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ABSTRACT

Mosquitoes, found ubiquitously across various regions of the world, play a pivotal
role in transmitting many devastating diseases. Their significance as vectors has
stimulated the alarming rise in mosquiiorne diseases as they are responsible for
carrying and transmitting pathogens to humans and animals. The most significant
health risks associated with mosquito vectors include dengue, malaria, chikungunya,
yellow fever, zika virus infection, filariasis, and West Nile virus infection. These
diseases coltgively contribute to extensive global disease and mortality rates, with
millions of cases reported annually. Accurate identification of mosquito vectors in
specific regions is crucial for strategizing effective disease management and resource
allocation & it enables early detection and targeted response measures, reducing

disease impact.

For decades, Kerala has faced persistent intimidation of modspme diseases.
Therefore, it becomes imperative to precisely identify, map, and document the vector
maosquito population and the factors that drive their proliferation. The first objective
of this study was to identify the important vector mosquito species within selected
areas that represented urban and aetmn regions of the Thrissur district in Kerala
India, using molecular identification techniques. According to the molecular data, a
phylogenetic tree was constructed, comparing the genetic relations between the
collected vector species with the other N&posited species from various regions
around the globe. This objective presented detailed information on local vector
populations, facilitating more focused and effective vector control strategies. This
research combined traditional and molecular techniques to recognize mosquito
species and utilise®IS technology for species mapping according to their habitat

geographic region.

The study also evaluated different diversity indices, including alpha, beta and gamma
diversity indices of the collected vector populations. These diversity indices provided
an overall awareness of the diversity of selected vector mosquito species within the
study area. The molecular identification of mosquito vectors confirmed the existence
of 11 vector species of primary and crucial mosgbione diseases. Thmllected
vector mosquitospecies wereidentified and documentedinder four different

generaAnophelesAedesArmigeresandCulex within the study area. The selection
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of Ae. aegypti as the experimental species for larvicidal activity studies was
influenced by uderstanding the burden of disease associated with this vector

mosquito and its role in disease transmission.

The next objective of the study involved screening various locally available plant
extracts againgke. aegyptvector using organic solvents withcreasingpolarity. It
comprised the identification and isolation of bioactive compound within effective
phyto-extract, and the evaluation of the susceptibility of foumstar larvae ofe.
aegyptito the plant extract. This assessment utilised thedatdnlarval bioassay
procedure outlined by the World Health Organiza{dfiHO).

The following part of the study involved the larval susceptibility assay, where
different conventional insecticides and the plant isolate were tested against
aegyptilarvae The bioactive compound, identified as eicosane and termed CB1, and
four conventional insecticides, lambdghalothrin, cypermethrin, temephos, and
malathion, were chosen for examination. The WHO protocol was followed for
assessing larval susceptibilitgnd plant isolate bioassay, with modifications as
needed to meet the specific requirements of the study. The results revealed the

susceptibility status oke. aegypttowards all the tested compounds.

Antimicrobial activities were also considered to deiemthe efficiency of CB1 to
limit the growth of microorganisms. Of the four different bacterial strains tested, the
growth of all except one was limited by the plant isolate. This result indicated an add
on advantage of CB1 as it could inhibit certain noigal growth when released to the

environment as a larvicide.

The fundamental objective of this study was to evaluate the synergistic impact, as
synergy can enhance the efficacy of insecticides when combined with natural
compounds like the plant isolatidus improving the prospects of successful vector
control. This cooperative approach also holds the potential to reduce the dependence
on chemical insecticides alone, thereby promoting more sustainable vector
management practices. Two distinct experimeajgroaches were established to
examine the interplay between the insecticide and plant extract, yielding the Co
toxicity coefficient, CTC and the Synergistic factor, SF. These experiments aimed to
gain a deeper understanding of the combined effects bfakemical insecticide with

the plant's bioactive compound ée. aegyptiarvae. The CTC analysis assessed the
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combined mixture influenced mortality rates in comparison to expected outcomes,
while the evaluation of the SF aimed to explain the degreeyoérgism or
antagonism observed between the insecticide and the plant isolate. These
investigations provided a better perceptive of the interactions among these substances
and their aptitude for successful vector control tactics. The results demondiedted t

all combinations exhibited a synergistic effect on the test species, with the eicosane

lambda cyhalothrin combination, SC4, displaying the most pronounced impact.

SC4 was chosen for further analysis to investigate the possibility of resistance
developnent in the laboratory rearg®k. aegypti This involved quantitative assay of

the detoxifying enzymes of the selected generatarme. aegyptiwhich had been

raised through exposure to this compound for five consecutive generations and
comparing their dtoxifying enzyme activity with that of the susceptible strain.
Bioassay experiments adhered to the standard WHO method and the Resistance Ratio
(RR) assessment was also conducted following the WHO protocol. The derived lethal
concentration (LGp) valuesindicated that although there was a minor rise inoLC
values with the progression of generations, it did not reach a level indicative of
resistance development against SC4, andAtheaegyptistrain remained susceptible

even after five generations.

Quanttative enzyme assays were also performed to analyse the mode of action of
crucial detoxifying enzymesin a laboratoryreared susceptible strain Ak. aegypti

when exposed to the synergistic compound, SC4 and the plant isolate CB1 over
different time inervals of 24, 48, and 72 hours. Specific enzyme activities of
Acetylcholinesterase, Carboxylesterase, Glutathioniearsferase and Cytochrome
P450 were evaluated along with the total protein concentration. The results
consistently demonstrated a reductiin the activity of the tested detoxifying
enzymes throughout all treated generations, implying a potential barrier to the rapid

development of resistance to these compounds.

Keywords: MosquitoAe. aegyptiBarcoding, Larvicide, SyneygInsecticides,
Phyto- extract
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GENERAL INTRODUCTION



Mosquitoes are a humongous group of insects observed throughout the world's
temperate and tropical regions and beyond Angtic Circle. They belong to the
Culicidae family of the order Diptera (Harbach and Kitch2@36). They are
recognized as one of the most pertinent groups of arthropods in the public health field,
as they can act as vectors for many lethal diseaseitparas total of 3,719 species of
mosquitoes, divided into 113 genera and two subfamilies, are currently recognized,
with many more species still in need of confirmation (Harbach, 2023). More findings
and nomenclature of sibling species, primarilAmopleles as a result of the use of
DNA-based methods, can be expected to result in a three to fivefold increase in
current numbers (Harbach and Besansky, 2014). After Brazil, Indonesia, Malaysia,

and Thailand, India stands fifth in terms of mosquito bioditse(Boley et al., 2007).

Many species of mosquitoes are crucial to tropical medicine and public health because
they carry pathogens of infectious diseases, such as nematodes, protozoans, and
arboviruses, which can cause serious harm to humans. Theasedisee particularly
concerning tropical and temperate countries and are considered as a significant public
health risk (Rocklév and Dubrow, 2020). According to WHO reports, wxiore
diseases, including those transmitted by mosquitoes, make up weatesn percent

of all infectious diseases in humans and lead to approximately 700,000 deaths each
year (WHO, 2014; Chaiphongpachara et al., 2022).

Biology

Based on their characteristics, general morphology, and lifecycle, mosquitoes are
organised intotwo subfamilies: Anophelingeand Culicinae. Both Culicine and
Anophelinae subfamilies comprise blefekding female mosquitoes. Unlike these,
the Toxorhynchitinae females do not need blood to complete their life cycle, and their
general morphology excled bloodsucking mouthparts (Caui€hmul et al., 2018).

The general distinguishing morphological characteristics of the Culicinae subfamily
include long antennae and a proboscis with shorter maxillary palpi, which are adapted

for piercing and sucking fluglfrom plants and animals. In comparison, the palpi and



proboscis of the Anophelinae subfamily amproximately equal in lengitResh and
Carde, 2009)

The scutellum is the posterior portion of either the mesonotum or the metanotum of
the thorax regionthat can be considered a distinguishing characteristic among
different subfamilies of mosquitoes. In mosquitoes, it is seen as a smallikgdate
structure on the dorsal side of the thorax. The scutellum of the Anophelinae subfamily
has a rounded or setluinar shape and is comparatively flat without any lobes,
whereas the Culicinae subfamily has a distinct triangular shape due to its trilobed
structure. The scales on the wings of mosquitoes are another important feature used in
the conventional morphologi classification. The Anophelinae mosquitoes has
ornamental wings with pale and dark scales arranged in a distinctive pattern.
However, such scales are usually absent in Culicinae subfamily. Even though some
members of the Culicinae have ornamental scatethe wings, the scale pattern is
only prominent on the abdominal area where the wings are connected to the body part
and less on the main wing regiorhis pattern can also be used to identify different
species and subfamilies of mosquitqé®esh and Cae, 2009;Wilkerson et al.,

2021)

Life Cycle

Mosquito is a holometabolous dipteran with four distinct life stages, Egg, larva, pupa
and adult. Except for the Adult, which is a fifjgng phase, all the other forms are
entirely aquatic and requingater for their survival. Usually, mosquito species can
complete their life cycle and become adult in a relatively short period of 8 to 10 days,
depending on several factors that influence their survival andtigréike availability

of food, dimatic condtions, mosquito species and other environmental factors
(Kalman, 2004).

Egg: The female mosquitoes lay eggs, which is the first stage of the mosquito life
cycle. The eggs are laid as single eggs or in clusters. Each cluster may contain up to
hundreds beggs. The species coming undeedesandAnophelesay single eggs,

while CulexandCulisetalay eggs in cluster form. The selection of oviposition sites
also shows a wide range of habitats within the subfamilies, such as stagnant water,
floating plants,artificial containers, tree holes, or damp areas which are prone to

flooding (Ruedeet al, 2008). After a few hours of laying, the color of the mosquito



egg shifts from white to dark brown to black. Mosquito eggs vary in shape depending
on the species. Wle some mosquito eggs are bshtped, others are ovoid in shape.
Typically, their length ranges from 0.5 to 1 mm. In two to three days after being laid,
mosquito eggs will hatch into larvae under typical, favourable conditions. Certain
species, on thetlwer hand, can endure for several months in hostile, arid conditions
before hatching. Several factors, including temperature, humidity, and the availability
of nutrients, influence the timing of egg hatching. Once hatched, the larvae undergo
several develomental stages before becoming pupae and adult mosquitaksuiid
Tamir, 2022).

Larvae: The mosquito larvae undergo four stages of development known as instars
before reaching the pupal stage. The body of larvae is divided into three distinct parts:
a small head, an elongated thorax, and a tubular abdomen. After hatching, the
mosquito larvae start to feed on tiny aquatic plants and animals, such as
phytoplankton and zooplankton, as well as organic waste. Certain mosquito larvae
have a predatory behavoand consume other mosquito larvae as food. The larvae
can take four to ten days to go through the four instar stages before they moult into
the pupae. Mosquito larvae are usually found near the water surface to inhale air.
They can draw air in by penating the surface film with a siphon that is attached to
the end of their bodyHowever, the larvae belonging to the specieMahsoniaand
Coquilletidida complex have a unique way of breathing. They have a modified
piercing siphon that enables them ttaalh themselves to plant stems below the water
surface to obtain oxygen from the plant tiss(sckman and Olson, 200Beckeret

al., 2010aHall and Tamir, 2022

Pupae: Pupae, often referred to as "tumblers,"” are the stage of development that
follows the fourth moult of the larval stage in mosquitoes. During the pupal stage,
mosquitoes are almost completely still and only move when disturbed. In this stage,
some laval organs disappear, and the development of adult body structure occurs.
Unlike larvae, pupae do not consume any food, and they typically survive for a period
of 1 to 3 days before emerging as adult mosquitoes. (Jackman and Olson, 2002,
Becker et al., 200a).

Adult: The last stage of metamorphosis is finished, and adult mosquitoes typically
emerge 1 to 2 days following the appearance of pupae. Male mosquitoes do not reach

sexual maturity upon emergence, which distinguishes them from female mosquitoes,
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and consequently, the male population generally emerges a day or two prior to
females. Adult mosquitoes typically obtain nourishment from sources such as nectar,
plant sap, and other types of carbohydrates. Upon emergence, adult mosquitoes are
prepared to @mmence their life cycle, which involves mating, feeding, and
oviposition. In most species, female mosquitoes need to consume a blood meal as a
source of protein before they can lay eggs (Jackman and Olson, Bkeret al.,

20103.

Breeding Habitats

Mosquitoes breed in a wide range of aquatic habitats such as standing water,
temporary rain pools, marshes, swamps, and other similar environments, with
different species preferring different environments. Except for marine ecosystems that
have significantlevels of salt, mosquitoes can survive in a variety of habitats,
including freshwater, brackish water, or any other sort of water (clear, turbid, or
contaminated). The breeding sites may be natural or artificial and can vary in size
from small containerslike discarded tires, cans, and bottles, to extensive water
bodies, for instance, rivers, lakes, and ponds. Several factors, including the
availability of water, temperature, humidity, and the presence of suitable organic
matter for larval nutrition, detmine the breeding habitat of mosquitoes. Mosquitoes
usually opt for stagnant water that is rich in organic matter, containing decaying
leaves and algae to lay their eggs. The diversity of mosquito species varies depending
on the geographical region, an@veral researchers have investigated mosquito
biodiversity Adeleke et al., 2008; SNR et al., 2011; Dejenie et al., 2011,
Gopalakrishnan et al., 2013; Chatterjee et al., 2015

Vector Status

Despite their small size, mosquitoes play a significant nolehe ecosystem as
pollinators and vectors of numerous diseases. According to Naddaf et al. (2012),
mosquito complexes are responsible for causing severe discomfort and transmitting
life-threatening pathogens and parasites like arboviruses, protozoansmaatbdes

to humans and animals. Due to their capacity to spread mosuuite illnesses that
affect humans, thAnophelesAedes Armigeresand Culexgenera of mosquitoes are
medically and economically significant (Gubler, 20XDylexmosquitoes are majorly

known to spread filariasis, West Nile virus and Japanese encephAkdtes
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mosquitoes are particularly well known for transmitting deadly diseases like dengue,
chikungunya and zikaAnophelesnosquitoes, the members of the Anophelgroup

are primarily responsible for passing on one of the most fatal strains of malaria
causing pathogens, along with several arboviruses and paf&gtssn, 2010WHO,

20149).
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The Oriental region, which includes India, is saidb® one of the world's richest
biogeographic regions for mosquitoes, along with the Neotropics. The expansive and
abundant foliage topography of India has provided an inclusive array of determinant
variables that nourished mosquito breeding and wdxiore disease outbreaks
throughout the country. The rich diversity of mosquito species in the Oriental Region
can be attributed to several factors, including its tropical climate, which provides ideal
conditions for mosquito breeding and proliferation, as asllits diverse range of
habitats like forests, wetlands, and urban areas, which offer a variety of niches for
different mosquito species. Moreover, the extended history of human habitation and



trade in the area has contributed to the dispersal of mosspgities over various

regions. (Gaston and Hudson, 1994).

With its diverse geography and climate, India has consistently been a focal point for
transmitting mosquittoorne diseases such as dengue, chikungunya, malaria, Japanese
encephalitis, and filariasis (Sabesan et al., 2000; Williams et al., 2000; Mackenzie e
al., 2004). Mosquitaelated difficulties and outbreaks of diseases transmitted by
mosquitoes cause significant and demanding challenges that have profoundly
impacted public health, particularly in developing urban areas. These difficulties have
proven b be highly detrimental, necessitating immediate attention and practical
strategies to alleviate their adverse effects on thelve@tig of the population (Dale et

al., 1998; Palaniyandi, 2012; Dev et aD195.

In Kerala, the predominant mosquito spsciéncludingAnophelesAedesCulex
andArmigeres serve as carriers for transmitting various vebtimme diseases. The
conducive temperature prevailing throughout the year in Kerala provides an optimal
environment for the proliferation and survivald$easecarrying vectors, particularly
mosquitoes. Additionally, the significant annual rainfall experienced in the state
further creates suitable breeding habitats for mosquitoes, amplifying their population
and potential for disease transmission. Thendbuace of breeding sources, such as
stagnant water bodies and vegetation, further exacerbates the vulnerability te vector
borne diseases in Kerala (Sumodan, 2012; Balasubramanian and Nikhil, 2013). There
has been a marked increase in reported outbreakteddo mosquitdborne diseases

in both rural and urban areas of the state, and this trend stances a substantial challenge

to the public health sector in Kerala, as highlighted by Vanaja and Sumodan (2019).

Aedesaegypti

Among the thirteen genera withiha Culicidae family, the gendsedesoses the
most significant public health concern worldwide (Rajesh et al., 2013). The
proliferation ofAe. aegyptpopulations have coincided with an apparent rise in the
frequency of dengue virus outbreaks worldwides Aainfall contributes to the
proliferation ofAedesmosquito populations, the risk of dengue infections is
exceptionally high during or after these periods, thereby amplifying the potential for
disease transmission (Pandya, 1982; Mackenzie et al., 2004).



Aedesspecies are frequently spotted in natural and artificial containers that contain
uncontaminated and tidy water. The femalesA@f aegyptpredominantly prefer
artificial containers filled with water for oviposition, and it has been observed that the
number of eggs laid increases significantly when these containers are dark in colour
and contain standing water with a low concentration of decomposing organic matter
(Harrington et al., 2008). Ant traps, clay jars, flowerpots, drums, concrete tanks,
cocaut shells, and abandoned tires are some favoured hatching places (Paupy et al.,
2009., Paupy et al., 2010; Dom et al., 2013). Unlike other mosquito gé&eeieday

eggs just above the water surface, and they can withstand desiccation for a long time
before hatching into larvae once they encounter water (Fay and Perry, 1965; Reiter
2007). The females enrich the development and persistence of their juvenile forms by
choosing oviposition sites of low to moderate encounter with parasites (Zahiri et al.,

1997, predators (Pamplona et al., 2009) and competition (Ponnusamy et al., 2008).

The biology of the species explains that one of the key distinguishing featukes of
aegyptiis the pattern and placement of silvaviiite scales on different body sections.

The tori, clypeus, and palpi tips have white patterning that is similar to the pale scales
that developed on the central vertical region and stretched into the space between the
eyes. Scutellum also has flat, whitish scale patterns. On its frontal ageatid
femuris nearly entirely covered by a long, pale band without extending all the way to
the knee. A band of white scales that almost completely covers the front part of the
hind femur stretches to the knee area. On segmeisr 1-3 of the mid ad hind leg

tarsi, there is a thin white band; on segmems there is a totally white fifth segment.
Segments of the abdomen range from brown to bladk. dr V tergites have light,

pale scales at the base, occasionally with vivid speidl tergites dorsal views

reveal lateral white spots. The larvae have lateral teeth that are substantially distinct
and carry 812 comb scales. Near the base of the shaft, a single antennal hair appears.
In the mesothoracic and metathoracic segments, undivided Iplbars are
moderately developed. A long syphon (longer than the length of the basal diameter)
has 35 sets of hair that extend over the centre of the syphon from the base. Chitin
completely covers the anal segment; the papillae have rounded borderdaridea

length fan (Barraud, 1934; Nagpal and Sharma, 1995).



Dengue Fever

Dengue fever is a severe viral illness associated witiiHifeatening complications.

The origins of dengue fever can be traced back to ancient times, as it was described in
a Chirese medical encyclopaedia from the Jin Dynasty in AD 992, referred to as
"water poison" associated with flying insects. The term "dengue" itself originated
from the Swabhili phrase Kdinga pepo, which translates to "crafike seizure.” In

the 1780s, theirst recorded dengue outbreaks occurred simultaneously in Asia,
Africa, and North America. Benjamin Rush, in 1789, reported the first clinical case of
Dengue during the 1780 Philadelphia outbreak, naming it "Hveak fever" due to

the prevalent symptontd muscle and joint pain (Morens et al., 2013).

