (IVM), which mainly target the management of
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dengue vectors. The aim of the process was to make the best use of available resources
for vector control. As Aedes aegypti occupies a variety of natural and man-made
ecosystems, vector control should be designed by considering these aspects. It may
not be practical or cost-effective to control mosquito breeding in all such ecosystems.
Here, vector propagation is managed by removing or recycling non-essential
containers that serve as larval breeding grounds. These measures ought to be the
mainstay of dengue vector control. Another method employed in this aspect is vector
control by chemicals. Chemicals are frequently used to treat Aedes aegypti larval
habitats; larviciding should be limited to containers that cannot be otherwise removed
or controlled and should be seen as a complementary practice to environmental
management, unless a crisis arises. It’s difficult to point out and reach natural habitats
like leaf axils and tree holes, which are Aedes mosquito’s typical habitats, or in deep
wells, larvicides may be impractical to use. Another key obstacle is tracing the indoor
Aedes aegypti larval habitat in many urban areas. Moreover, chemical measures can
be used only if environmentally friendly management techniques or other non-
chemical procedures are impractical or too expensive to implement (McCall et al.,

2009).

Lopes and co-workers in 2019 illustrated that the use of hexachlorobenzene
(BHC), DDT, and dieldrin as residual action insecticides as part of a Brazilian
governmental campaign to control Bancroftian flariasis during 1951-1955 was
incipiently effective (Lopes et al., 2019). In the following years, it was found to be
ineffective due to the development of resistance in mosquitoes, and subsequently,
their use was suspended. Culex mosquitoes showed resistance to a wide array of
chemical insecticides like chlorpyrifos, malathion, carbamate, propoxur, themephos,

etc. (Lopes et al., 2019).
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Since many years, interventions that target mosquito larval stages have been
successfully utilised, but their efficacy varies greatly from species to species. In
general, interventions are successful when habitats are large and sensitive to
environmental change, but they are less effective when habitats are small, widely
distributed, and transitory. Rogers (1967) recognised that the most beneficial
mosquito control was to impede adults from emerging, particularly through water
management and larviciding. Yet supplemental adulticide would often be required to
protect population centres. Source reduction or habitat modification of larvae acts as
an effective method for the eradication of mosquitoes. It is a practical and long-term
method for controlling mosquitoes in production areas. Additionally, it lessens or
completely replaces the requirement for other mosquito control strategies. For
example, any low, wet, muddy region, salt marsh, or other breeding grounds for
mosquitoes may be ditched or drained. However, the main drawback of this approach
is that habitat modification may not always be an ideal option in economically
important wetlands (Rogers, 1967). Carlson and co-workers discussed habitat
management by impoundment, an additional strategy for source reduction.
Impoundments are mosquito breeding grounds that have artificial or natural dikes
built around them to confine water poured into the marsh. This inundation prevents
floodwater species from ovipositing, which significantly lowers their populations

(Carlson et al., 1991).

Ditching has been used for a long time as a source-reduction mosquito control
method. Open marsh water management (OMWM) is a contemporary source
reduction approach used in several salt-marsh coastal regions of the United States.
This technique uses short ditches in the marsh to connect mosquito breeding grounds

to habitat (tidal, creek, ditches) in deep water. Thus, mosquito broods can be managed
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without the use of pesticides by allowing larvivorous fish to access these depressions.
On the other hand, these areas might be drained before adult mosquitoes emerge

(Carlson et al., 1991).

If standing water cannot be drained or removed, biological control agents,
larvicide applications, or a combination of these methods may be employed to control
the problem. Such potential sites include any area with standing water, such as
marshes, swamps, streams, flowerpot saucers, roof gutters, wells, old tyres, ponds,
etc. The following factors should be taken into account when using larvicides: To
reduce effects on organisms other than the target species, the substance should be
tailored specifically for mosquitoes, and the larvicide must be able to penetrate thick
vegetation canopies. The formulation of the larvicide (liquid, granular, solid, etc.)
must be suitable for the habitat being treated, applied precisely, and based on
monitoring data. An efficient larviciding programme is a vital component of
integrated mosquito control operations. Application precision is crucial because even
missing a relatively small region might cause a big mosquito brood to emerge,
necessitating repeated broad-scale adulticide (Floore, 2006). New approaches have to
be implemented to replace the use of pesticides. IPM is one of them. IPM guidelines
are based on environmental planning, public awareness campaigns, and biological
control. It intends to effectively control the mosquito population by protecting the

environment from contamination (Wilke & Marrelli, 2015).

Biological control has the ability to be host-specific with almost no non target
consequences. Service in 1983 claimed that biological control agents may
successfully lower mosquito populations; however, at the time, there was debate over

their efficacy. Legner and Sjogren in 1984, provided examples of successful
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management by various fish species. Large populations of the mosquito-eating fish
species Gambusia can be raised before being released into areas where mosquitoes
thrive, where they eat a variety of insects in addition to mosquito larvae. In areas
where the water freezes or where there isn't year-round water, mosquito fish must be
released every year. Other biological control species comprise Toxorhynchites sp.
(mosquito larvae) that consume other container-breeding mosquito larvae.
Toxorhynchites sp. inoculative releases, however, have been made without
establishing control with the intention of colonisation and efficient predation
(Schreiber & Jones, 1994). Mosquito larvae are also consumed by microcrustaceans
(predaceous copepods, such as Macrocyclops longisetus). For example Mesocyclops'
effectiveness was demonstrated to be increased when combined with biorational
larvicides. The fungus Lagenidium giganteum has been developed as a biological

mosquito control agent (Roberts & Panter, 1985).