Dengue viruses (DV) belong to the Flaviviridae family and have four known
serotypes: DVL, DV-2, DV-3, and DV4. DV is a positivestranded RNA virus with
three genes encoding structural and seven genesiegcodnstructural proteins.
Dengue viruses are predominantly transmitted through the bites of mosquitoes,
particularly by the speciese. aegyptandAe. albopictusThese mosquitoes act as the
primary vectors for the spread of dengue viruses to humaatstédd, 2008a;
Halstead, 2008b).

The WHO <classified dengue infection in 1
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out breaks in the early 2000s. The di seas
changed with the increased quantity and
virugdgtandcdarriers has been accelerated by
mo s g u (Mutleeesi et al., 2017)

Dengue cases, with some resulting in deaths, were initially reported in Kerala in 1997.
However, previous records revealed that even befasethe strains DEN, DEN-2,

and DEN4 had already been identified in human blood samples. Since 1998, Kerala
has experienced a high incidence of dengue (Mutheneni et al., R@dihakaran et

al., 2014. Dengue has become a growing concern in Keraldn, wcreasing reported
cases, high ecmfection rates, a high mortality rate, and the presence of all four virus
serotypes, making it a hypendemic region for the disease. In 2003, Kerala emerged
as the Indian state with the highest dengelated mortaty, and since then, the
reported cases of dengue in this region have been steadily rising (Thenmozhi et al.,
2007; Karunakaran et al., 2014; Suresh et al., 2021).

Barcoding

The precise identification and thorough documentation of regional vector speeies

of utmost importance in implementing effective vector management strategies. With a
thorough understanding of the presence and distribution of vector species, it becomes
possible to formulate insecticidal interventions specifically targeted at camgroll
these vectors. This approach not only helps mitigate the risk of pathogen transmission
but also ensures the use of appropriate insecticidal combinations that could optimize
vector control efforts. Traditionally, the identification of most mosquito isgelcas

relied on morphological taxonomy, which involves using physical characteristics as a
means of classification, as proposed by Linnaeus. While morphology continues to be
the most commonly employed technique for distinguishing adult mosquitoessit doe
have certain limitations. The fragility of mosquito scales and their probability of
rubbing off or damage during collection is a significant challenge for morphology
based identification. Furthermore, mosquitoes frequently belong to closely related
sibling species that exhibit morphological similarities, resulting in the formation of
species "complexes.” Additionally, larger groups of related species with overlapping
morphology further complicate the task of morphological identification (Bortolus,
2008; Wang et al., 2012). The presence of these challenges has led to a shift towards



DNA sequencing, also known as "barcoding,” as a reliable method for mosquito
identification. This approach involves using concise, standardized gene regions as
internal tags for species, enabling quick, efficient, and precise automated
identification. The cytochrome oxidase | gene (COI or COX1) in mitochondrial DNA
has become a valuable resource for evaluating mosquito biodiversity. The
mitochondrial (mt) genome is currently theost studied genomic area in the insect
world, outdoing nuclear genomes, including representatives from all insect orders, in
contrast to only a few nuclear genomes (Caravas and Friedrich, 2013; Cameron,
2014). This gene provides a universally comparabMADsequence that can be
employed for comparative analysis, making it an essential tool in assessing and
studying the diversity of mosquito species (Avise et al., 1987; Naddaf et al., 2012;
Paramasivan et al., 2013). The COI barcode region is situated getie's 5' end.

This region is typically 648 base pairs long and surrounded by conserved regions,
which are used as a basis for designing PCR primers. The COI barcode region is
characterized by significant differences in genetic distance within spesiesljiess

than 3%) compared tthat between species (usually-26%) (Hebert et al., 2003a;
Hebert et al., 2003b; Ratnasingham and Hebert, 2007). For this reason, it acts as a

logical initial step for the identification of mosquitoes (Beebe, 2018).

Diversity

Gaining insights into the diversity and distribution of mosquito vectors of different
species within a specific area is crucial for establishing effective methods of vector
monitoring and control, as highlighted by Rueda (2008). Utilizing the ctsmadp

mosquito diversity (alpha diversity) and community structure in which they coexist

(beta diversity) can provide valuable information for developing more efficient
popul ation control progr ams. Al pha diver
sing e community in a homogeneous area und
refers to the variation in composition between different communities across a
landscape. The combined diversity of these community clusters, resulting from the
interaction betweenlap ha and beta diversity, i's kno
defined by Whittaker (1972) and Magurran (1988). Utilizing diversity indices,
including alpha, beta, and gamma diversity, allows the overall analysis of the
influence of climate, physical and kogical factors, and human activities on

biodiversity. These indices provide a quantitative framework for assessing how these
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factors shape mosquito species composition and distribution within a particular
ecosystem. The exploration of these relationshids in understanding the intricate

dynamics between environmental variables and mosquito diversity, thus facilitating
the development of targeted strategies for effective mosquito population control and

management (Piovezan et al., 2013; Nikookar e2@l5)

Vector Control

Mosquito control strategies can be categorized into three primary methods: physical,
chemical, and biological. Physical methods include actions that reduce mosquito
breeding habitats or make them less hospitable for mosquitoes égday such as
draining stagnant water and removing objects that collect water. Chemical methods
involve using insecticides to kill adult mosquitoes or their larvae. On the other hand,
biological methods use natural predators or bacteria to control theunwos
population (Pates and Curtis, 2005; Golding et al., 2015).

Chemical Insecticides

The World Health Organization <c¢lassified
categories: I . Organochlorines (0OC), (I

V. Pyrethroids (Leng et al ., 1997) . Pest
containing chlorine atoms are classified

the second group and have phosphorus as

c h ecnail il nsecticides are carbamates. These
frequently applied to manage nematodes,
pesticides made from natur al substances q
t he hf ocuarttegor vy. Because pyrethroids work
frequently wused in both household and a
1998) .

In 1892, an inventive milestone was achieved with the discovery of dmitresol,

the first synthetic organic insecticide. Over the following decades, a diverse array of
comparable compounds emerged through synthesis, although with limited application
in mosquito control initiatives. Subsequent advancements in insecticide research led
to the development of more sophisticated and efficacious products, exemplified by
dichlorodiphenyltrichloroethane (DDT) and malathion. Nevertheless, the unrestrained

and irappropriate utilisation of these chemical agents has propelled the evolution of
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insecticide resistance among mosquitoes, creating a formidable challenge to their
efficacy (Cremlyn, 1978). From the 1920s onward, insecticides were the preferred
method of ontrolling insect pests because of their greater efficacy regarding pest
management. Mosquito control has been primarily connected with the use of synthetic
insecticides ever since organic insecticides were pioneered. These synthetic
insecticides, such &3DT and malathion, were widely used for mosquito control due

to their efficacy in killing both adult mosquitoes and their larvae (Lee and Yap, 2003).
DDT was also utilised in agriculture to manage pests like potato beetles and boll
weevils. However, worrieabout how it would affect the environment surfaced. DDT

is difficult to decompose and remains persistent in the environment. Its ability to
travel over long distances through the air and water, accumulate in the tissues of
animals and humans, and afféetman health and nemarget species like fish and
birds raised concern. Research revealed that DDT may be carcinogenic to humans and
was connected to issues with development and reproduction in birds and other
animals. As worries about DDT increased, siiligt pesticides were created. The
development of OP in Germany quickly followed, starting in 1932 when Lange and
von Krueger created organofluorophosphate esters for the first time, which quickly
took the place of DDT in many applications. Although OPRgrade more quickly in

the environment and do not accumulate as much in the food chain as DDT, they are
more toxic to insects. OPs are also harmful to humans and can have significant
negative health effects, especially for those who work with them. Ademative to

DDT and OPs, carbamates were created in the 1950s and gained popularity in the
1960s (Cremlyn, 1978).

The 1960s and 1970s observed a signific

~

C

devel oped and governed. Dur i ngl otphmesnt t ionf
phot ostabl e pyrethroids had a significa
Photostable pyrethroids represent a group
model |l ed after the chemical c ognpfosomi bphe
bl ossoms of chrysanthemum fl owers.- These
acting and potent insecticidal properties
of insects. For over two hundred wadrs, i
their extracts contain insecticidal pr ope
document ed i n various sources (McLaughl i
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Proudfoot, 2005; Ensl ey, 2018) . Over t ho
pyr ethharviensri sen to prominence as a primar
combat pests in agricultural fields, gar
substanti al portion, making up 25 per C ¢
Pyret hr oiechs aldeowd elde as an alternative to

organochlorine and organophosphorus pest.i

Kat suda in 1999. From 1940 to 1970, s ey
pyrethroids, wetredcreatesdtiamg assbaeral ogue
During t his ti meframe, t he research an
predominantly |l ed by Japan and the Unite
1980) . The discovery ofzetthedhe domp aunodfs
administration and paved the path for tF
insecticides. Notabl vy, speci fic synt het
tetramethrin, and resmet hrirmacetxériibgttieads ,r €
to their successful commer ci al producti ol
2018) .

The global utilisation of synthetic insecticides for vector control, which involves
controlling and managing disease vectors, includimgsquitoes, has been well
documented in research conducted by Becker et al. (2010b). Reportedly, the annual
usage of 547 tonnes of active OCs, 437 tonnes of OPs, 24 tonnes of carbamates, and
162 tonnes of pyrethroids were recorded for vector control pespo¥hese
formulations have been widely used to prevent vector species successfully for several
decades. Their primary method of action is to interfere with the nervous system of
insects, which is analogous to the nervous system of mammals. Insectsareskyxt
susceptible to even minute concentrations of pesticides, which can lead to their
mortality because of their small size and quick metabolism. Even though these
dosages might not be fatal to humans, risks could still be involved. Becaupeston
insects, humans, animals, and pets share similar nervous system components,
designing insecticides that only target pest insects is difficult. However, the goal of
the most recent pesticide generation, according to Prato et al. (2012), is to minimize

environmetal persistence while exhibiting improved specificity.

Nevertheless, the development of insecticide resistance in mosquito vectors has made

the reappearance of mosquiiorne diseases a concern yet again. Insecticide
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resistance is a genetic adaptationt tathows mosquitoes to survive exposure to
insecticides, rendering them ineffective towards the interventions aimed at controlling
mosquiteborne diseases. Insecticides with high fatality rates have been used all over
the world to control pest insects, lnding mosquitoes. Although these insecticides
have successfully managed mosquito populations for a long time, resistance to these
compounds has emerged due to their widespread use and dependence on a few active
ingredients. Developing resistance in vectasquitoes towards synthetic insecticides

is an extreme menace to public health worldwide because it reduces the effectiveness
of fundamental measures against diseases spread by mosquitoes (Brown, 1986).
Investigations into the development of resistanaeehrevealed thafe. aegypthas
triggered resistance to almost all insecticides, including carbamates, OCs, OPs and
pyrethroids (Ranson et al., 2010).

Statistics from the WHO indicate that over 250,000 individuals succumb to pesticide
poisoning each y&. These fatalities are primarily attributed to factors such as
incorrect administration, including inaccurate dosage or application methods and
improper handling of pesticides (Stoytcheva, 2011). The concerns regarding the
detrimental effects of pesti@dresidues on human and animal health stem from
numerous scientific investigations that have demonstrated the harmful effects of
specific synthetic active components found in pesticides. These studies provide a
foundation for understanding the potentiatke associated with high pesticide
exposure. Furthermore, several commubigged research studies have explored the
correlation between pesticide exposure and cancer development, shedding light on the
potential health implications of prolonged pesticidgasure (Wolff et al., 1993;
Settimi et al., 2003). Studies suggest pesticides can impact cancer development
through various nogenotoxic mechanisms, such as peroxisome proliferation and
hormonal imbalance. Additionally, pesticides can influence thereagenic process
through multiple pathways, potentially altering the genome and providing neoplastic
cells with a growth advantage. These findings highlight the complex nature of
pesticideinduced carcinogenesis, and the various ways pesticides can dentabu

the development and progression of cancer (Hodgson and Levi, 1996). Most
pesticides are known to have harmful effects on various systems of the human body,
including the nervous, renal, respiratory, and reproductive systems. These chemicals

can causeletrimental impacts and disruptions to the normal functioning of these vital
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physiological systems (Stoytcheva, 2011). Insecticides, while intended to disrupt the
nervous system of insects and their normal functions, can also harm mammals,
causing immedi® and longasting neurotoxic effects due to the fundamental
similarities in the neurological systems of mammals and insects (Osman, 2011).
Intensive or improper application of insecticides has been associated with numerous
negative consequences, suchtlas development of pesticide resistance in certain
pests, the pollution of water, soil, and chemicals with residues that can accumulate in
the food chain, a decline in biodiversity and nitrogen fixation, the destruction of
marine and avian life, and thetpatial for genetic abnormalities in future generations
(Stoytcheva, 2011; Naqgqgash et al., 2016).

Studies also indicate that when mosquitoes become resistant to a particular
insecticide, they frequently exhibit resistance to other insecticides as well, a
phenomenon referred to as crossistance. Consequently, the utilisation of
alternative insecticides may not produce the desired outcomes when combating
resistant mosquito populations. Moreover, the rapid development of insecticide
resistance implies thahe regular development of new insecticides is imperative to
adapt to the everhanging resistance patterns exhibited by mosquito populations (Liu
et al., 2006). Insufficient knowledge regarding the development of resistance and
crossresistance has letb the widespread use of multiple chemical insecticides,
resulting in detrimental effects on ntarget populations and the environment.

Botanicals

The emergence of resistance and the growing environmental catastrophe have
prompted researchers to shifteth focus towards phytochemicals to achieve
successful vector control devoid of such tribulations. The use of plants for pest control
purposes can be traced back to ancient times, with historical evidence supporting its
practice for an extensive duratioRrevious studies have indicated that several
aromatic plants or their derived extracts, obtained from specific plant components,
were employed as effective measures to combat various insects (Isman, 2006; Benelli,
2015). This traditional approach to pesintol relied on recognizing that certain
plants possessed insecticidal properties. In mosquito vector management,
phytochemicals played a crucial role until the 1920s, when synthetic chemicals

gradually replenished them following the introduction of DOOnhe notable study
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conducted in 1933 by Campbell et al. demonstrated the potential of plant alkaloids as
a larvicidal agent against mosquitoeResearchers isolated several alkaloids,
including anabasine, methyl anabasine, nicotine, and lupinine Arahasis aphylla

a common weed in the Middle East. The results showed that these substances had
strong larvicidal activity against mosquitoes, suggesting that they could be useful as
natural pesticides for minimizing mosquito populations. Following that sioithgr
phytochemicals with the potential to control mosquito populations were explored.
Notable examples include eucalyptus oil, citronella oil, and neem oil. These
substances may prevent adult mosquitoes from flying or impede the growth and
development omosquito larvae. Plants are a rich source of insecticidal compounds,
and traditional medical practices around the world are well acquainted with this fact.
Plants have been used for medical purposes for many &gemtists started
methodical research tim the insecticidal qualities of many plant species in the early
1900s, and by the 1990s, over 1,200 species had been identified as potentially
insecticidal. Many of these plants are effective natural insecticides because they
contain phytochemicals thatsdupt insects' biological processes (Roark and Mcindoo,
1945). But, with the onset of synthetic pesticides like OPs, OCs, carbamates, DDT,
and pyrethroids, their influence in the field significantly declined (Ghosh et al., 2012).

Most compounds classifieas botanicals are secondary metabolites, which are the
chief principal defence mechanism of plants against constant herbivore and
environmental selection pressure. Additionally, some glased compounds have
inherent insecticidal properties as well. Aactlusive review of previous research
provides compelling evidence supporting the use of marnived products as
effective insecticides against mosquito populations. Numerous phytochemicals from
diverse classes, such as phenolics, alkaloids, stereigienbids, and essential oils
derived from various plants, have been extensively studied for their insecticidal
properties. Severahriables, including the extraction technique, polarity of the
solvents used, specific plant species, mosquito speciesnatgiariations, and the
specific plant parts employed in the extraction process, can affect the degree of

insecticidal activity displayed by these plant extrécSh aal an et al . , 20

A diverse range of plant species, including herbs, shrubs, and towering trees, have
been utilised to extract compounds with mosgaitatrolling propertieslt has been

discovered that some herbal extracts function as insect growth regulators (IGRS),
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having a significant impact on different stages of insect development. These effects
include hindering growth, influencing adult emergence, delaying egg hatching, and
affecting fecundity and fertility. As a result, these herbal extracts offer practical
solutiors for controlling mosquito populations. More than a thousand plant species
have been found to be possible sources of bioactive compounds that act as IGRs,
including Phyteecdysones, Phyjivenoids, and antijuvenile hormones (Tiwari et

al., 1998). Phytochricals found in plants represent a vast and relatively unexplored
resource that could be usefully employed in mosquito control programs rather than
heavily depending on synthetic pesticides. Several studies have examined the
chemical structure and compaait of phytochemicals to ascertain the extent to which
they inhibit the development of mosquito larvae. The potential benefits of various
secondary planderived compounds, such as lignans, alkaloids, steroids,
isoflavonoids, and terpenes, have been dootedeby this analysisAdditionally,
numerous studies have identified and isolated biologically active components from
diverse plant sources and investigated their lethal effects on various mosquito species
(Kishore et al., 201lsman, 202}

Synergy

Although plant extracts appear to be promising substitutes for mosquito control, they
have certain drawbacks. Their wide variations in efficacy can be attributed to a
multitude of factors, such as the type of plant utilised, the area of origin, and the
extracton technique. Because of this variance, standardizing plant extracts in terms of
potency and consistency for the purpose of controlling mosquitoes becomes more
difficult. Another disadvantage of plant extracts as adulticides or larvicides is their
shortershelflife when compared to synthetic pesticides. More frequent applications
are needed to ensure letegym efficacy. The potency of plant extracts may also vary
amongst mosquito species, with some exhibiting a greater tolerance or resistance to
these sustancesFurthermore, the expense and demand of the resources associated
with the extensive production of plant extracts make them hard to use irstaige
mosquito control initiatives. To maximize the effectiveness, consistency, and
usefulness of plangxtracts in mosquito control initiatives, these limitations must be

addressed through additional research and development (Pavela, 2014).
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In the quest for efficient and environmentally sustainable mosquito control strategies,
exploring synergistic interdions between synthetic insecticides and botanical
compounds has gained considerable attention. In the field of toxicology, synergism
pertains to the occurrence where the combined toxicity of a mixture surpasses the
expected level when considering the indual toxic effects of its components (Sarup

et al., 1980; Mohan et al., 2006). The combination of synthetic insecticides with
specific botanical compounds has shown the potential to enhance their collective
efficacy in vector control. By harnessing th@rgplementary properties of these two
components, synergistic effects can be achieved, resulting in improved mosquito
control outcomes. This approach offers a promising ability to reduce the reliance on
high concentrations of synthetic insecticides whileximé@&ing their impact on
mosquito populations. Furthermore, utilizing botanical compounds alongside
synthetic insecticides may help alleviate the development of insecticide resistance,
offering a more resilient and loftgrm solution for mosquito managenéNorales
Rodriguez and Peck, 2009; Bhan et al., 2015).

Research endeavours that use plant extracts as a means of vector control and their
synergistic effects with conventional pesticides hold significant potential for
enhancing the effectiveness of vact@ontrol measures while minimizing
environmental risks. Such studies can provide valuable perceptions for developing
integrated pest management approaches against vector mosquitoes.
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Objectives

To Screen a few locally available plant extracts agakestesaegyptj using organic

solvents of increasing polarity.
To identify and isolate the bioactive compound in effective Reytoact.

To evaluate the susceptibility status df ibstar larvae ofAe. aegyptitowards the
plant isolate by employing the standard larval bioassay procedure prescribed by
WHO.

To evaluate the synergistic effects of selected ptolate with different conventional

insecticides o\e aegypti

To recognize different mosga vector species from selected areas of the Thrissur
district, Kerala, India, by molecular identification and the preparation of a

phylogenetic tree

Organization of the Thesis

Chapter I: Molecular ldentificationof Important Vector Mosquito Specigsom
Selected Sitesf Thrissur District, Kerala, India.

Chapter 1l: Screeningof Locally Available Plantsfor Their Larvicidal Effecton
Fourth Instar Larvaef Ae. aegypti and Bioactive Compound Isolatiofrom the
Selected Plant.

Chapter 1l : Susceptibiliy Assessment of Four Different Conventional Insecticides
and Isolated Plant Bioactive Compound on Foumtttar Larvae ofe. aegypti

Chapter IV: The Effect of Synergistic Interaction between Plant Isolate and Four

Conventional Insecticides on Fourth Instar Larvag@@faegypti
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Mosquito Diversity

Since the earliest days of human civilization, mosquitoes have been a persistent
source of annoyance and the carriers of devastating diseases, causing frequent
suffering and significant economic burdens. Th@sg insects transmit some of the
most lethal illnesses known to humanity, including malaria, yellow fever, dengue,
encephalitis, filariasis, and several other infections, causing a significant loss of
human lives Gubler, 199] Despite extensive resehr@fforts and decades of
mosquito control measures implemented worldwide, mosquitoes remain a global
public health challenge. The eradication of traditional mosepotoe diseases
remains a distant goal for many developing nations, while some developades

have witnessed the introduction and establishment of exotic mosquito species,
leading to the emergence of previously unknown mosduotoe diseases in these
regions. Mosquitoes exhibit exceptional adaptability, thriving in diverse habitats
acrossthe globe, except for permanently frozen areas. Their larvae breed in a wide
range of water bodies, whether temporary or permanent, highly polluted, or clean,
large or small, stagnant or overflowing, and even the tiniest accumulations, such as
waterfilled buckets, flower vases, old tires, hoof prints, or leaf afkckeret al.,
2010a).

Mosquito Vectors

After developing into the adult phase, the capacity of a mosquito species to transmit
diseases to humans is determined by a range of factors, whictomrmonly
assessed using the concept of vectorial capacity. Vectorial capacity provides a
guantitative measure of the transmission risk caused by a mosquito species,
explicitly indicating the daily rate at which new human infections are likely to arise
from a current infected human case. With over 350 mosquito species capable of
spreading infections, mosquito vectors are one of the leading causes of disease and
death worldwide (Gubler, 1996; Reiter, 2001).
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Chikungunya: Chikungunya (CHIK), a viral disease misamitted by mosquitoes, is
caused by the CHIK virus, an alphavirus belonging to the Togaviridae family. The
term refers to the arched posture of individuals experiencing severe joint pain. The
CHIK virus was first identified in Tanzania, East Africa, ireth950s. The first
documented occurrence of chikungunya in India was in Kolkata city, West Bengal,
in 1963, resulting in numerous fatalities, especially among children, followed by the
outbreak in Barsi in 1973. However, the viruseraerged in December @9 and

has been persistently spreading ever since (Shah et al., 1964; Mourya et al., 2001,
Naresh and Sai, 2013e. aegyptandAe. albopictusre the primary vectors of
chikungunya in Asia and the Indian Ocean region, although A#dgsspecies,
along with Cx. annulirostrisand variousAnophelespecies contribute to the
transmission of the virus worldwide (Jupp et al., 1981; Lam et al., 2001; Pialoux et
al., 2007).

Dengue Fever:Dengue poses a current threat to more than 2.5 billion individuals,
which accounts for over 40% of the global population. The dengue virus consists of
four serotypes (DM, DV-2, DV-3, and DV4) belonging to the Flaviviridae family.
Based on the information provided by WHO, approximately 100 million people are
affected by dengeieach year, leading to hospitalization for around 500,000 severe
cases, predominantly among minors. The fatality rate for dengue infections is
estimated to be nearly 5%. The initial significant outbreak of DHF occurred during
19531954 in the Philippinesyhich was soon followed by the rapid global spread of
DF and DHF epidemics (Riga®érez et al., 1998). Subsequently, in 1996, India
experienced its first major widespread epidemic of DHF, starting in areas near Delhi
and Lucknow before spreading throughdhbe entire country (Dar et al., 1999;
Agarwal et al., 1999; Shah et al., 2004; Gupta et al., 2012). The incidence of dengue
fever in Kerala has steadily increased since its first reported case in the Kottayam
District in 1997, with a notable surge obssivfrom 2006 onwards (Lal and
Prasittisuk, 2004; Kumar et al., 2013).

Filariasis: Lymphatic filariasis is caused by a thrddeé filarial
parasiteWuchereria bancrofti that is transmitted to people by mosquitoes. The
primary causative agents of lymplwafilariasis areN. bancrofti(98%), followed
by Brugia malayiandB. timori(2%), which are responsible for Bancroftian and

Brugian filariasis, respectively (Simonsen and Mwakitalu, 2013). The Indian
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subcontinent is significantly affected by this diseaseking it a prevalent health
issue in the region. Lymphatic filariasis continues to be a substantialesmmomic
challenge in many tropical countries, including India (Udonsi, 1986). The presence
of microscopic parasitic worms in the lymphatic systempairs the immune system
and contributes to the severity of the illness. Lymphatic filariasis affects over 120
million people globally, with approximately permanent disability in 40 million
individuals, including genital illness in over 25 million malesl dagmphedema in
more than 15 million patients, and the majority of cases, around 65%, are found in
Southeast Asia. In India, it is estimated that approximately 23 million individuals
experience symptoms of filarial disease, and more than 31 million people
carriers, with Kerala being identified as the state with the seliyhest prevalence

of lymphatic filariasis in the country (Rajasekariah et al.,1991; Regu et al., 2005;
WHO, 2005b). In the Indian conteX/. bancroftiis the primary causative ageuit
lymphatic filariasis, and it is primarily transmitted by the widely prevalent mosquito

vector,Cx. quinquefasciatugAgrawal and Sashindran, 2006).

Japanese Encephalitis:JEV (Japanese Encephalitis Virus), a member of the
Flaviviridae family, is closelyelated to the West Nile, Murray Valley, St Louis, and
encephalitis viruses, as well as the dengue virus (Heinz and Stiasny, 2012). JEV
primarily circulates in a zoonotic cycle involving mosquitoes, pigs, and water birds,
with humans being considered desat hosts for the virus. JEV has been isolated
from various mosquito species through field research. While the principal mosquito
vectors may vary across regiol. tritaeniorhynchushas been identified as the
most significant mosquito vector. In speéciflocations such as Malaysia and
Australia,Cx. gelidushas been recognized as the primary JEV vector, and it is now
emerging as a secondary vector in several other countries (Heathcote, 1970; Gould
et al., 1974; Reuben and Gajanana, 1997; BhattachadyBasy 2014). Japanese
encephalitis is estimated to cause 50,000 cases and 10,000 deaths annually,
primarily affecting children under five. Reports indicate that the virus has
established itself in IndiAnophelespecies, including\n. subpictusare stongly
implicated in the transmission of JE in the Indian states, in addition to the primary
vector,Cx. tritaeniorhynchus During an outbreak in Cuddalore, Tamil Nadu,
India, An. subpictusvas identified as a vector for JEV. Another spedies,

subalbatsis also considered a potential vector of JE in India (Pearce et al., 2018).
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Malaria: Plasmodium falciparurandP. vivaxare the primary parasite species
responsible for human malaria infections, posing a significant global health concern,
with transmissan occurring in 97 countries and risking the lives of approximately
3.4 billion individuals. Annually, approximately 2 million confirmed cases of
malaria and 1,000 deaths are reported, although the estimated figures by the WHO
Southeast Asia Regional Offiandicate around 15 million cases and 20,000 deaths.
India accounts for 77% of the total malaria cases in Southeast Asia (Peters et al.,
2002; Kumar et al., 2007). In India, several mosquito species have been identified as
the principal malaria vectorslomg withAn. stephengBalasubramanian et al.,
1984). Except foAn. stephensill the primary vectors belong to species complexes
(Sharma, 2002)An. vagus a prevalent species in Southeast Asian countries,
including India, carries important malarigathogens that contribute to their
transmission among humans (Alam et al., 2010; Verhaeghen et al., 2010). In recent
years,An. vagushas been identified as an increasingly important vector for malaria
transmission in various global regions, highlighting growing role in carrying
human pathogens (Maheswary et al., 1994; WHO, 2016b; Alam et al., 2017).

West Nile Virus: West Nile virus (WNV) is a significant flavivirus transmitted by
arthropods, typically resulting in a mild infection known as West Nlerféd\WWNF)

in humans. Mosquitoes serve as the primary carriers of WNV. Different species
of Culexmosquitoes have been identified as vectors in various geographical areas,
including India. The detection of West Nile antibodies in humans was initially
documeted in Mumbai in 1952, indicating the presence of the virus in India
(Smithburn et al., 1954). Experimental investigations have demonstrated that
mosquitoes, countinGx. pipiensCx. tritaeniorhynchusCx. bitaeniorhynchy<Cx.
guinquefasciatusandAe. albopictus have the capability to act as potential vectors

of WNV (Varma, 1960; llkal et al., 1997; Paramasivan et al., 2003).

Yellow Fever: The primary causative agent of YF is the prototype member of the
Flavivirus genus, which falls under the Flavidae family (Barrett and Higgs,
2007). Productive infection of the virus is limited to a relatively small range of
hosts, and its natural maintenance occurs through transmission betwesumnmem
primates and bloeéeeding mosquitoes, primarily from tiiedesgenera. From the
18th Century to the early 20th Century, yellow fever posed a significant risk to

human health, leading to repeated epidemics in coastal towns and cities located far
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away from endemic regions in North America, the Caribbean, and Euydpe.
sporadically infects humans when they are bitten by mosquitoes that have previously
fed on viruscarrying monkeys. However, humans can also become hosts for inter
human transmission, primarily facilitated by the. aegyptmosquito (Monath and
Vasconcts, 2015). OtheAedesspeciesAe. albopictugReiter, 2007) ande.
vittatus(Sudeep and Shil, 2017) has also been identified as a potential vector for

transmitting YF.

Zika Virus: ZIKV, a type of virus that falls under the Flaviviridae family, was
initially detected in 1947 following its isolation frolRhesus macaquaonkey
found in the Zika Forest of Uganda (Dick et al., 1952). During the period from the
1960s to the 1980s, isolated cases of ZIKV infections were sporadically identified in
various regias of Africa and Asia. However, since 2007, significant outbreaks of
Zika virus disease have been documented in Africa, the Americas, Asia, and the
Pacific (Puntasecca et al., 2021). It belongs to the posiéwee singkstranded

RNA virus group. Similato other flaviviruses, the ZIKV is primarily transmitted by
mosquitoes, with thAedegyenus being the primary carrier. Differé&gdesspecies,
includingAe. aegyptiAe. albopictusand Ae. vittatushave been implicated in the
transmission. In Asia, th&e. aegyptmosquito is considered the primary vector for
ZIKV (Lanciotti et al., 2008; Plourde and Bloch, 201%)deep and Shil, 2017

India reported the initial four instances of ZIKV in 2007, originating in Gujarat and
Tamil Nadu (Bhardwaj et al., 20L7n 2021, the first confirmed case of ZIKV was
reported in Thiruvananthapuram, Kerala, followed by 83 additional cases reported in
the region (Sasi et al., 2021).

Molecular Barcoding

Scientists have successfully categorized approximately 1.7 milliariespleased on

their morphology, which refers to the shape and structure of plants and animals, and
this method continues to be fundamental in taxonomic diagnosis following the
Linnaean system. However, relying solely on morphology to describe the diversity
of life has limitations. Firstly, variations in the appearance of species and genetic
variability in the traits used for identification can lead to incorrect classifications.
Secondly, many groups often have hidden or cryptic taxa that cannot be

distingushed based on morphology alone. Thirdly, morphological keys are often
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limited to specific life stages or genders, making it challenging to identify many
individuals. Additionally, traditional identification methods based on morphology
can be timeconsuming and may not always provide accurate spelaesl
identification Paramasivaet al.,2013). Lastly, while modern interactive versions of
keys have improved the process, their practical use still requires a high level of
expertise, increasing the likelihdwf errors (Knowlton, 1993; Jarman and Elliott,
2000). The limitations associated with morpholdmsed identification systems and

the shortage of taxonomists highlight the necessity for a new approach to recognize
taxonomic groups. Micrgenomic identiftation systems, which utilise the analysis

of a small portion of the genome, offer a highly promising method for identifying
biological diversity. While this approach has gained significant hold in studying
complex groups such as viruses, bacteria, antisggpthe challenges posed by
morphological taxonomy demand its expansion to incorporate all life forms (Pace,
1997; Brown et al., 1999; Vincent et al., 2000; Allander et al., 2001; Hamels et al.,
2001; Hebert et al., 2003a)

The DNA barcode technique hammerged as a promising method for rapid
characterization of biodiversity. This approach involves amplifying a specific
segment of mitochondrial DNA from animals. Genomic techniques for taxon
identification utilise the diversity found within DNA sequendesidentify and
distinguish organisms. These sequences can be considered genetic "barcodes"” that
are present in every cell (Kurtzman,1994; Wilson, 1995). Notably, the DNA
barcoding technique has proven effective in distinguishing sibling species of
mosquibes. The concept of DNA barcoding is not novel and was initially
introduced in 1993, although it needed to attain significant attention from the
scientific community at that time. However, the field of DNA barcoding
experienced a resurgence in 2003, maykiis golden age (Hebert et al., 2003a;
Naddaf et al.2012).

The analysis of the mitochondrial genome of animals is considered superior to the
nuclear genome due to several factors, including the absence of introns, minimal
exposure to recombination, the maternal lineage, and its haploid mode of
inheritance, as hidighted by Saccone et al. in 1999. Among mitochondrial genes,
Cytochrome c oxidase subunit 1 is widely recognized as the most conserved gene in

terms of amino acid sequences, providing a clear advantage for taxonomic studies
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(Knowlton and Weigt, 1998; Hehkeet al., 2003b; Kumar et al.,, 2007). This
characteristic renders it highly suitable for investigating evolutionary timeframes in
scientific studies. Using reliable primers facilitates the regular retrieval of targeted
regions within the mitochondrial geme (Folmer et al., 1994).

The precision and adaptability of DNA barcoding make it an essential tool for
species identification in vector surveillance (Ashfaq and Hebert, 2016). The existing
morphological identification keys for mosquitoes have limitegias they primarily

cover only certain developmental stages like imaginal and fourth instar. This
restricts their effectiveness in identifying other fielllected developmental stages
without laboratory rearing. Moreover, adult specimens obtained duduotine
disease surveillance programs are prone to damage, resulting in the loss of important
identifying features like bristles and scales, rendering them unidentifiable.
Identifying sibling species with identical morphological characteristics adds furthe

complexity to the conventional method (Kumar et al., 2007).

To examine significant mosquito species for their impact on public health in rural
South India, Paramasivan et al. 13D conducted a study analysing the genetic
sequences of four specidse. agypti Ae. albopictusCx. tritaeniorhynchus
andCx. quinquefasciatusThe study concluded that DNA barcoding is a rapid and
efficient methodology for identifying and classifying mosquito species. This
technique enables differentiation between mosquuexies and provides important
insights into their phylogenetic relationships. Furthermore, incorporating -DNA
based species identification methodologies can significantly enhance the traditional
morphologybased taxonomical techniques used in mosquito ifizg®n. In a
study aiming to generate DNA barcodes for various mosquito species in India,
particularly those of significance as vector species, samples were collected from
multiple regions, including eight Indian states and union territories. Through
molecular identification, they successfully documented 111 mosquito specimens
from 15 taxa, highlighting the effectiveness of DNA barcoding as a complementary
approach to traditional morphologpased taxonomical methods in identifying and
classifying mosqud species (Kumar et al., 2007). Bindu and Sabastian (2014)
investigated the genetic structure of COI gene in the mosquito species
subalbatuobtained from Kerala. The gene sequences from these specimens

exhibited a 100% similarity to those obtainednfréhe same species collected in
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Pakistan. This study emphasised that one of the essential advantages of DNA
barcoding is its capacity to evaluate the global geographic and spatial distribution of
species. Using a specific fragment of mitochondrial DNA friirta COI region
enabled the identification of Canadian mosquito species. This approach successfully
generated barcodes for 37 mosquito species in Ontario and New Brunswick
provinces. The study revealed a notable difference in the sequence divergence of the
COl region, with significantly higher variations observed among species within the
same genus compared to variations within a species (Cywinska et al., 2006). These
findings were further supported by Wang et al. (2012), who utilised the COI gene to
generée DNA barcodes for common mosquito species in China, including the
primary disease vectors. Their research confirmed a significant disparity in the
sequence divergence of the COI gene, with species within the same genus exhibiting
approximately 30 timesigher divergence compared to individuals within the same

species.

In the research conducted by Chan et al. (2014), an analysis was carried out on 128
adult mosquito specimens belonging to 45 species from 13 genera. The researchers
constructed phylogeneticelationship trees for different mosquito genera such
asAedesAnophelesCulex and others. The study focused on comparing the distinct
clustering patterns of different species with their taxonomic identities. The results
showed that using DNA barcoditgsed on the CO1 gene achieved a 100% success
rate in accurately identifying mosquito species. Additionally, the study contributed
to the existing knowledge by providing GBased barcode sequences for 16
mosquito species that were not formerly presentedeiquence databases. In the
process of molecularly identifying mosquitoes in southeastern Australia, researchers
obtained the COI sequences from 113 specimens that had been morphologically
identified. These specimens represented 29 distinct speciestitgg, tand 12
genera. The study involved all developmental stages of the collected species,
including eggs, to conduct a comprehensive molecular analysis (Batovska et al.,
2016).

The molecular identification of mosquito species has been the focus of Isevera
studies investigating the utility of the COI gene sequences. Research focused on the
use of mitochondrial markers for molecular identification of West African

Aedesmosquitoes, which are known vectors of arboviral diseases, revealed a
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significant molecudr divergence betweéke. furcifer,andAe. taylorj despite their

similar morphological characteristics. These findings underscored the effectiveness
of molecular identification techniques, particularly utilizing the mitochondrial gene
COl, in accuratelydocumenting interspecific species (Cook et al., 2005). In an
analysis conducted in Japan, the nucleotide sequence of the COI gene was utilised to
evaluate 512 mosquito specimens collected from multiple sites spanning from
Hokkaido to Kagoshima. The findisgevealed that 240 mosquitoes, representing 45
species and 11 genera, had their gene sequences deposited in GenBank. Traditional
taxonomy methods faced significant challenges in northern Japan when
distinguishing morphologically similakedesmosquitoes wth black legs,
specifically those belonging to the punesubgroup likeAe. punctorlandAe.
communis However, the specimens could be categorized into two genetically

distinct populations through COI gene sequence analysis (Maekawa et al., 2016).

DiezFernandezet al. (2018) conducted a study in southern Spain where they
employed a molecular method to amplify and sequence the COIl geke. of
vittatusmosquito larvae and adults. The sequenced species exhibited a similarity of
only 94% with otheAedesspecies. When comparing the mosquito sequences
isolated from Spain with those published in public databases, a 99% similarity was
found with sequences of twakedesnosquitoesAe. vittatusandAe. cogilli Notably,

at that time, there were no previous recasfishe mosquito specigse. cogilliin
Europe and was exclusively seen in India. A study conducted by Herr@ndea

et al, (2019) focused on using DNA barcoding techniques to aid in identifying
British mosquitoes, documented cryptic genetic diversityd examined invasive
species. The study analysed a total of 42 mosquito species from different genera,
includingAedesCulex AnophelesCoquillettidia andOrthopodomyia Based on

this analysis, the authors proposed that combining morphological @réstcs

with DNA barcoding provided an efficient approach for accurately identifying
mosquitoes, particularly those invasive species that were a threat to public health.
Furthermore, this method also helped to uncover hidden genetic diversity within
speces groups, enhancing the understanding of mosquito populations. In a survey
conducted in Mananthavady Taluk of Wayanad district, Kerala, mosquito vectors of
JE were identified using molecular barcoding techniques. The study revealed the

presence of 12 moado species belonging to three genefaophelesCulex
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andMansonia in the region.Cx tritaeniorhynchusCx. quenquefasciatuy€x.
gelidus Cx. bitaeniorhyncuysCx. vishnuiCx. pseudovishnuiCx. fuscocephala

Ma. indiang Ma. uniformis, An.barbirostris, and An. Peditaeniatuswvere the
identified species. The findings supported the recommendation of employing
molecular barcoding to identify mosquito vectors effectively (Thankachan et al.,
2021).