Benelli mentioned in 2015 the usage of organophosphates, insect growth
regulators, and microbial control agents against target mosquito larvae. Indoor
residual spraying and insecticide-treated bed nets are commonly used to lessen the
spread of diseases carried by mosquitoes in tropical regions. However, these
compounds cause resistance in a variety of vector species and have detrimental
consequences for human health and the environment. Based on this, environmentally
friendly techniques have lately been used to improve the control of mosquito vectors.

In addition to traditional biological control strategies.

Benelli and colleagues in 2016 highlighted the discovery of the plant-based
drug artemisinin for the treatment of malaria and the subsequent granting of the Nobel
Prize in 2015. The study also upholds the importance of screening plants and fungi as

sources of metabolites for parasitological and mosquitocidal qualities. Strikingly,
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plant-borne molecules are much more effective at a few parts per million (ppm)
against Aedes, Anopheles, and Culex young larval instars. More than 80 plant species
have currently been used to successfully synthesise nano-mosquitocide, with a focus
on larvicidal applications. However, research on ovicidal and ovideterrent

nanoformula is limited.

In aquatic habitats, natural enemies that feed on mosquito larvae and pupae
can significantly contribute to the decline of Culicidae populations. Indeed, many
aquatic creatures, such as fish, amphibians, copepods, young odonate water bugs, and
even the larvae of other mosquito species, prey on mosquito young instars. The
relevance of larvivorous fish in the biological control of mosquitoes has received the
greatest attention. Fish predation was monitored in a variety of habitats, ranging from
tiny plastic containers to intricate natural ecosystems like coastal wetlands. In a wide
range of habitats and environments, larvivorous fish have been shown to be
particularly successful at reducing mosquito larval populations. More than 60
countries have implemented mosquito control measures by introducing larvivorous
fish, specifically those from the genera Gambusia and Poecilia (Poeciliidae). Even
though introduced, larvivorous species often remain a risk to native aquatic fauna,
comprising amphibians. This instigates the need to think precisely about ecological
menaces through the introduction of predatory species as a part of vector control

(Louca et al., 2014).

By mid-1970, after the discovery of Bacillus thuringiensis subsp. israelensis
(Bti), many researchers have investigated the properties of mosquitocidal endotoxin
proteins and their role as an alternative to chemical pesticides. Bacillus thuringiensis
is a complex of multiple subspecies, all distinguished by the production of a

crystalline parasporal body during sporulation. The parasporal body of the majority
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of subspecies comprises cry (for crystal) proteins, which are referred to as Cry4Aa,
Cry4Ba, and CryllAa, and non-specific CytlAa protoxins, which are extremely toxic
to some insect species but safe for the majority of non-target organisms. Upon
ingestion, the crystals are dissolved by insect midgut digestive enzymes. Proteases
then cleave the protoxin to release the active toxin. In order to cause an osmotic
imbalance and consequent lysis of the midgut cells, the toxin attaches to proteins on
the midgut microvillar membrane, inserts into the membrane, and creates pores. This
results in paralysis and eventual host death. The distinctive feature of these bacteria is
that their potential is high when they act synergistically. These synergistic effects are
thought to also lessen the possibility of resistance developing. Due to Bti's
effectiveness and safety, isolates of several subspecies presently serve as the active
ingredient in commercial insecticides used for insect control in the U.S. and many
other countries. The primary bacteria in these products are Bacillus thuringiensis
subsp.Kurstaki (Btk) is used to control lepidopterous pest larvae, and Bacillus
thuringiensis (Bti) is used to treat mosquito and blackfly larvae. Bacillus thuringiensis
subsp. morrisoni, strain tenebrionis, a different species that is toxic to pest beetles like
the Colorado potato beetle, was created but is no longer commercialised.
Bacillus sphaericus (Bs) has recently entered the market under the brand name
VectoLexH, while Bacillus thuringiensis is offered under a variety of trade names,
including VectoBacH and TeknarH. Bacillus sphaericus is exclusively effective
against a narrower range of mosquitoes than Bti. Even against these, it performs
poorly against a number of significant species, including Aedes aegypti. However, Bs
has better residual action in polluted environments and is marginally more harmful to
some Culex species than Bti. Specifically against Culex quinquefasciatus, the primary

vector of lymphatic filariasis, which typically breeds in highly polluted water bodies
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in urban areas. As a result, it is used in China, India, Brazil, Central America, and the

USA to combat Culex species in contaminated environments (Federici et al., 2007).

Norbert Becker commented that the fundamental requisite for the successful
use of bacterial control agents was the production of effective formulations befitting
the ecosystem of target organisms. The unique characteristics of Bacilli include their
adaptability, relative ease of mass manufacturing, formulation, and application, as
well as their safety for the environment. The rapid development and use of these
Bacilli in many mosquito and blackfly control programmes was due to the

comparatively low costs for development and ease of application (Becker, 2000).

Over the past 400 million years, insects and fungi have coexisted and formed
several types of interactions. Out of it, pathogenicity is a characteristic interaction
evolved between fungal families and arthropods. In contrast to other insect pathogens
like bacteria or viruses, entomopathogenic fungi can infect