The collective findings of these studies undersdhe effectiveness and promise of
employing COI gene sequences and DNA barcoding for the molecular identification
and classification of mosquitoes. Utilizing molecular approaches enhances the
understanding of genetic diversity, population dynamics, amigrspecific
relationships and complements traditional morphological identification methods in
mosquito research and surveillance. Furthermore, these studies emphasized one of
the significant advantages of DNA barcoding in assessing the spatial andppéogra
distribution of mosquito species on a global scale. Integrating molecular techniques
with traditional methods could hold great potential for improving the knowledge of
mosquitoes and their impact on public health.

Chemical Control

Historically, the dlisation of insecticides dates back to ancient times, with arsenic
as insect bait in the"century AD. Subsequently, compounds such as lead arsenate
(PbHAsQ), cryolite (NaAlFg), and borax (N#8,0;) were employed as cellular
poisons and dehydratorsqgov et al., 2021). The chemical industry has witnessed
significant advancements, leading to crucial breakthroughs in managing pathogens,
vectors, and pests. Chemical insecticides gained widespread usage in-tt&" mid
century, with Paris green, a mixtuoé copper acetoarsenite, proving effective in
combating the Colorado potato beetle in 1871 (Alyokhin, 2009). Paris green
remained a prevalent choice until the f@@th century in various countries,
particularly for controlling the malaria vectohnophels mosquito (Symes, 1952;
Majori, 2012).

DDT, perhaps the most renowned chemical pesticide, was synthesized in 1874 by
Austrian chemist Othmar Tseidler (Bate, 2007) and its insecticidal properties were
discovered by Swiss scientist Paul Miiller, employed at J. R. Geigy Ltd., in 1939

(Davies et al.2007). In recognition of his seminal research on the effectiveness of
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DDT as a contact toxin, Paul Miller was honoured with the Nobel Prize in Medicine
in 1948 (Mischke, 1985) Subsequent research revealed the detrimental impact of
DDT on various nottarget organisms, including mammals, birds, and reptiles, in
addition to pest insects.

Organophosphates

The use of DDT in plant protection prevailed until the latter half of the 20th century,
after which it was succeeded by a widespread adoption of orgapbtes (e.g.,
dichlorvos, cyanophos, fonofos, malathion, temephos) and carbamates (such as
carbaryl, carbofuran, aldicarb). OPs represent a group of insecticides, some
possessing high toxicity levels. They were extensively employed as insecticides and
were considered among the most prevalent options until the beginning of the 21st
century (O'Brien, 1967). OPs consist of two components, namely a phosphate (or
thio- or dithio-phosphate) group and an organic moiety. Typically, the phosphate
group is O, &dialkyl substituted. These pesticides exhibit strong inhibitory effects
on cholinesterase enzymes through reversible or irreversible covalent binding with
the serine residue positioned in the active site of acetylcholinesterase. As a result,
the natural breakden of neurotransmitters is hindered, causing similar adverse

effects in insects, wildlife, and humans (Barr and Buckley, 2011).

Classified as an Op insecticide, malathion was first made available by the American
Cyanamid Company in 1950. Malathion is wlown for its broad range of
effectiveness and has been used extensively to control a variety of insect species
(Flessel et al., 1993). The lipgbluble nature of malathion makes it easier to absorb
by the skin, respiratory system, or digestive tractnf@er et al., 1968). Since 1956,
public health officials have used malathion as a tool to control mosquito populations
when needed. Malathion proved to be an effective mosquito repellent with
negligible hazards to human health and the environment whenirusedordance

with the recommended application rate and safety precautions (Penner, 2005). The
study on insecticide susceptibility Ae. aegyptin various regions of Thailand
indicated that malathion remained effective in control programs, as all larval
populations exhibited minimal resistance to this insecticide (Ponlawat et al.,
2005).The assessment of insecticide resistanc&e.inaegyptacross different
localities in Colombia indicated that the species displayed susceptibility to
malathion and did ot exhibit resistance or cresssistance (Ocampo et al., 2011).
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The extensive utilisation of malathion in vector control programs has been well
documented in the literature. Nevertheless, the emergence of resistance to these
compounds has raised concemms |t has been observed in diverse mosquito vectors
across different geographical regions (Bisset et al., 1991; Gopalan et al., 1996;
Poopathi et al., 2000). A study assessed the development of resistance to malathion
in Ae. albopictus The larvae of setded colonies, subjected to 10 generations of
malathioninduced selection pressure, exhibited reduced susceptibility to malathion
compared to the susceptible strains. Susceptibility tests using a diagnostic dosage of
5 % malathioAmpregnated paper showedrying degrees of resistance among
adult mosquitoes (Selvi et al., 2010). Likewise, in the research carried out by
Hidayati and colleagues in 2011, it was demonstrated that subjée&ing
aegyptimosquitoes to continuous malathion exposure over 45 gereraof
selective treatment led to a progressive escalation in their resistance to the
insecticide. This discovery lent acceptance to the idea that extended and recurrent
malathion usage could lead to the development of resistance within mosquito

populatios

Temephos, classified as a Reystemic organophosphorus insecticide, is primarily
utilised as a larvicide for mosquito control, particularly in domestic water containers
and drinking water storage facilities (WHO, 2009). Temephos continued to be the
predominant chemical used for controlling the immature stagése.ofegyptin
Southeast Asia and became a crucial component in mosquito control efforts. The
repeated utilisation of insecticides has led to the development of resistance in vector
populatiors, thereby abating the efficacy of operational interventions (Saeung et al.,
2020). Resistance to temephos has been extensively observée. in
aegyptipopulations in the Americas, as evidenced by studies conducted by
Rodriguezet al. (2007) and Ocampo at (2011). However, the Asian region has
relatively fewer reports on temephos resistance, as described by Chaiphongpachara
and Moolrat (2017). Several studies, such as those conducted by Liew et al. (1994)
in Singapore, Polson et al. (2001) in Cambodid &aeporn et al. (2004b) in
Thailand, employed a diagnostic dosage of 0.02 mg/L of temephos. These studies
have consistently reported the presence of temephos resistance
in AedesmosquitoesAe. aegypts resistance to temephos has been the subject of

seveal studies, with Paeporn et al. reporting a substantial rise in resistance through
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selection, Wirth and Georghiou observing elevated resistance in a laboesozg
colony, and Tikar et al. documenting a significant increase in resistance in a
particula strain ofAe. aegypti(Wirth and Georghiou,1999; Paeporn et al., 2003;
Tikar et al., 2009). In a scientific investigation that sought to assess the susceptibility
or resistance status Ak. aegyptto temephos in three districts of Tamil Nadu, the
popuktions showed a considerable degree of resistance, ranging from high to
moderate, and the authors concluded that the widespread use of temephos to
controlAe. aegyptpopulations in the corresponding areas were the cause of this

elevation in resistance (Mwsamy and Shivakumar, 2015a).
Pyrethroids

Pyrethrum is a plarbased insecticide derived from the flower heads of a white
flowered plant in the chrysanthemum genus. It has a long history as a botanical
insecticide. Its insecticidal properties have besaognized for over 150 years, with
references to the chrysanthemum flowers originating from ancient Chinese history
and potentially being introduced to Europe through the Silk Roads. The efficacy of
pyrethrum as an insecticide was first observed in thie d®tury when it was used

by Caucuses tribes for controlling body lice, as noted by Jumticoff, an American
researcher (Glynné@ones2001). Since the 1840s, it has been westiablished that
pyrethrins are highly susceptible to degradation by light, aghort haHife of less

than five hours when exposed to direct sunlight. This inherent photosensitivity has
significantly restricted their practical application in commercial settings. To
overcome this limitation, the initial development of syntheticegiyioids involved
modifying specific structural elements of pyrethrin | with isosteric substitutes to
enhance their metabolic and photochemical stability. Although the synthesis of
pyrethrin analogues commenced shortly after identifying the active cemsiut

was not until 1949 that the first commercially successful pyrethroid, allethrin, was
introduced (Casida, 1980). However, their usage declined after World War Il due to
the introduction of more cosfffective organochlorines, organophosphorus
compainds, and carbamate insecticides. Nevertheless, concerns about
environmental contamination and vertebrate toxicity prompted a renewed interest in
pyrethrins and the development of synthetic pyrethroids with improved stability and
potency. These synthetio@ogues, incorporating structural modifications, exhibit a
wide range of insecticidal activity. These synthetic compounds can display structural
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similarities to the original pyrethrins or have significantly different chemical
structures (Bradbury and Ceat1989; Valentine, 1990; Schleier and Peterson,
2011).

Cypermethrin, a potent synthetic pyrethroid insecticide, was initially synthesized in
1974 and introduced to the market in 1977. It is chemically composed of the alpha
cyane3-phenoxybenzyl ester ofhé dichloro analogue of chrysanthemic acid,
specifically 2,2dimethyt3-(2,2-dichloro vinyl) cyclopropane carboxylic acid
(WHO, 1989). Evaluation of cypermethrin resistance in the dengue vAetor,
aegyptipopulation from Lahore, Pakistan, revealed thia¢ tested population
displayed a lower level of resistance to cypermethrin (Jahan and Shahid,/A813).
aegyptiin various regions of Vietnam demonstrated continued susceptibility to the
pyrethroid insecticide cypermethrin, as revealed by stucheslucted at different
locations in eleven provinces and cities (Huong et al., 2004). Monitoring the
resistance to the pyrethroid cypermethrinAen aegyptpopulations collected in
Brazil indicated the development of resistance in the selected speniestialy
attributed to the repeated use of insecticides without available alternatives (Da
Cunha et al., 2005). The evaluationAd. aegyptpopulations from Pernambuco,
Brazil, revealed resistance across all @dstpopulations for cypermethrinas
documented by de Arauljo et al. (2019). The resistance statéde.ofegyptio
cypermethrin in Bengkulu City, Indonesia, was examined, and it was founflehat
aegyptipopulations from dengue endemic and sporadic areas in Bengkulu City
remained susceptible toypermethrin. However, there were indications of the
emergence of resistance mechanisms in some populations, suggesting the potential

development of resistance over time (Triana et al., 2019).

The results of the susceptibility assay conductedaraegpti, Ae. albopictusCx.
guinquefasciatusandAn. subpictusnosquitoes exposed to cypermethrin revealed
varying vulnerability among the mosquito species. WRAge aegyptmosquitoes
exhibited resistancée. albopictuandCx. quinquefasciatudisplayed tolerance,
with An. subpictusnosquitoes remained susceptible to the insecticide (Ramadhani
et al., 2020).

Lambdacyhalothrin was introduced in 1988, belongs to the pyrethroid class of
insecticides and is widely utilised for effective pest control agardiverse range
of pests (Fetoui et al., 2013)ambdacyhalothrin, identified explicitly as cyar®
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phenoxybenzyl J2-chloro-3,3,3trifluoroprop-1-enyl}-2,2-dimethylcyclopropane
carboxylate, emerged as an insecticide that striked a favourable balaweerbe
efficacy and toxicity. With widespread application in public health and animal
health sectors, lambégyhalothrin had proven effective in controlling a broad
spectrum of insects, including mosquitoes (Anadon et al., 28063search study
was carriel out at the International Airports of Thiruvananthapuram and Cochin in
southern India to evaluate the susceptibilityA&f. aegyptiand Ae. albopictusto
lambdacyhalothrin in their aquatic and adult stages. The findings revealed that both
the larval and adult populations &e. aegyptiand Ae. albopictusdisplayed
susceptibility to lambdayhalothrin (Sharma et al., 2004.research investigation

by Hushamet al. (2010) aimed to assess the susceptibility of the dengue »ector
aegyptito pesticides in Port Sudan City and sampleAafaegyptin their aquatic
stage were collected from nine entomological stations for testing. The results of the
study indicated that,Ae. aegyptidemonstrated tolerance to lambddnalothrin.
During a survey analysis carried out in a malanaemic area of Southeastern Iran,
Fathian et al. (2015) observed that bgéiln stephensand An. culicifaciesshowed
susceptibiliy to the insecticide lambeayhalothrin. The examination of the
molecular mechanisms underlying resistance to laralgtialothrin in a population

of An. funestusrom Senegal unveiled the development of resistance in the species
to the insecticide (Samb ak, 2016).

Plant Extract

Current developments have led to limitations in using synthetic insecticides for
mosquito control due to various factors. These include the absence of new
insecticides, high costs associated with synthetic alternatives, and reom=derut
sustainability and their adverse effects on human health anthrget organisms.
Synthetic insecticides are ntiodegradable and can lead to biological
magnification in ecosystems, contributing to the emergence of global insecticide
resistance.Researchers have actively pursued alternative strategies prioritising
effective and transparent mosquito management approaches, including public
education, monitoring, source reduction, and-emascious larval control methods
with reduced toxicity. Consgiently, there has been a shift in focus within control
programs towards edoiendly alternatives like plarderived insecticides, reducing

reliance on chemical insecticidgsiosh et al., 2092
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In previous times, botanical insecticides like nicotine gnaethrum held a
prominent position in managing household pests until the late 1930s, when the
insecticidal properties of DDT and methyl parathion were unveiled (Morgan, 2004).
However, the subsequent emergence of-etisttive and highly efficient synétic
insecticides, such as organochlorines, organophosphates, and carbamates, led to the
diminished significance of botanicals in the pest control industry starting from the
1970s. A resurgence of scientific interest in botanical insecticides was spgrked b
the discovery of the potent insecticidal properties of azadirachtin, a triterpenoid
compound isolated from the seeds of Azadirachta indicacommonly known as

Indian neem tree, during the 1960s (Isman, 2006). This led to more research and the
organizdion of international conferences dedicated to neem and -based
insecticides throughout the 1980s and 1990s (Isman and Grieneisen, 2014). Sukumar
et al. (1991) conducted a comprehensive review documenting 344 botanical agents
with insecticidal propert® further highlighting the significance of botanical

compounds in pest control.

In recent years, alternative approaches for effective pest and vector control have
proliferated, leveraging advancements in genetic engineering, plant breeding, and a
deeper understanding of plarfpestpredator interactions (Bakhsh et al., 2015).
Among these options, one that shows promise and is effective is using secondary
plant metabolites produced by certain plant species as part of their natural defence
mechanisms againgtests and diseases (Miresmailli and Isman, 2014). Numerous
investigations in botanical studies have revealed the remarkable evolutionary
adaptations of different plant species. Diverse chemical and physical defence
mechanisms have emerged because of thdaptations, intending to overcome a
variety of insect threats. These defence mechanisms exerted by plants include a wide
range of compounds, including alkaloids, terpenoids, polyphenols, and phenols.
These chemical compounds have unique properties anoecaxtracted from plants
using a variety of techniques. Simple mixing in water, the use of organic solvents
with varying polarities, supercritical fluid extraction, and various distillation
techniqgues are examples of standard extraction techniques. Thmelegoand
frequently compelling chemicals plants have developed to lessen the harm that
herbivorous insects inflict have been thoroughly examined and documented in the

scientific literature (Mithofer and Boland, 2012). A deeper understanding has been
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gainae regarding the precise mechanisms by which various plant defensive
metabolites operate, emphasizing their capacity to deter insects (Nerio et al., 2010;
Maia and Moore, 2011). Numerous plant species from diverse geographical regions
have been found to hayphytochemicals capable of exerting both acute and chronic
toxic effects. Several botanical extracts have demonstrated notable detrimental
effects on the fertility and viability of mosquito eggs. Additionally, these extracts
have shown significant and pnesing larvicidal properties, highlighting their
potential as effective mosquito control ageiskgalan et al., 200%hb

In their research, Prempree and Sukhapanth (1990) observed that the crude extracts
derived from various parts of tiiXerris ellipticabentham plant exhibited toxicity
towards mosquito larvae. The extracts were found to disrupt the formation of both
the cuticle and internal tissues of the larvae, ultimately resulting in total mortality.
These findings indicate the potential of this plastaa natural larvicide against
mosquitoes. Amusan et al. (2005) compared the toxicity effect of oil extracts
from Hyptis suaveolenandCitrus sinensisind found that ethanolic extracts derived
from the peel oCitrus sinensisglemonstrated the highest mditiarate when tested
againstAe. aegyptiin comparison tdlyptis suaveolensThese resultsf the study
revealed theaptitude ofextract taken fromCitrus sinensipeel as a persuasive
larvicide againsfAe aegyptimosquitoes, suggesting its possikdeplication in
mosquito control strategies. Chapagain and Wiesman (2005) conducted a study to
examine the larvicidal effects 8flanites aegyptic@desert date) o€x.
pipiensmosquito larvae. They found that extracts from different plant parts, such as
the seed kernel, fruit pulp, roots, bark, and leaves, displayed larvicidal activity.
Among these extracts, the aqueous extract from the roots exhibited the highest
larvicidal mortality, achieving significant results even at minute concentrations. In a
studyconducted by Chansang et al. (2005), it was observed that the aqueous extract
derived from both unripe and ripe fruits Piper retrofractumdisplayed varying
degrees of larvicidal effectiveness agai@stquinquefasciatutarvae. Furthermore,

the extrat exhibited comparable toxicity towards both resistant and susceptible
strains ofBacillus sphaericugn Thailand. Interestingly\e. aegyptmosquitoes

were more susceptible to the extract obtained from ripe fruits Gkan
guinquefasciatusKomalamisra tal. (2005) performed a screening of larvicidal

activity using various Thai plants against four species of mosquito vectors. They
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conducted experiments on 96 ethanolic extracts obtained from 84 Thai plants. The
results showed that extracts derived flehnacanthus nasutu3drigonostemon
redioides Acorus calamud. elliptica, Stemona tuberose andHomalomena
aromatic demonstrated significant larvicidal activity, suggesting their efficacy in
this regard. Additionally, the petroleum ether extracRofautusdemonstrated
larvicidal effects against all tested mosquito species. George and Vincent (2005)
conducted a comparative investigation to assess the effectivendsmanfa
squamosaPongamia glabra andAz. indicaagainst mosquitoes. They found that
both P. glabraandA. squamosaxtracts exhibited larvicidal properties, wih
glabrademonstrating a more pronounced effé&. aegyptlarvae were the most

susceptible, followed bgn. stephenandCx. quinquefasciatu®r both extracts.

According toObomanu et al. (2006).epidagathis alopecuroide=<hibited potential

as an affordable and efficient larvicide for mosquitoes. The study revealed its lethal
effects onAn. gambiaeandCx. quinquefasciatumosquito larvae. Furthermor€x.
guinquefasciatudemonstrated greater susceptibility to the extractsL. of
alopecuroidegindAz. indica In a separate study, Pushpananthan et al. (2006)
observed that steadistilled oil derived fromCymbopogan citrusaused mortality

in Cx. quinquefasciatuarvae after24-hour treatment, and it displayed complete
ovicidal activity. An examination was undertaken to analyse the larvicidal efficacy
of the leaf extract derived fromgeratina adenophoraan extensively cultivated
weed plant in the higher terrains of the Nikgy district. The prime focus of this
study involved the detailed analysis of the extract's impact on two species of
mosquitoesAe. aegyptandCx. quinquefasciatusin comparison to neem, it was
discerned that the leaf extract obtained frdmadenophoraexhibited heightened
toxicity towards bothAe. aegyptandCx. quinquefasciatus Consequently, the
extract demonstrated significant potential for efficaciously restricting the
proliferation of mosquito larvae (Mohan and Ramaswamy, 2007). Dals @007)
determined that the ethanol extractPofsquamosaxhibited the highest activity
againstCx. quinquefasciatysollowed by ethanol extract éfristolochia saccate
methanol extract oA. squamosa and methanol extract @ymnopetelum
cochinchirensis Tiwary et al. (2007) conducted a study on the larvicidal activities
of the essential oil from the seedZ#dnthoxylum armaturagainst three mosquito

vectors, and they observed tlat. quinquefasciaty®\e. aegypti andAn.
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stephensdisplayed sensvity to the oil. Matasyoh et al. (2008) discovered that the
ethyl acetate extract dfloe turkanensisas well as the hexane, acetone, and
methanol extracts dtloe fibrosa and all extracts oA. andongensjsdemonstrated
larvicidal effects again#n. gambiae Notably, the ethyl acetate extract Aof
turkanensigiemonstrated the most significant larvicidal activity, achieving 100%

mortality.

An. culicifacies Ae. aegyptiCx. quinquefasciatygandAn. stephensiwere tested in

a study assessing the eHicy of aqueous and hexane extracts from the dried fruit of
Solanumnigrum against these species. It was found that the aqueous extracts
showed lethal effects, causing 100% mortality in all tested species during the larval
bioassay at a concentration of0B0Oppm (Raghavendra et al., 2009). Borah et al.
(2010) proposed thdioddalia asiaticaholds promise as a larvicide. Their research
demonstrated that hexane, acetone, and methanol extracts from the le@ves of
asiaticadisplayed larvicidal activity agaihde. aegyptandCx. quinquefasciatus

The hexane extract from the fruits f asiaticaexhibited the highest larvicidal
activity against both mosquito vectors. Dua et al. (2010) revealed that the essential
oil derived from the leaves dafanthana camargossessed adulticidal activity
againstCx. quinquefasciatyg®\e. aegypti andAn. stephensxhibited extended
effectiveness at low storage temperatures. Jawale et al. (2010) investigated the
larvicidal activity ofOestrum nocturnuragainstAe. aegyptand found that the
methanol extract dD. nocturnundisplayed the highest larvicidal activity, resulting

in 100% mortality of tested species.

Kamaraj et al. (2011) discovered that the ethyl and methanol extracts from the bark
of A. squamosa ethyl acetate andmethanol extracts from the leaves of
Chrysanthemum indicunas well as acetone and ethyl acetate extracts Tidaax
procumbensshowed potential as edeendly means to controAn. subpictusand

Cx. tritaeniorhynchus In an examination of the larvicidal activity ddugenia
jambolanaextracts against three mosquito spedhes, aegyptexhibited the highest
sensitivity, followed byCx. quinquefasciatuand An. stephensiCrude petroleum
extract demonstrated greatemardal effectiveness (Raghavendra et al., 2011). The
larvicidal activity of seaweed extracts, specificalinteromorpha intestinaljs
Acanthopora spiciferaandDictyota dichotomadissolved in dimethylsulfoxide, was

investigated against fourth instake. aegypti larvae. The study reported that
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ethanolic extracts from the seawd2ddichotomacontained active compounds that
exhibited larvicidal activity, indicating their potential for developing effective

larvicidal agents (Beula et al., 2011).

The larvicdal activity ofP. pinnataextract was evaluated against three mosquito
vectors. The bark d®. pinnatawas used to prepare methanol and hydro alcohol
extracts, which were tested against fourth instar larv@aoBtephensAe. aegypti
andCx. quinquefaciatus The findings revealed that the methanol extract derived
from P. pinnatapresented the highest larval mortality compared to the hydro alcohol
extract (Kolli and Sundararajan, 2013). Another study assessed the larvicidal
potential of extracts fromeseral Indian medicinal plants agaidst. aegypti
Among the extracts tested, the acetone extra&lagagnus indicahowed the
highest larval mortality, followed by the acetone extract Maésa
indica (Shivakumar et al., 2013). Kamiabi et al. (2013) esleed that the crude
extracts obtained frol@yperus aromaticusxhibited notable inhibitory effects on

the growth ofAe. aegyptandAe. albopictusThe wing length of treated adults from
both mosquito species, particularly femaleg\ef albopictusshowe a significant
decrease. Additionally, the longevity of the mosquitoes was reduced, sterility indices
were increased in the female parental generation, and pupal formation and adult

emergence were delayed in bédtbdesspecies.

The results of the studyrganised by Paul et al. (2020) indicated that the crude
extracts, combined extracts, and bioactive fractions derived freon different

plant speciesAndrographis paniculatandTinospora cordifoliashowed promise
aslarvicides against thirthstar larva of Ae.aegypti In the research carried out by
Aziz et al. (2021), an investigation was conducted to assess the larvicidal effect of a
methanolic extract frorwitex ovatdeaves againsie. aegypti The study
demonstrated that the crude extracVobvatapossessed bioactive compounds that

could be utilised as bitarvicides for controlling th&edesnosquito vector.

Plant species that demonstrate high success rates are known to possess a wide
variety of moderately toxic defence compounds or a smatiber of highly toxic
substances. This enables them to effectively target a diverse range of molecular
components, including proteins (enzymes, receptors, ion channels, structural
proteins), nucleic acids, bimembranes, and secondary metabolites. Thessfigp

or nonspecific interactions contribute to the plant's ability to defend against threats.
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Secondary metabolite analogues can disrupt essential components of cellular
signalling systems by interfering with vital enzymes and processes involved in
nenous system signalling. These analogues can affect neurotransmitter synthesis,
storage, release, binding,-uptake, receptor activation, and function, as well as
enzymes responsible for signal transduction. Additionally, they can block metabolic
pathways|eading to the disruption of crucial cellular processes. This indicates the
diverse mechanisms through which secondary metabolite analogues exert their
effects (Wink, 2000). It is evident that pldmsed insecticides impact insect
physiology through divese mechanisms and at multiple receptor sites. For instance,
terpenes can block the stimulating effects of glucose and inositol on chemosensory
receptor cells (Gershenzon and Dudareva, 2007). Essential oils and their constituents
disrupt biochemical process, leading to imbalances in insect endocrinology and
interfering with normal morphogenesis (Reynolds, 1987; Balandrin and Klocke,
1988). Neurotoxicity is observed in several monoterpenoids, causing hyperactivity
and paralysis in insects (Coats et al., )99nsecticides like avermectin and
milbemycin act on glutamatgated chloride channels, while pyrethrins affect
sodium channels (Bloomquist, 2003). Rotenone interferes with cellular energy
metabolism in mitochondria by either inhibiting the electron gpant system or
uncoupling it from ATP production (Fukami, 1961; Yamamoto and Kurokawa,
1970). Other compounds like Sabadila, nicotine, and veratridine interfere with nerve
function, energy metabolism, and cell division. Azadirachtin has been identified as
an antimitotic insecticide, and specific mutations in GABA receptors confer
resistance to certain insecticides (Richards and Cutkomp,1945; HoId et al., 2000,
Rattan, 2010).

Synergy

Insecticide synergy has emerged as a valuable approach to enhancelcy eff
insecticides by amplifying their lethal effects. In this approach, single or multiple
compounds are mixed with an insecticide. Synergistic compounds have successfully
controlled the resistance development of targeted vector populations to conaknti
insecticides. The administration of synergists, even in sublethal doses, has presented
escalation in the lethality of insecticides (Brindley and Selim, 1984). Synergists
have been widely employed in commercial applications over the past five desades a

they have proved to improve the competence of insecticides. The objective of
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improving the stability of a pyrethroid insecticide permethrin, a potent insecticide
for controlling houseflies, mosquitoes, and other household pests, can be considered
the orgin of insecticide synergists. The first practical and economically feasible
synergist was piperonyl butoxide (PBO), which significantly decreased the
production costs related to natural pyrethrum. However, a more promising approach
was discovered when Hal and colleagues interpreted Eagleson's finding that
adding sesame oil to pyrethrum extracts significantly enhanced their efficacy (Haller
et al., 1942). They credited this enhanced effectiveness to the synergistic impact of
sesamin, a component foundtive oil. Later, it was identified that the presence of a
methylenedioxy-phenyl group in sesamin was a contributing factor. Subsequently,
they synthesized the amides of -8@thylenedioxy cinnamic acid and found them

to exhibit synergistic activity witpyrethrins (Wachs, 1947).

Metcalf (1967) defined a synergist as a passive component in a mixture that
enhances its toxicity when combined with an insecticide. Synergists are often
metabolic inhibitors, implying a specific mode of action. Additionally, tlem
"potentiation” described the greatbanadditive effect observed in synergistic
combinations of insecticides, where each insecticide is used at its toxic level and
targets specific sites (Raffa and Priester, 1985). Moreover, the term -"quasi
synergisn,” as proposed by Sun and Johnson in 1972, should be applied explicitly to
chemicals that facilitate the penetration, transport, or accessibility of the insecticide
rather than affecting its toxicity or mode of action. The use of synergists with
increasiy specificity continued to play a crucial role in managing resistant pests,
helping to minimize selection pressure, primarily when they target a specific
detoxification pathway of an insect. These synergistic agents served as valuable
tools in maintainingeffective pest control strategies while reducing the development
of resistance (Wachs, 1947).

Thangam and Kathiresan (1991) investigated the synergistic interaction between
marine plant extracts and insecticides (DDT, BHC and malathion)
againstAe.aegypti The study revealed that the stilt root Rifizophora
apiculataexhibited the highest level of synergistic activity when combined with
BHC (Benzene Hexachloride). The larvicidal activity of plant extracts, both
individually and in combination with synthetlarvicidal agents, was evaluated by
Harveand Kamath (2004) again&e. aegyptmosquitoes. The results showed that
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extracts oMurraya koenigij Ferula asafetida andTrigonella foenum
graceumexhibited potential synergistic activity when combined wita synthetic
agents. At the same time, they showed poor larvicidal activity when tested
individually. Shaalan et al. (2005b) evaluated the synergistic efficaé§hafa
senegalensjPDaucus carota andCallitris glaucophyllain combination with and
without synthetic insecticides agaifs¢. aegyptandCx. annulirostrismosquitoes.

The results indicated that all mixtures resulted in 100% mortalitgCxof
Annulirostrislarvae within 24 hours. Furthermore, the mixtures exhibited
synergistic effects oAe. agyptilarvae, except for one mixture that demonstrated
an additive effect. In a distinct study conducted by Mohan et al. (2007), the
synergistic efficiency of a combination of cypermethrin and petroleum ether extract
of Solanum xanthocarpuat a 1:1 ratio was examined again€x.
guinquefasciatumosquitoes. The results demonstrated that this combination
exhibited the highest efficacy in controlling the target mosquito species.
Chenniappan and Kadarkarai (2008) focused on the synergistic activity
of Androgaphis paniculatextracts againsin. stephendarvae. The study found
that combining plant extract with deltamethrin resulted in the highest larvicidal
activity, indicating synergistic effects. Furthermore, a 1:4 ratio of deltamethrin and

ethanolic extct was identified as the most effective combination.

In a study by Mohan et al. (2010), the larvicidal activity of a combination
of Solanum xanthocarpuextract and specific synthetic insecticides was
investigated again€x. quinquefaciatumosquitoesThe results indicated that when
fenthion and the plant extract were combined at a 1:1 ratio, they exhibited
synergistic effects, resulting in the most favourable outcomes regarding larvicidal
action against the target organism. Interestingly, oils derifean Amyris
balsamiferaSesamum indicurilelichrysum italicumSantalum albumluniperus
virginiana, andPiper nigrumexhibited significant synergistic effects when
combined with carbaryl. However, paradoxically, all these oils reduced the toxicity
of permethrin againsie. aegyptiarvae. None of the oils showed toxicity or
synergistic effects oAe. aegyptadult mosquitoes (Tong and Bloomquist, 2013).
Lakshmi et al. (2021) undertook an experiment to investigate the synergistic effect
of C. bonplandiaumwith two pyrethroid insecticides, cypermethrin and lambda

cyhalothrin, againshe. aegypti The study examined both the individual larvicidal
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properties of these compounds and their synergistic effects. The findings revealed
that synergism significantlenhanced the larvicidal activity of these compounds and
was effective againgte. aegyptlarvae. In a study on the synergistic effect of
bioactive monoterpenes agai@t. pipienanosquitoes, researchers investigated the
insecticidal impact of various itmary monoterpene combinations utilizing a
synergistic design approach. The findings indicated that all the individual
monoterpenes, when tested within these binary mixtures, worked together to
enhance the effectiveness of the insecticide (Ramzi et a@R2)2A study exploring
the synergistic repell ent an eanjophyllené ant
oxide and vetiver oil against mosquito vectors demonstrated that this combination
had a more substantial impact on mosquitoes than the indivddogbounds. The

b | e n d-caydphylléne oxide and vetiver oil exhibited an additive contact
irritability effect, functioning as a noncontact repellent and led to knockdown
activities at lower concentrations, indicating that utilizing these two repellent
compounds in combination could result in a more effective mosquito repellent than

using a single compound (Nararak et al., 2023).

Many research investigations have underscored that distinct mosquito species utilise
a range of resistance mechanisms, emplmastbie crucial role played by enhanced
metabolic detoxification of insecticides via detoxifying enzymes (Hemingway and
Ranson, 2000). Within the framework of mosquito insecticide metabolism, three
enzyme families, namely, cytochrome P450 monooxygenaséf)Pdlutathione
transferases (GST), and carboxy/cholinesterases (CCE) are intricately involved.
These enzyme groups each catalyse a wide range of detoxification reactions and
serve as the primary enzymatic defence against xenobiotics, which are foreign
substances. Furthermore, they are responsible for clearing mapyobycts of
metabolism, hold essential roles in numerous biosynthetic pathways, and actively
participate in chemical communication processes (Feyereisen, 2005; Ranson and
Hemingway, 2005; Sade et al., 2008; Oakeshott et al., 2010). The rapid increase in
both numbers and variety of these enzymes, referred to as 'detoxification enzymes',
in insects can be attributed to their evolutionary adaptation to a broad spectrum of
natural xenobiotics fand in their environment (Després et al., 2007; Marcombe et
al., 2009).
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Research findings have shown that changes in carboxylesterase activity are
generally associated with resistance to organophosphate insecticides in many
insects. The specific modifiagans in activity vary significantly depending on the
sensitivity of the insects and differences between strains. Uplifted esterase activity is
the underlying factor behind resistance to organophosphates, carbamates, and
pyrethroid insecticides (Terriere984; Oppenoorth, 1985). Esterases represent a
category of enzymes linked to resistance in mosquitoes against organophosphates,
carbamates, and, to a lesser extent, pyrethroids (Hemingway and Ranson, 2000;
Sogorb and Vilanova, 2002). Glutathiondr&nsferaes are actively involved in the
detoxification process of xenobiotics, including insecticides (Hemingway et al.,
2004; Gan et al., 2021). Cytochrome P450 monooxygenase is implicated in
developing resistance to both organophosphates and pyrethroids. igheerinexd

levels of these enzymes are accountable for the accelerated degradation of
insecticides, ultimately leading to a modification in the susceptibility status of
mosquitoes (Paeporn et al., 2004a; Adhikari et al., 2022). An accurate assessment of
the susceptibility or resistance of a species to insecticide compounds could be
achieved by conducting a quantitative enzymatic assay on these detoxifying

enzymes (Jangir and Prasad, 2022).
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GENERAL METHODOLOGY



Study Sitesfor Vector Collection

Four areas of Thrissur district, Kerala, India, were selected for the mosquito vector

species sampling. The chosen regions include two wateas, Thrissur Corporation

Area (10.519682N |l atitude, 76.2281486 | ong
(10.349122606 N l atitude, 7 6 . 2urbah laBedso E l ong
Mut huvar a (10.5534860 N l ati tude, 76. 17
(10 4741266 N |l atitude, 76.21513006E Il ongitud

Mosquito Sampling
Sampling Methods

This study employed random sampling methods. Eggs were collected from both
natural oviposition sites and artificial ovitraps. The larval collection was carried out
using pipetts, dippers, and aquatic nets. Adult specimens were collected through
attractant and neattractant traps, sweeping insect nets, and an aspirator. The
diversity study spanned from January 20D&cember 2016. The identification of
collected specimens waomk using standard taxonomical keys. Various indices
such as Dominance (D), Simpson'si{)l, Shannon (H), Evenness (H/S), Margalef,
Biodiversity index, and BergdParker were utilised to demonstrate the alpha
diversity of the study area. Jaccard and Sarerdiversity indices were used to
compare two individual sites, and gamma diversity analysis was also conducted. The

diversity analysis was performed using the 'PAST' software.

GIS Data Preparation

GPS coordinates were documented for every sampling locatiomosquito species
data collection throughout the diversity study timeframe. These records were then
utilised in preparing the geographical information system (GIS). The ArcGIS

software was employed for GIS preparation.
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DNA Barcoding

Collection and Preservation

Mosquitoes were collected, morphologically identified, and preserved in 70%
ethanol at-20°C. Each specimen was assigned with a unique voucher number for

future reference.
Extraction of Genomic DNA and PCR Amplification

Thoracic legs of mosquies were used to extract genomic DNA with the ORIGIN
Genomic DNA Isolation Kit. Agarose gel electrophoresis was carried out to confirm
DNA present in the reaction mixture. The process of amplification was conducted
using a DNA thermal cycler (Takara). Theplification was achieved through 30
cycles, each comprising an initial denaturation at a temperature of 95°C (10
seconds), followed by annealing at 50°C (1 minute), and extension at 72°C (45

seconds), completed by a final extension at 72°C (3 minutes).

The forward and reverse primers were -G&TCAACAAATCATAAAGA
TATTGG-3') and (5TAAACTTCAGGGGGACCAAAAAAAAAAAATCA -3,
respectively. The initial step of the process involved denaturation at 95°C for 5

minutes.
Agarose Gel Electrophoresis

PCRobtained prodcis were subjected to separation by electrophoretic technique
using a 2% TAE agarose gel stained with EtBr. The size of the product was
determined using a Gene Ruler (Thermo Scientific; GeneRuler 100bp DNA Ladder,
#SM0242). EtBr functioned as an intercadgt agent within the DNA bases,

emitting an orange colour by DNA under ultraviolet light.
PCR Product Purification

After completing the PCR amplification of the COI fragment of the specimen, the
remaining PCRobtained product was purified using the FerraenteneJET PCR
purification kit. The GenElute TM PCR Cleap Kit was specifically developed for

the rapid PCR amplified product purification from surplus components present in
the reaction mixture, including excessive DNA polymerase, primers, nucleotides,
salts and oils. Subsequently, the purified product was once again subjected to

examination by being separated on a 2% agarose gel to verify the existence of DNA.
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DNA Sequencing and Phylogenetic Analysis

The previously purified PCRobtained product wasequenced using the forward

and reverse primers employed in the PCR process. This sequencing was performed
using Sanger's method and was conducted at Sci Genom Labs Private Ltd., Cochin,
employing the ABI 3730XL automated sequencer. The obtained COIl s@&guenc
from both forward and reverse directions were aligned using ClustalW, and this
region was considered to be the final product sequence. This final sequence was then
subjected to a species confirmation search on NCBI BLAST. After species
confirmation, thealigned final COI gene sequence was submitted to GenBank
(NCBI) for global access, which could serve as the molecular barcode of the species.
The final nucleotide sequences were analysed through MEGA Xl to understand the
phylogenetic relationships usinget neighbofoining algorithm (Saitou and Nei,
1987). The interand intraspecific genetic diversity was calculated using the Kimura

2 parameter model.

Mosquito Colony Maintenance

A laboratoryrearedAe. aegyptmosquito colony from the Communicable Disease
and Research Laboratory (CDRL)was used for the current stahijt mosquitoes
were reared in sterilized mosquito cages fitted with netting, maintaining 27+2°C
constant temperature, i786% relative humidity, ad a 14:10 lightdark photoperiod.
Their nutrition included soaked raisins and blood feeding of adult female
mosquitoes, which were started on the third day after emergéhagstermann,
1997)

Screening of Plants

Thirty plants representing a broad speatraf families and genera were collected
from the Thrissur district of Kerala, India, under the direction of a detailed
examination of the literature. The selection of plants was mainly based on their
potential medicinal value, antimicrobial activity, ardinanature and efficacy as
pesticides or insecticides. A Soxhlet apparatus was used to perform extractions with
different solvents during the initial screening of plamspreliminary screening
involved the preparation of a 1mg/ml (1000ppm) concentratibplant extract

using three different solvents with varying polarities. 25 healthy fourth iAsar

aegyptilarvae were put into each beaker. Six replicates were arranged for each
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extract.Ae. aegyptlarvae were considered dead for evaluating mortafithey did

not show outward movement for respiratioheTdead larvae from six test replicates
were pooled and the percentage of larval mortality for each test concentration was
calculated Aivazi and Vijayan, 2000

Plant Extraction for Bioassay

Plantleaves were collected, washed with clean water for the larval bioassay, and
then dried in the shade. A hand mixer grinder was used to grind the dried plant parts
into a fine powderA Dionex ASE 150 accelerated solvent extractor was used for
taking the plat extract. Solvents with different polarities were used for extraction.
The collected extracts were then transferred to-2B8@V-N Rotary Flash
evaporator and the remaining excess solvent contents were removed by evaporation.
Accelerated solvent extractip rotary evaporation and lyophilizaion were done at
Central Instruments Laboratory, Kerala Veterinary and Animal Science University,
Mannuthy, Kerala. Stock solution was prepared by dissolving 1mg extract in
acetoneKraujalis et al., 2013; Kettle et aR016

Isolation and Identification of Bioactive Compound

Gas Chromatographylass Spectrometry (GC/MS) was used for the preliminary
investigation of plant extract compounds. Based on the data collected, further
appropriate separation techniques wagkected. Column chromatography and Thin
layer chromatography techniques were employed for the isolation of the bioactive
compound of the selected plant. Chloroform and hexane in a 1:1 ratio was used as
mobile phases for TLC separation. The most efficfemttion was selected. That
fraction was then separated through column chromatography, in which a 1:1:5 ratio
of three different solvents, hexane, chloroform, and ethyl acetate, was used as the
mobile phase. Next, column chromatographic separation wasucead by
following a modified technique by Bajpai et al. (2016). The final fraction obtained
was then subjected to TLC using chloroform and ethyl acetate in a 2:1 ratio as the
mobile phase. GC/MS analysis of the isolated compound was done at Care Keralam
PVT. Ltd., Kinfra Park, Koratty, Thrissur, Kerala, India. NMR was done to
understand the structure of the purified isolated compathNMR spectra and
13GNMR spectra were documented on VNMRE0 "AgilentNMR"

spectrophotometer using Dimethyl sulfoxide (BM) as solvent at Central
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Instrumentation and Research Facility, Institution of Excellence, University of

Mysore, Mysuru, India.

Plant Larval Bioassay

The larval bioassay was conducted following the WHO protocol (WHO, 2005a),
adapted as needed for the mautars of the study. Test concentrations of the isolated
bioactive compound were formulated by adding 1 ml of the compound concentration
to the test containers and made up to 250 ml by adding 249 ml of dechlorinated tap
water. For comparison, a control svastablished with 1 ml of acetone mixed with
249 ml of water in separate containers for each trial. TwiviyAe. aegyptlarvae

were placed into both the test concentrations and the control group in each setup,
with six replicates per condition, ancetbxperimental setup was left undisturbed for

24 hours. LGy and LCy values for the plansolated bioactive compound were
determined through dosageortality regression analysis employing probit analysis
(Finney, 1971).

Insecticide Larval Bioassay

Larval susceptibility determination was adhered to the established WHO protocol
(Brown, 1986). The fourth instar larvae Aé¢. aegyptivere exposed to varying
concentrations of insecticides, which were prepared by mixing stock solutions with
distilled tap waterStock solutions of 1mg/ml cypermethrin, lambgdnalothrin,
malathion, and temephos were prepared in waiemrepare test concentrations, 1

ml of the insecticide solution was combined with 249 ml of water in a 500 ml
beaker, and the test solution wagaorously mixed for 30 seconds with a glass rod.
Test controls were made by adding 1 ml of solvent solution, instead of an insecticide
solution, to 249 ml of dechlorinated water. A strainer was used to transfer 25 late
third or early fourth instar larvae tm each beaker, which held separate test and
control setups. For the larval bioassay, six successive insecticide test concentrations
were created. Mortality was documented after 24 hours, and larvae that were

immobile were considered dead.

TheLCsp and LGy values for the pesticides were calculated using probit analysis in

dosagemortality regression analysis (Finney, 1971).
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Synergistic and Caotoxicity Coefficient Assay ofBioactive Plant I solate and
Insecticides

Two separate experimental protocols wdeveloped to determine the Synergistic
factor (SF) and the Ctwmxicity coefficient (CTC), both concentrating on
investigating the interaction between the plant extract and the insecticide as
amalgamated product (Kalyanasundaram and Das 1985). These experaimed

to understand the possible combined effects of each chemical insecticide and the

bioactive compound isolated from the plant agafrestaegyptiarvae.

In particular, the investigation into the @axicity coefficient aimed to determine

the extat to which the combined mixture influenced mortality rates in comparison

to expected outcomes. Similarly, evaluating the Synergistic factor aimed to elucidate
the degree of synergy or antagonism observed between the insecticide and plant

isolate.

Selecton Experiment

A susceptible laboratofseared population ofAe. aegyptiwas exposed to the
synergistic combination SC4 over five consecutive generations, and The FO
generation, selected as the susceptible strain, was established after 25 generations of
laboratory colonization at CDRL without any previous insecticide exposure. The
bioassay experiments were conducted following the WHO (Brown, 1986) protocol.
Resistance Ratio (RR) assessment was performed in accordance with the WHO,

2016a protocol.

Quantitative Enzymatic Assay

Quantitative enzyme assays were employed to analyse the essential detoxifying
enzymes. The primary objectives of these assays were to elucidate the mode of
action and to monitor the potential development of resistance in the chosentmosqui
species against SC4. The procedure outlined by Kranthi (2005) was employed to
determine Acetylcholinesterase and Carboxylesterase activities. An altered
methodology based on the technique established by Habig et al. (1974) was
employed to evaluate th@exific enzymatic activity of Glutathione-tBansferase

The specific enzymatic activity of cytochrome P450 was assessed using the
approach detailed by Khan et al. (2020).
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Antimicrobial Assay ofPlant-IsolatedCompound

Antimicrobial susceptibility testingbased on the agar well diffusion method
described by Murray et al., 1995 and modified by Olurinola, 1996, was conducted
on solid agar media placed in petri plates against three strains of bacteria.
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CHAPTER |

Molecular Identification of Important Vector
Mosquito Species from Selected Sites of
Thrissur District, Kerala, India



1.1 Introduction

Taxonomy is an analytical and dynamic branch in biology due to its requirement for
constant renewal, as novel species are being revealed and some previous species
demand changes in their classification. Nevertheless, it is also considered imprecise
when tke morphology of a specimen is the only consideration for its identification
and classification. To overcome this issue, taxonomists are now relying on a further
advanced approach that integrates a more accurate branch of the system, molecular
biology, in which a specific region of DNA of the species is separated, amplified,
and equated for identification. This technique, termed DNA barcoding, consists of
the isolation, magnification, and identification of petite but exceedingly conservative
sequences of DNAanging in length from 400 to 800 base pairs (Hebert et al.,
2003a; Ball and Armstrong, 2006). Not all taxonomically distinct groups that are
defined exclusively by physical characters require barcoding. Although these
characteristics may be adequate ifecentiate between specific taxonomic groups,
molecular barcoding provides a potent substitute. When physical characteristics are
insufficient for accurate identification, such as in the case of subspecies where
genetic differences may exist despite pbgi similarities or the classification of
cultivated plant varieties bred for particular traits, this method becomes especially
useful. Moreover, ecological variants of different populations of the same species
adapted to certain environments can be stlidusing molecular barcoding.
Molecular barcoding can even help to distinguish morphological mutants or
organisms within a species with unique physical characteristics. By comparing the
DNA barcode with sequences from other taxonomic groups, this techengindes
precise identification and facilitates the preparation of a taxonomic record for a
specimen. In discrepancies, molecular phylogenetic analyses employing molecular
operational taxonomic units can heip establish accurate species identification
(Floyd et al., 2002; Naddaf et al., 2012).

Mitochondrial DNA (mtDNA) has gained widespread use in animal phylogenetic
research due to its rapid mutation rate, which far exceeds that of nuclear DNA. This

accelerated mutation rate leads to the accumulatiagenétic differences among
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closely related species, as documented by various researchers (Moore, 1995;
Mindell, 1997; Brown et al., 1999). The rapid pace of sequence evolution in
mitochondrial DNA (mtDNA) leads to noticeable genetic differences even among
groups that have experienced relatively short periods of isolation. The revolutionary
work of scientist John Avise marked the initial recognition of these distinctions in
MtDNA sequences, highlighting their significance as a repository of the
evolutionaryhistory of an organism within a species. This profound perception has
played a pivotal role in connecting the domains of population genetics and
systematics, ultimately giving rise to the flourishing field of phylogeography (Avise
and Zink, 1988).

Becausegenetic sequence variations between species are usually much more
pronounced than within species, mtDNA sequences are often used as genetic
markers to identify separate species. This method increased the understanding of the
evolutionary relationships beegn animal species and improved the accuracy of
animal species classification. Over the past two decades, DNA sequencing
technology has made major advances, transitioning from manual to automated
sequencers. For example, an automateda@fllary sequenceczan produce over a
thousand sequences with 1000 base pairs in a single day. This technical
breakthrough has made DNA sequencing more accessible to everyone, even those
without a background in genetics. The development of DNA barcoding is closely
intertwined with these remarkable advancements (Hebert 20l3a; Hebert and
Gregory, 2005; Schindel and Miller, 2005; Valentini et al., 2009).

Globally, mosquitoes exert a significant influence on public health. Although
mosquitoes have received more diligertkan most other insect varieties due to
their role as disease vectors, the systematic understanding of these insects still needs
to be completed. A considerable number of the species are marked as vectors owing
to their competency to transmit pathogensnfrone living organism to another,
making their identification crucial. Most species are primarily found within

the AnophelesAedes andCulexgenera. These species are known for their role in
transmitting a wide range of vectborne diseases that causeéstantial morbidity

and mortality among humans, exceeding the impact of any other group of organisms
(Murugan et al., 2016). These mosqthimrne diseases involve dengue fever, zika,

malaria, Japanese encephalitis, West Nile fever, lymphatic filariasd,yellow
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fever. With the rising incidence rates and the absence of effective preventive
measures and vaccines for some of these moshoitee illnesses, significant
outbreaks of these diseases place a considerable strain on the healthcare systems and
eonomies of various nations (Kuno and Chang, 2005; Weaver and Reisen, 2010;
Liang et al., 2015; Atoni et al., 2018toni et al., 2020).

For several important reasons, identifying vector mosquitoes is essential for disease
control and public health. First,is possible to apply focused prevention strategies
targeted to specific mosquito species. Because of their diverse habits, breeding
locations, and insecticide susceptibilities, mosquitoes must be precisely identified to
implement effective interventionSecond, identifying vector mosquitoes is essential

to disease surveillance since it keeps track of the quantity and presence of these
vectors, which can be used to predict possible outbreaks and provide early warning
systems. This proactive approach makmely responses and resource allocation to
high-risk areas possible. Because some sibling species have morphological
characteristics that are closely related, it may become difficult to identify and
distinguish them. Identification of mosquito specssniainly done by analysing the
physical characteristics. This method can be challenging because distinguishing
morphological traits are often lost in the process of being captured or preserved, or
they may only be visible at some stages of developmentdtfarore, only expert
mosquito taxonomists can accurately distinguish between mosquito species due to
the minor differences in physical characteristics. The vectorial status of mosquito
species demands accurate and immediate identification to prepatéeveftantrol
methods (Cook et al., 2005; Patsoula et al., 2006; Kumar et al., 2007; Verna and
Munstermann, 2011; Versteirt et al., 2012; Versteirt et al., 2015).

Additionally, understanding the transmission dynamics of mosdpaitne diseases

is greatly @hanced through vector identification. Researchers can reach into the
behaviour, distribution, and feeding habits of specific vector species that aid in
predicting disease transmission patterns and crafting preventive measures.
Moreover, the knowledge ofeetor mosquitoes contributes to developing vaccines
and treatments specifically targeting the pathogens carried by these vectors,
potentially leading to more effective medical interventions. As climate change
continues to alter the geographical range aetlabiour of vector mosquitoes,

identification becomes even more critical to adapt strategies to emerging disease
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risks (Chaiphongpachara, 2018; Sumruayphol et al., 2020; Chaiphongpachara et al.,
2022).

In India, the primary vector mosquitoes crucial fosedise transmission belong
mainly to four generaCulex AedesAnophelesandArmigereg(Mandal, 2012; Dev

and Sharma, 2013; Moirangthem and Singh, 2018; Manikandan et al., 2022). The
increased rates of disease transmission carried by mosquito vectdrsqaently
documented in densely populated regions, with a notable concentration in urban and
semturban areas. Densely populated areas, such as urban andrisemregions,

create an advantageous environment for the intensified transmission of digeases b
mosquito vectors. Several factors contribute to this phenomenon, including the
proximity of individuals, increased human activities, and, often, inadequate
sanitation and waste management practices. These conditions create a fertile ground
for mosquitoedo thrive and transmit diseases efficiently (Dev et al., 2014; Davalos
Becerril et al.,, 2019). Kerala has witnessed a continued prevalence of meosquito
borne diseases throughout the year for decades. The annual reports of casualties and
deaths due to thigndicate the need for attention in this area (Table 1.1). The
integration of molecular techniques and an extensive understanding of vector
mosquitoes play critical roles in addressing the challenges of mosquito-beoter
diseases, contributing to morgevative public health strategies in an evolving
global landscape.

Table 1.1: Confirmed cases of mosquiector borne diseases in Kerala 22122
(dhs.kerala.gov.in, https://dhs.kerala.gov.in/datacommunicablediseases/)

Year Dengue Fever Malaria Chikungunya Ei?gggzl?t‘ias W?:\tel\rllle Zika
Case Death Case Death | Case| Death | Case| Death | Case | Death | Case| Death

2010 | 2597 17 2299 7 210 0 20 5 0 0 0 0
2011 1304 10 1993 2 81 0 102 8 33 0 0 0
2012 | 4056 16 2036 3 62 0 3 1 0 0 0 0
2013 | 7938 29 1634 0 247 0 2 0 0 0 0 0
2014 | 2548 13 1751 6 264 0 3 2 0 0 0 0
2015 | 4114 29 1549 4 152 0 0 0 0 0 0 0
2016 | 7218 21 1540 3 124 0 1 0 0 0 0 0
2017 | 21993 | 165 1194 2 54 0 1 0 0 0 0 0
2018 | 4090 32 908 0 76 0 5 2 1 0 0 0
2019 | 4651 14 656 1 109 0 11 2 11 2 0 0
2020 | 2722 22 268 1 558 0 0 0 0 0 0 0
2021 | 3251 27 309 1 334 0 0 0 0 0 a0 0
2022 | 4468 58 439 0 66 0 2 0 3 1 15 0
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1.2 Methodology
1.2.1 Vector Mosquito Diversity

1.2.1.1 Study Site

Four distinct locations within Thrissur district, Kerala, India, westected for the
sampling of vector species. These selected regions included two urban areas and two
semturban areas, namely SITE 1: Palakkal (10.474126°N latitude and 76.21513°E
longitude), SITE 2: Thrissur Corporation Area (10.519682°N latitude ar223648

°E longitude), SITE 3: Muthuvara (10.553486°N latitude and 76.17716°E
longitude), and SITE 4: Irinjalakuda Municipal Area (10.349122 °N latitude and
76.214167 °E longitude).
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Figure 1.1 Location map of study sites
1.2.1.2 SampleCollection

Eggs: Mosquito eggs, the initial stage of the mosquito life cycle, were obtained from
their natural breeding sites or artificial ovitraps. Floating eggs were collected using
aguatic nets, pipettes, and dippers. These collected eggs were ydedfalled,

transported to the laboratory, and carried out the larval and adult mosquito rearing

and identification processes.
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Larvae: Juvenile mosquito larvae were collected from diverse breeding sites
employing pipettes, aquatic nets, and dippers. Thecisgns were placed in
appropriately labelled plastic containers and transported to the laboratory. To
facilitate identification, the larvae were subjected to hot water treatment at 40°C and
examined using taxonomical keys (Barraud, 1934; Christopher, B3&&, 1968;
Gilles, 1993; Das and Kaul, 1998; Nagpal and Sharma 1995; Tyagi et al., 2015)
under a stereaoom microscope (Leie®l205C). The larvae, which were difficult

for precise specielevel identification at the juvenile stage, were reared intdtadu
Unidentified larvae of collected specimens were raised into adults under controlled
laboratory conditions (temperature 26+2°C) using a larval diet. Adult female
mosquitoes were fed on 5% sucrose solution and were allowed to take blood meal
on the thid day following their emergence.

Adult: Various attractant and neattractant traps, including light and g@aps,

were used together with sweeping nets and an aspirator to gather adult mosquitoes in
both resting and hosteeking states. After being calted, these adult mosquitoes
were brought to the lab for identification. Adult specimens captured from the study
field and those raised in the laboratory were carefully examined and dissected under
a stereezoom microscope (Leiem205C). Species identifiddon was achieved

using established morphological keys (Barraud, 1934; Christopher, 1933; Black,
1968; Gilles, 1993; Nagpal and Sharma, 1995; Das and Kaul, 1998; Tyagi et al.,
2015). The identified species were carefully pinned, labelled, and stored in the

Communi cabl e Disease Research Laboratory a
1.2.1.3 Statistical Analysis

Different diversity index analyses were conducted to evaluate the mosquito
collection data from four distinct sampling sites: Site 1 (Palakka8,2(Thrissur),

Site 3 (Muthuvara) and Site 4 (Irinjalakkuda). The alpha diversity of the study area
included Dominance (D), Simpsons[), Shannon (H), Evenness (H/S), Margalef,
Biodiversity index, and BergdParker indices. Jaccard and Sorenson diyers
indices of beta diversity were used to compare the diversity between individual site
pairs. Furthermore, gamma diversity was examined to measure species diversity
throughout multiple sites within the ecosystem. PAST software was used to conduct

all diversity analyses.
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1.2.1.4 GISPreparation

Throughout the diversity study, GPS coordinates were noted for each sampling site
and mosquito species were recorded. After that, these mosquito data were used to
create Geographic Information System (GIS) mapsGA$csoftware was used for

the GIS mapping.

1.2.2 DNA Barcoding

1.2.2.1 Collection and Preservation

Mosquitoes were collected from different sampling sites using various collection
techniques. Once morphologically identified, these mosquitoes were platoed i
individual glass vials containing 70% ethanol and preservezDatC. Each vial was
marked with a specific code number and was kept as a voucher specimen for future

reference.
1.2.2.2 Genomic DNA Extraction and PCR Amplification

Thoracic legs were uddo extract Genomic DNA from a morphologically identified

mosquito species, following the ORIGIN Genomic DNA isolation Kit instructions

outlined by Sher&Kharwar et al. (2013). The DNA amplification was performed

using a Takara DNA thermal cycler, ampiify approximately 2ng of genomic

DNA of the mitochondrial cytochrome oxidase subunit | (COI) gene with forward

and reverse primers (forward primerGGTCAACAAATCATAAA GATATTGG -

3', and reverse primer-HBAAACTTCAGGGTGACCAAAAAATCA -3) (Folmer et

al., 1994 . I n the PCR reaction, 2 ng (1 €l ) of
forward and reverse primers (10mM concent:t
10X reaction buffer with MgG] 0. 5 ¢ | of Taq pol ymerase (°F¢
water was used. Amplification consisted of 30 cycles, starting with an initial
denaturation at 95°C for 5 minutes, followed bysHeond denaturation at 95°G, 1

minute annealing at 50°C, 4&cond extensn at 72°C for each cycle, and a final 3

minute extension at 72°C.
1.2.2.3 Agarose Gel Electrophoresis

The PCR samples were separated on a 2% TAE agarose gel, following the protocol
outlined by Mahesh et al. in 2012. Afterwards, it was treated with EtBr, described by

Sambrook and Russell in 2001, and photographed using a gel documentation
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system. To recogmé the product's size, a Gene Ruler (Thermo Scientific;
GeneRuler 100bp DNA Ladder, Catalog #SM0242) was employed. EtBr was used
as an intercalating agent within the DNA base pairs to emit an orange glow when
exposed to ultraviolet light.

1.2.2.4 PCR Produat Purification

The purification of PCRobtainedproductwas done using the Fermentas GeneJET
PCR purification kit after completing COI fragment amplification by PCR. This
purification kit is specially designed for the rapid purification of sirgjtandedor
doublestranded PCR amplification products by removing additional DNA
polymerase, primers, nucleotides, salts, oils, and other contaminants from the PCR
obtained product. After that, another evaluation on a 2% agarose gel of the purified

product was dee to ascertain the DNA present.
1.2.2.5 DNASequencing andPhylogeneticAnalysis

The purified PCR product was then sequenced at Sci Genom Labs Private Ltd. An
ABI 3730XL automated sequencer was employed for the sequencing. The
methodology followed was Sgar's sequencing method, using the forward and
reverse primers used for the PCR amplification. ClustalWw was used to align the
forward and reversalirection trimmed COI sequences. The aligned region of the
sequence was considered the final product sequ@immenpson et al., 1994). The
sequence was then run for similarity searches using the NCBI's BLAST n and
BLAST p programs (Altschul et al., 1990). After that, the partial COl gene sequence
was deposited into GenBank (NCBI) for global access. MEGAXI (Taratra.,

2013) was used for the phylogenetic analysis of the final sequence. A phylogenetic
tree was constructed using a neighbiming algorithm, and interspecific and
intraspecific genetic diversity was analysed using the Kimura 2medea model
(Satou and Nei, 187). Percentage nucleotide distance calculations were conducted
using MEGAXI.

1.3 Result

1.3.1 Vector Mosquito Diversity and DiversityAnalysis

During the data collection period, spanning from January 2016 to December 2016, a
total of 24,78 mosquito specimens were collected from the research site. These
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samples represented 11 distinct species distributed among four geénepheles
Aedes Culex and Armigeres The mosquito collection was partitioned across the
study sites as follows: Site 1 yielded 4,201 mosquitoes, Site 2 contributed 6,285,
Site 3 yielded 6,606, and Site 4 had the highest count with 7,686 mosquitoes. The
identified species weréAnopheles stdpensi with 157 individuals, Anopheles
subpictuswith 324, Anopheles vaguwith 149, Aedes aegyptwith 4,124, Aedes
albopictuswith 3,822, Aedes vittatusvith 134, Armigeres subalbatuwith 1,648,

Culex geliduswith 2,200, Culex pipienswith 2,831, Culex alinquefasciatuswvith

3,944, andCulex tritaeniorhynchuwith 5,445 individuals (Table 1.2).

Different diversity indices of the collected vector mosquito species during the study
period were analysed and listed in Table 1.3. As indicated by the alphaitgliver
index, species richness varied across the four studied sites, Site 1 with 11species,
Site 2 with 9 species, Site 3 having 11 species, and Site 4 with 10 species. This
information provided an understanding of the diversity of species present within
ead Site, with Site 1 and Site 3 demonstrating higher species richness, indicating
more diverse ecosystems. Site 2 and Site 4 showed slightly lower species richness
but represented moderately diverse environments. The Dominance (D) index, which
measured speés dominance, differed across the four Sites, with Site 1 having a
value of 0.1594, Site 2 at 0.1669, Site 3 at 0.1534, and Site 4 at 0.146. Lower
Dominance (D) values suggested a more evenly distributed community, while
higher values indicated a dominanof one or a few species. In this context, Site 4
exhibited the lowest Dominance (D) value, indicating a relatively even distribution
of species, while Site 2 displayed the highest value, suggesting a higher degree of
dominance by specific species.

The Smpson (D) index, reflecting species diversity and dominance, varied among
the Sites, with Site 1 at 0.8406, Site 2 at 0.8331, Site 3 at 0.8466, and Site 4 at 0.854.
Higher Simpson(D) values signified greater diversity and a reduced impact of
dominantspecies, making Site 4 the most diverse among the Sites. In contrast, the
Shannon (H) index, which assessed diversity and evenness, ranged from Site 1 at
1.973, Site 2 at 1.902, Site 3 at 1.992, and Site 4 at 2. Higher Shannon (H) values
indicated increaskspecies diversity and evenness, with Site 4 emerging as the most
diverse Site overall. The Evenness(e”H/S) index differed across the four Sites, with
Site 1 at 0.6541, Site 2 at 0.7445, Site 3 at 0.6665, and Site 4 at 0.7389. Evenness
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assessed the evenstlibution of species, with higher values indicating a more
balanced ecosystem. Site 2 exhibited the highest Evenness value, suggesting a
relatively even distribution of species, while Site 3 had the lowest value, indicating a
slightly less even distribian.

The BergeiParker index, measured species dominance, variedSitghl at 02472,

Site 2 at 0262, Site 3 at 02187, andSite 4 at 01954. Lower BergeParker values
indicated less dominance by a single species, indicating a more balanced
community. Site 3 had the lowest Bergétarker value, suggesting a more evenly
distributed community, whileSite 2 had the highest value, indicating a slightly
higher dominance of a single species. The Margalef index, suggesting species
richness, ranged froi8ite 1 a& 1.118, Site 2 at 09594, Site 3 at 1137, toSite 4 at

1.029. Higher Margalef values indicated greater species richness, reflecting a more
diverse ecosystenSite 3 exhibited the highest Margalef value, indicating the
highest species richness, whde 2 had the lowest value, suggesting slightly lower

species richness.

Beta diversity indices were calculated for pairwise combinations of the four studied
Sites. Jaccard's index values between Site 1 and Site 2, Site 1 and Site 3, Site 1 and
Site 4, Site 2and Site 3, Site 2 and Site 4, and Site 3 and Site 4 were 0.676, 0.634,
0.639, 0.697, 0.703, and 0.658, respectively. Sorensen's index values for the same
pairwise combinations were 0.807, 0.776, 0.780, 0.821, 0.825, and 0.793,
respectively. The beta dikgty indices quantified the dissimilarity in species
composition between pairs of ecological Sites. Higher values indicate more
significant dissimilarity, suggesting that the species composition in those pairs of
Sites was distinct. Jaccard's and Soressamdices provided insights into the
ecological dissimilarity between different combinations of the studied Sites, aiding
in understanding the variation in species composition among these Sites. The
gamma diversity value was calculated as 11, which iteticghe total species
diversity across all the ecological Sites or areas under consideration. It represented
the overall number of unique species found when considering all the Sites together
as a single entity or ecosystem. A GIS map of vector mosquatmesding to their
collection Sites was prepared, as shown in FigureFigwre 1.3 represents the Site

wise abundance graph of collected vector mosquito species during the study time.
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Table 1.2 Total number of vector mosquito species collected durirgg stiudy
period.

S| No. Mosquito species Sitel | Site2 | Site 3| Site4 | Total
1 An. stephensi 41 41 41 34 157
2 An. subpictus 89 63 76 96 324
3 An. vagus 59 38 11 41 149
4 Ae. aegypti 587 1066 | 1445 | 1026 | 4124
5 Ae. albopictus 613 895 1164 | 1150 | 3822
6 Ae.vittatus - - 79 55 134
7 Ar. subalbatus - 611 498 539 1648
8 Cx.gelidus 558 564 487 591 2200
9 Cx. pipiens 461 745 841 784 2831
10 Cx. quinquefasciatus 697 1034 743 | 1470 | 3944
11 Cx. tritaeniorhynchus 1096 1228 | 1221 | 1900 | 5445

TOTAL 24778
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Table 1.3: Different diversity indices of collected vector mosquito species during the
study period

Al pha Diversity Sitgq Siteg Sitg¢g Sitoae
Species Richn 11 9 11 10

Dominance (D)O0.15 0.16 0.15 0. 11

Si mps-bn (1 0.840.830. 84 8 §
Shannon (H) 1.9% 1.904 1. 9¢ 2

Evenness (e”"H O0.65 0. 740.66 0. 73

Ber-®ar ker 0.24 0.240.210.19

Mar gal ef 1.110.95 1.1 1. 07

Beta Div|SitgSite Site SiteSite Site

I ndiceg Sit Sitg Site Sitg Sit¢ Site
Jaccard 0.6 0.63 0.63 0.69 0.7(¢ 0.6H5
Sorense 0.8, 0.77 0.7§ 0.8 0.82 0.7¢9

Gamma DiwkXIsity

1.3.2 Vector MosquitoBarcoding

The collected mosquitoes underwent morphological identification before being
chosen for molecular identification. Partial sequencing was performed using PCR
amplification, employing a forward primer with the DNA sequenc&GTCAA
CAAATCATAAAGATA TTGG-3' and a reverse primer with the DNA sequenee 5'
TAAACTTCAGGGTGACCAAAAAATCA-3'. All the NCBI deposited species

were assigned with accession number and their details are listed in Table 1.4.

PCR amplification of COI fromAn. stephensiesulted in a single 530 bp product.
This sequence was submitted to the NCBI GenBank with Accession No. MT
899149.1. Figures 1.4a to 1.4f display the image of mosquito species collected,
obtained DNA sequence, its conceptual translation product, thegamgdtc tree,

electropherogram, and molecular barcode.

In the case ofAn. stephensithe BLAST analysis of the 530 bp sequence
demonstrated significant homology with othe&nopheles species. Genetic
divergence analysis revealed variations between geogediyhiisolated An.
stephensspecies and related speciAs. stephenspecimens from Thrissur, Kerala
(GenBank Accession No. MT 899149.1), showed a 100% sequence similarity to
specimens from Odisha and Tamil Nadu (MN329060.1 and LR736010.1) (Table
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1.5a).In the phylogenetic treénophelespecies clustered into related clades, with
An. culicifacies (KF406660.1, KF406658.1) andAn. varuna (MT434331.1,
MT434330.1) in a different clade closer Am. stephensiThe average nucleotide
composition throughouthe species seemed to be T=40.0%; C=15.3%; A=28.2%;
G=16.5% and the nucleotide compositionAaf. stephenstollected from Thrissur
district wasT(U)= 38.9, C=15.1, A=29.9, and G= 16.1(Table 1.5b).

For An. subpictus PCR amplification yielded a single 67& product. This
sequence has been deaped in the NCBI GenBank and received Accession No.
MK603828.1. Figures 1.5a to 1.5f present the image of mosquito species collected,
obtained DNA sequence, its conceptual translation product, the phylogenetic tree,
electropherogram, and molecular barcode. The data in Table 1.6a indicatad.that
subpictusfrom Thrissur, Kerala, exhibited a 0.34% genetic divergence frAm
subpictus(MT508474.1) isolated from Vietnam, a 0.86% divergence feame
species(MT2585301) isolated from Kole wetlands of Thrissur, Kerala, and a
considerable 15.67% evolutionary divergence frAm nigerrimus(MH330206.1)
isolated from Sri Lanka. The phylogenetic tree analysis (NJ method) illustrated the
phylogenetic relationship &n. subjctusisolated from Thrissur, Kerala with other
species.The average nucleotide composition throughout the species seemed to be
T=39.%%; C=15.3%; A28.9%0; G=16.4% and the nucleotide compositionAaf.
subpictuscollected from Thrissur district wagU)= 389, C= 15.4, A=28.8, and G=

16.8 (Table 1.6b).

In the case oAn. vagusthe gene fragment underwent PCR amplification of 613 bp
product, which was subsequently deposited in the NCBI GenBank with Accession
No. MW199166.1. Figures 1.6a to 1.6f presents ithage of mosquito species
collected, obtained DNA sequence, its conceptual translation product, the
phylogenetic tree, electropherogram, and molecular barcode. The evolutionary
divergence analysis @&n. vagusconducted using MEGAXI (Table 1.7a) indicated
that An. vagusisolated from Thrissur exhibited a close relationship with the same
mosquito species (MH425409.1, MF179262.1) geographically isolated in Vietnam
and China, showing divergences of 1.67% respectively, and 16.98%, from the
species An. culicifaes (KF406658.1) from Pakistan. The phylogenetic tree, using
the Neighbour Joining (NJ) method, illustrated the phylogenetic positiolhnof

vagus isolated from Thrissur, KeralaThe average nucleotide composition
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throughout the species seemed to b8 3o; C=15.5%; A28.306; G=16.9% and
the nucleotide composition @n. vaguscollected from Thrissur district wagqU)=
36.7, C=17.3, A=29.2, and G= 16.8 (Table 1.7b).

Ae. aegypts gene fragment underwent PCR amplification of 681 bp product, which
was then deposited in the NCBI GenBank with Accession No. MK542380.1. Figures
1.7a to 1.7f presents the image of mosquito species collected, obtained DNA
sequence, its conceptual tramisla product, the phylogenetic tree,
electropherogram, and molecular barcode. The evolutionary analyses were
conducted using MEGA Xl, and the data in Table 1.8a revealedAbataegypti

from Kerala exhibited a 9.47% evolutionary divergence fréme. vexas
(KP954638.1) isolated in the USA and an 11.06% evolutionary divergenceéAfrom
lineatopennis (HQ398909.1) isolated from Vietnam. The phylogenetic tree,
constructed through the Neighbour Joining (NJ) method, illustrated the phylogenetic
position of Ae. agypti isolated from Thrissur, Keralalhe average nucleotide
composition throughout the species seemed to B T; C=16.00; A=28.0%;
G=15.8%6 and the nucleotide composition AE. aegypticollected from Thrissur
district wasT(U)= 39.4, C=17.6, A=27.8nd G= 15.3 (Table 1.8b).

A single 677 bp product was obtained Aw. albopictuswhich was deposited in the
NCBI GenBank with Accession No. MK297326.1. Figures 1.8a to 1.8f denotes the
image of mosquito species collected, obtained DNA sequence, iteptoac
translation product, the phylogenetic tree, electropherogram, and molecular barcode.
The data in Table 1.9a revealed th&,. albopictusexhibited 0.00% evolutionary
divergence with two specimens @e. albopictus(MF148287.1, MF148270.1)
isolatedfrom Malaysia.Ae. vexangKP954638.1), isolated from Malaysia, showed
only 9.48% evolutionary divergence froAe. albopictusthat was collected from
Thrissur, Kerala. The phylogenetic tree, using the Neighbour Joining (NJ) method,
illustrated the phylogestic position ofAe. albopictussolated from Thrissur, Kerala.

The average nucleotide composition throughout the species seemed t8%h&/6f =
C=16.00; A=28.206; G=16.%% and the nucleotide composition A&. albopictus
collected from Thrissur district wak(U)= 38.6, C= 17.3, A=28.1, and G= 16.0
(Table 1.9b).

70



The gene fragments &e. vittatusproduced a single 527 bp product, which was
deposited in the NCBI GenBank with Accession No. MT858330.1. Figures 1.9a to
1.9f presents the image of mosquito spec@ected, obtained DNA sequence, its
conceptual translation product, the phylogenetic tree, electropherogram, and
molecular barcode. The BLAST search revealed that the partial COI nucleotide
sequence oAe. vittatusisolated from Thrissur, Kerala, was 9898 similar toAe.
vittatusthat was isolated from Sri Lanka (MH330198.1, MH330197A®). vittatus
isolated from Thrissur, Kerala, exhibited a 7.62% evolutionary divergenceAeom
lineatopennis which was isolated from Japan (AB738145.1) and a 17.41%
evolutionary divergence frorMa. uniformisisolated from Japan and Mozambique
(LC473705.1, LC517293.1) (Table 1.10a). The phylogenetic tree, Neighbour
Joining (NJ) method, illustrated the phylogenetic positiorAef vittatusisolated

from Thrissur, KeralaThe average nucleotide composition throughout the species
seemed to be ®0.60; C=15.8%; A=28.9%; G=15.80 and the nucleotide
composition ofAe. vittatuscollected from Thrissur district wag(U)= 39.9, C=

16.0, A=29.6, and G= 14.5 (Table 1.10b).

For Ar. subalbatusthe PCR amplified sequence of the CO1 gene fragment yielded a
single 666 bp product, which was subsequently deposited in the NCBI GenBank
with Accession No. MK297327.1. Figures 1.10a to 1.10f presented the image of
mosquito species collectedptained DNA sequence, its conceptual translation
product, the phylogenetic tree, electropherogram, and molecular barcode. The data
in Table 1.11a revealed thaAr. subalbatus exhibited an absolute 0.00%
evolutionary divergence witAr. subalbatugkKJ4103341 & MW542319.1) isolated

from the Cochin and Wayanad districts of Keralehe average nucleotide
composition throughout the species seemed to 89.8%; C=15.%0; A=28.4%);
G=16.1% and the nucleotide composition &f. subalbatusollected from Thrissur
district wasT(U)= 40.0, C=17.0, A=28.0, and G= 15.0 (Table 1.11b).

Cx. gelidus COL1 gene fragment underwent PCR amplification of 677 bp product.
The sequence deposited in the NCBI GenBank under Accession No. MK630238.1.
Figures 1.11a to 1.11f present timage of mosquito species collected, obtained
DNA sequence, its conceptual translation product, phylogenetic tree,
electropherogram, and molecular barcode. Data from Table 1.12a indicat€xk.that

gelidus exhibited only 0.29% evolutionary divergence wit@x. gelidus
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(HQ398895.1) that was collected from Vietnaf@x. declarator (KM593055.1,
KM593051.1) isolated from Colombia showed a 3.90% evolutionary divergence
with Cx. gelidusisolated from Kerala. The phylogenetic tree (NJ) showedGhat
gelidus species(MK630238.1) isolated from Thrissur, Kerala, were the closest
relatives ofCx. gelidus(HQ398895.1) from Vietnam, both belonging to the same
clade. The average nucleotide composition throughout the species seemed to be
T=40.3%; C=15.9%; A=28.246; G=16.0% and the nucleotide composition Gix.
geliduscollected from Thrissur district wagU)= 40.1, C= 16.2, A=28.8, and G=

14.9 (Table 1.12b).

The COL1 gene fragment @i. tritaeniorhynchusinderwent PCR amplification of a

678 bp product. The obtained sequenas deposited in the NCBI GenBank with
Accession No. MH745093.1. Figures 1.1Ra2f presented the image of mosquito
species collected, obtained DNA sequence, its conceptual translation product,
phylogenetic tree, electropherogram, and molecular barcodbeokpeciesCx.
tritaeniorhynchus isolated from Sri Lanka (MH330220.1) showed 0.36%
divergence. A 6.64% divergence wix. declarator(KM593055.1, KM593051.1)
isolated from Colombia was observed (Table 1.13a). The phylogenetic tree (NJ)
revealed the pHggenetic status ofx. tritaeniorhynchussolated from Kerala with
other speciesThe average nucleotide composition throughout the species seemed to
be T=0.0%; C=15.80; A=28.4%; G=16.1% and the nucleotide composition ©k.
tritaeniorhynchusollected from Thrissur district wagU)= 38.8, C= 16.2, A=29.7,

and G= 15.3 (Table 1.13b).

The CO1 gene fragment of 680 bp productCof pipienswas subjected to PCR
amplification. The sequence was deposited in the NCBI GenBank with Accession
No. MK34724.1. Figures 1.134.13f presents the image of mosquito species
collected, obtained DNA sequence, along with its conceptual translation product,
phylogenetic tree, electropherogram, and molecular barcode. Evolutionary analyses
were performed in MEGA XI. ie data in Table 1.14a revealed tRat pipiens
exhibited 0.00% evolutionary divergence wilx. pipiens (MK300247.1 &
LC102133.1) isolated from Kenya and Portugak. declarator(KM593055.1 &
KM593051.1) isolated from Colombia showed a 6.21% evolutiomivergence

with Cx. pipiensisolated from Kerala. The phylogenetic tree (NJ) illustrated the

phylogenetic position o€x. pipiensisolated from Thrissur, Kerala, demonstrating
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that Cx. pipiens(MK347224.1) was the closey related@a. pipiens(MK3002471
& LC102133.1) isolated from Kenya and Portugdlhe average nucleotide
composition throughout the species seemed to B Bb; C=15.40; A=28.2%;
G=16.26 and the nucleotide composition Gk. pipienscollected from Thrissur
district wasT(U)= 39.6, C= 1%, A=29.0, and G= 15.8 (Table14.b).

The COL1 gene fragment @. quinquefasciatugielded a single product of 544 bp.
The sequence was deposited in the NCBI GenBank with Accession No.
MW143512.1. Figures 1.14h14f presented the image of mosquito species
collected, the obtained DNA sequence, its conceptual translation product,
phylogenetic tree, electropherogram, and molecular barcode. From the data given in
Table 1.15a, it was clear th&x. quinquefasciatusxhibited 0.00% evolutionary
divergence withCx. quinquefasciatugiT895717.1 & MW509611.1) isolated from
Thrissur Kole lands, Kerala, and the USA, as well as 5.94% @ithdeclarator
(KM593055.1) from ColombiaAn. subpictugkJ461792.1) isolated from Sri Lanka
showed a 15.80% evolutionary divergengith Cx. quinquefasciatusolated from
Kerala. The phylogenetic tree constructed showed the phylogenetic positiba of
guinquefasciatugsolated from Kerala, with phylogenetically close speciBse
average nucleotide composition throughout the speseemed to be B9.9%;
C=15.20; A=28.00; G=16.9% and the nucleotide composition o0Cx.
quinquefasciatusollected from Thrissur district wagU)= 39.4, C= 15.5, A=28.8,

and G= 16.3 (Table 1.15b).
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Table 1.4 Accession number of collected vector mosquito species provided by
NCBI GenBank

. , Voucher Sequence Accession
Mosquito Species Number Length_ (Base Number
pair)
An. stephensi ST18 530 bp MT899149.1
An. subpictus STO5 678 bp MK6038281
An. vagus STO08 613 bp MW1991661
Ae. aegypti STO1 681 bp MK5423801
Ae. albopictus STO02 677 bp MK2973261
Ae. vittatus ST14 527 bp MT858330.1
Ar. subalbatus ST04 666 bp MK297327.1
Cx.gelidus STO6 677 bp MK630238.1
Cx. tritaeniorhynchus| STO7 672 bp MH745093.1
Cx. pipiens STO09 680 bp MK347224.1
Cx. quinquefasciatus| ST17 544 bp MW143512.1
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Figure 1.4e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of An. stephensi
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Figure 1.4f Molecular barcode #h. stephensi
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Table 1.5a: Percentage of evolutionary divergencmotephensivith its closely

related species accessible from NCBI GenBank

Accession Organism Pe_rcentage of
Number Divergence
MT899149.1 Anopheles stephensi 0.00%
MN329060.1 Anopheles stephensi 0.00%
LR736010.1 Anopheles stephensi 0.00%
KF406660.1 |  anopheles culicifacies 9.07%
KF406658.1 Anopheles culicifacies 9.07%
MT434331.1 Anopheles varuna 9.03%
MT434330.1 Anopheles varuna 9.05%
MT519730.1 Aedes vittatus 16.78%
MT519729.1 Aedes vittatus 16.78%
MH745093.1 | cylex tritaeniorhynchus 16.72%
MH330220.1 | cylex tritaeniorhynchus 16.76%
KC849092.1 Nephila sumptuosa 29.31%
KY694466.1 Afidenta misera 35.49%
EF033298.1 Lampsilis hydiana 67.90%
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Table 1.5b: The nucleotide frequency comparisoArofstephensCOI gene sequence with its kin species

ACCESSION NO. AND NAME OF
THE SPECIES

NUCLEOTIDE FREQUENCIES (%)

TU) | C A G | TOTAL | T1 | C1 | Al | G1 |POS#1| T2 | C2 | A2 | G2 | POS#2| T3 | C3 | A3 | G3 | POS#3
MT899149.1Anopheles stephensi 389 | 151 | 299 | 16.1 | 509.0 | 28.2 | 12.9 | 29.4 | 29.4 | 1700 | 453 | 27.6 | 11.8 | 153 | 1700 | 43.2 | 4.7 | 485 | 3.6 | 169.0
MN329060.1Anopheles stephensi 389 | 151 | 29.9 | 16.1 | 509.0 | 282 | 129 | 294 | 294 | 1700 | 453 | 27.6 | 11.8 | 153 | 170.0 | 43.2 | 47 | 485 | 3.6 | 169.0
LR736010.1Anopheles stephensi 389 | 151 | 299 | 16.1 | 509.0 | 28.2 | 129 | 29.4 | 294 | 170.0 | 453 | 27.6 | 11.8 | 153 | 1700 | 43.2 | 4.7 | 485 | 3.6 | 169.0
KF406660.1Anopheles culicifacies | 40.1 | 153 | 289 | 15.7 | 509.0 | 259 | 153 | 29.4 | 29.4 | 1700 | 453 | 27.6 | 11.8 | 153 | 1700 | 49.1 | 3.0 | 456 | 24 | 169.0
KF406658.1Anopheles culicifacies | 40.1 | 153 | 28.9 | 157 | 509.0 | 259 | 153 | 29.4 | 29.4 | 1700 | 453 | 27.6 | 11.8 | 153 | 1700 | 49.1 | 3.0 | 456 | 24 | 169.0
MT434331.1Anopheles varuna 387 | 163 | 29.1 | 159 | 509.0 | 253 | 159 | 29.4 | 29.4 | 1700 | 453 | 27.6 | 11.8 | 153 | 170.0 | 456 | 53 | 46.2 | 3.0 | 169.0
MT434330.1Anopheles varuna 39.1| 159 | 29.1 | 159 | 509.0 | 253 | 159 | 29.4 | 29.4 | 170.0 | 453 | 27.6 | 11.8 | 153 | 1700 | 46.7 | 41 | 46.2 | 3.0 | 169.0
MT519730.1Aedes vittatus 405 | 157 | 285 | 153 | 509.0 | 265 | 159 | 29.4 | 282 | 170.0 | 453 | 28.2 | 11.8 | 147 | 1700 | 49.7 | 3.0 | 444 | 3.0 | 169.0
MT519729.1Aedes vittatus 405 | 157 | 285 | 153 | 509.0 | 265 | 159 | 29.4 | 282 | 1700 | 453 | 28.2 | 11.8 | 147 | 170.0 | 49.7 | 3.0 | 444 | 3.0 | 169.0
MH745093.1Culex tritaeniorhynchus| 39.7 | 155 | 29.3 | 155 | 509.0 | 24.7 | 17.6 | 28.8 | 28.8 | 1700 | 453 | 27.6 | 11.8 | 153 | 1700 | 49.1 | 1.2 | 47.3 | 24 | 169.0
MH330220.1Culex tritaeniorhynchus| 39.5 | 157 | 29.5 | 153 | 509.0 | 24.1 | 18.2 | 288 | 288 | 170.0 | 453 | 27.6 | 11.8 | 153 | 1700 | 49.1 | 1.2 | 479 | 1.8 | 169.0
KY694466.1Afidenta misera 38.1| 187 | 27.7 | 155| 509.0 | 24.7 | 165 | 335 | 253 | 170.0 | 453 | 265 | 12.4 | 159 | 170.0 | 444 | 13.0| 37.3 | 53 | 169.0
EF033298.1ampsilis hydiana 452 | 12.0| 17.9 | 25.0 | 509.0 | 347 | 11.8 | 247 | 288 | 1700 | 459 | 20.0 | 135 | 20.6 | 170.0 | 55.0 | 41 | 154 | 25.4 | 169.0
KC849092.1Nephila sumptuosa 419 | 122 | 280 | 179 | 5080 | 34.1| 112 | 253 | 294 | 170.0 | 476 | 24.7 | 129 | 147 | 1700 | 440 | 06 | 458 | 9.5 | 168.0
Avg. 40.0 | 153 | 282 | 165 | 5089 | 27.3 | 149 | 29.0 | 288 | 170.0 | 455 | 26.9 | 120 | 156 | 170.0 | 47.2 | 40 | 43.7 | 51 | 168.9
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1.3.2.2 Species Naméinophelessubpictus
GenBank Accession NumbewtK6038281.
Voucher Number: ST05

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Anophelini

Genus : Anopheles

Subgenus : Myzomyia

Species : Anopheles subpicty&igure 1.5a)

> MK603828.1Anophelesubpictu$678bp

AAAGATATTGGAACATTATATTTCATTTTTGGGGCATGAGCCGGAATAGTGGGTACTTCTTTAAGAA
TTCTTATTCGAGCAGAATTAGGTCACCCAGGAGCTTTTATTGGAGATGATCAAATTTATAATGTAAT
TGTTACAGCTCACGCATTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAA
ATTGATTAGTGCCTTTAATGTTGGGAGCTCCAGATATAGCATTCCCACGAATAATAATATAAGATT
TTGAATACTTCCTCCCTCATTAACCCTTTTAATTTCTAGAAGTATAGTAGAAAATGGGGCAGGAACA
GGTTGAACTGTTTATCCTCCTCTTTCTTCAGGAATTGCTCACGCAGGGGCTTCAGTAGATTTAGCTAT
TTTTTCTTTACATTTAGCGGGGATTTCATCAATTTTAGGTGCTGTAAATTTTATTACTACAGTTATTA
ATATACGATCACCAGGAATTACATTAGATCGAATACCTTTGTTTGTATGATCGGTAGTAATTACTGC
TATTTTATTATTATTATCATTGCCAGTATTAGCAGGAGCTATCACTATGTTACTTACAGATCGTAATT
TAAATACTTCTTTTTTCGATCCCGCGGGAGGAGGAGATCCGATTTTATATCAACACTTATTTTGATTT
TG

Figure 1.5b The DNA sequence/i. subpictusCOI gene

> MK603828.1Anophelesubpictus

MLGAPDMAFPRMNNMSFWMLPPSLTLLISSSMVENGAGTGWTVYPPLSSGIAHAGASVDLAIFSLHLAG
ISSILGAVNFITTVINMRSPGITLDRMPLFVWSVVITAILLLLSLPVLAGAITMLLTDRNLNTSFFDPAGGG
DPILYQHLFWFL

Figure 1.5c The protein sequence?of. subpictusCOI gene
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Figure 1.5e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of An. subpictus

Figure 1.5f Molecular barcode éh. subpictus
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Table 1.6aPercentage of evolutionary divergenceAor. subpictuswith its closely
related species accessible from NCBI GenBank

Accession

Percentage of

Number Organism Divergence
MK603828.1 Anopheles subpictus 0.00%
MT258530.1 Anopheles subpictus 0.86%
MT508474.1 Anopheles subpictus 0.34%
MT669946.1 Anopheles maculatus 10.80%
MK579211.1 Anopheles maculatus 11.26%
AB778799.1 Anopheles nigerrimus 15.35%
MH330206.1 Anopheles nigerrimus 15.67%
MT519730.1 Aedes vittatus 19.63%
MT519729.1 Aedes vittatus 19.63%
MH745093.1 Culex tritaeniorhynchus 19.66%
MH330220.1 Culex tritaeniorhynchus 19.72%
KC849092.1 Nephila sumptuosa 39.58%
KY694466.1 Afidenta misera 35.91%
EF033298.1 Lampsilis hydiana 78.71%
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Table 1.6bThe nucleotide frequency comparisonfef. subpictuOIl gene sequence with its kin species

ACCESSION NO. AND NAME OF

NUCLEOTIDE FREQUENCIES (%)

THE SPECIES T(V) C A G TOTAL T-1 Cl | A1l | G1 | POS#1| T-2 C2 | A2 | G2 | POS#2| T-3 C3 | A3 | G3 | POS#3
MK603828.1Anopheles subpictus 389 | 154 | 28.8 | 16.8 583.0 441 | 27.7 | 128 | 154 | 1950 | 459 | 4.1 | 438 | 6.2 1940 | 26.8 | 144 | 29.9 | 289 | 194.0
MT258530.1Anopheles subpictus 38.8 | 156 | 29.2 | 16.5 583.0 441 | 27.7 | 128 | 154 | 1950 | 454 | 46 | 448 | 52 1940 | 26.8 | 144 | 29.9 | 289 | 194.0
MT508474.1Anopheles subpictus 389 | 154 | 28.8 | 16.8 583.0 441 | 277 | 128 | 154 | 1950 | 459 | 41 | 438 | 6.2 1940 | 268 | 144 | 29.9 | 289 | 194.0
MH330206.1Anopheles nigerrimus 372 | 153 | 31.7 | 158 583.0 441 | 277 | 128 | 154 | 1950 | 40.2 | 41 | 53.1| 26 1940 | 273 | 139 | 294 | 294 | 1940
AB778799.1Anopheles nigerrimus 37.7 | 148 | 322 | 153 583.0 441 | 27.7 | 128 | 154 | 1950 | 423 | 21 | 546 | 1.0 1940 | 26.8 | 144 | 29.4 | 294 | 194.0
MK579211.1Anopheles maculatus 39.1 | 153 | 30.0 | 15.6 583.0 441 | 27.7 | 128 | 154 | 1950 | 459 | 41 | 474 | 26 1940 | 27.3 | 13.9 | 29.9 | 289 | 194.0
MT669946.1Anopheles maculatus 391 | 154 | 29.8 | 15.6 583.0 441 | 27.7 | 128 | 154 | 1950 | 464 | 41 | 469 | 2.6 1940 | 26.8 | 144 | 29.9 | 289 | 194.0
MT519730.1Aedes vittatus 398 | 16.0 | 29.2 | 151 583.0 441 | 282 | 128 | 149 | 1950 | 485 | 41 | 448 | 26 1940 | 268 | 155 | 29.9 | 278 | 194.0
MT519729.1Aedes vittatus 398 | 16.0 | 29.2 | 151 583.0 441 | 282 | 128 | 149 | 1950 | 485 | 41 | 448 | 26 1940 | 268 | 155 | 29.9 | 278 | 194.0
MH745093.1Culex tritaeniorhynchus 39.3 | 158 | 29.7 | 153 583.0 441 | 277 | 128 | 154 | 1950 | 49.0 | 21 | 469 | 21 1940 | 247 | 175 | 29.4 | 284 | 1940
MH330220.1Culex tritaeniorhynchus 391 | 16.0 | 29.8 | 151 583.0 441 | 27.7 | 128 | 154 | 1950 | 49.0 | 21 | 474 | 15 1940 | 242 | 18.0 | 294 | 284 | 194.0
KY694466.1Afidenta misera 379 | 18.7 | 283 | 151 583.0 446 | 262 | 133 | 159 | 1950 | 443 | 134 | 376 | 4.6 1940 | 247 | 165 | 34.0 | 24.7 | 1940
EF033298.1ampsilis hydiana 448 | 12.2 | 185 | 245 583.0 456 | 200 | 144 | 200 | 1950 | 541 | 46 | 16.0 | 253 | 1940 | 345 | 119 | 253 | 284 | 1940
KC849092.1Nephila sumptuosa 41.4 | 124 | 28.7 | 175 582.0 46.2 | 251 | 138 | 149 | 1950 | 451 | 05 | 456 | 88 193.0 | 33.0 | 11.3 | 26.8 | 289 | 194.0
Avg. 394 | 153 | 289 | 164 582.9 444 | 269 | 130 | 156 | 1950 | 464 | 42 | 441 | 53 1939 | 274 | 147 | 295 | 284 | 1940
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1.3.2.3 Species Naméinophelesvagus

GenBank Accession NumbeéwtwWw1991661

Voucher Number: ST0O8

Systematic position

Kingdom Animalia

Phylum Arthropoda

Class Insecta

Order Diptera

Suborder Nematocera

Family Culicidae

Subfamily Anophelini

Genus Anopheles

Subgenus Myzomyia

Species Anopheles vagu$-igure 1.6a)

> MW199166.1Anophelevagus|613bp

AGGAATAGTCGGAACATCTCTTAGAATTCTAATTCGAGCTGAACTAGGACATCCCGGAGCATTTATTG
GGGATGATCAAATTTATAATGTAATTGTTACAGCCCACGCTTTTATTATAATTTTTTTTATAGTAATACC
TATTATAATTGGAGGATTTGGAAACTGATTAGTTCCACTAATGCTAGGGGCTCCCGATATAGCATTCC(C
ACGAATAAATAATATAAGTTTTTGAATATTACCCCCATCTCTTACTCTT TTAATTTCTAGTAGTATAGTA
GAAAATGGGGCAGGAACAGGTTGAACTGTATATCCCCCTCTTTCATCGGGGATTGCTCACGCTGGGG
TTCAGTTGATTTAGCAATTTTCTCACTTCATTTAGCAGGAATTTCTTCAATTTTAGGAGCAGTAAATTTT
ATTACTACAGTAATTAATATACGATCTCCAGGAATTACGCTAGATCGAATACCTTTATTTGTTTGATCA
GTTGTAATTACTGCAGTCTTATTATTATTATCACTTCCAGTATTAGCAGGAGCTATTACTATACTATTAA
CTGATCGAAATTTAAATACTTCGTTCTTTGACCCTGCGGGAGGAGGAGACCCTATTTTA

Figure 1.6bThe DNA sequence &n.vagusCOI gene

>MW199166.1Anophelevagus

MVGTSLSILIRAELGHPGAFIGDDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPLMLGAPDMAFPRMNN
MSFWMLPPSLTLLISSSMVENGAGTGWTVYPPLSSGIAHAGASVDLAIFSLHLAGISSILGAVNFITTVINMR)
PGITLDRMPLFVWSVVITAVLLLLSLPVLAGAITMLLTDRNLNTSFFDPAGGGDPIL

Figure 1.6c The protein sequenceof. vagusCOI gene
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Figure 1.6e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of An. vagus

612

Figure 1.6f Molecular barcode 8h. vagus
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related species accessible from NCBI GenBank

Table 1.7a: Percentage of evolutionary divergencérofvaguswith its closely

Accession Organism Pe.rcentage of
Number Divergence
MW199166.1 Anopheles vagus 0.00%
MH425409.1 Anopheles vagus 1.67%
MF179262.1 Anopheles vagus 1.67%
MT434331.1 Anopheles varuna 14.71%
MT434330.1 Anopheles varuna 15.19%
KF406660.1 Anopheles culicifacies 17.23%
KF406658.1 Anopheles culicifacies 16.98%
MH745093.1 Culex tritaeniorhynchus 18.42%
MH330220.1 Culextritaeniorhynchus 18.42%
MT519730.1 Aedes vittatus 18.56%
MT519729.1 Aedes vittatus 18.56%
KY694466.1 Afidenta misera 31.66%
KC849092.1 Nephila sumptuosa 38.15%
EF033298.1 Lampsilis hydiana 89.79%
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Table 1.7bThe nucleotide frequency comparisonfof. vagusCOI gene sequence with its kin species

NUCLEOTIDE FREQUENCIES (%)
ACCESSION NO. AND NAME OF

THE SPECIES T(V) C A G TOTAL | T-1 Cl |A1l |Gl | POS#1| T-2 C2 | A2 | G2 | POS#2| T-3 C3 | A3 | G3 | POS#3
MW199166.1Anopheles vagus 36.7 17.3 29.2 | 16.8 548.0 22.4 | 18.0 | 29.5 | 30.1 | 183.0 454 | 27.3 | 11.5 | 15.8 | 183.0 42.3 | 6.6 46.7 | 4.4 182.0
MH425409.1Anopheles vagus 36.9 17.3 29.0 | 16.8 548.0 22.4 | 18.0 | 29.5 | 30.1 | 183.0 454 | 27.3 | 11.5 | 15.8 | 183.0 429 | 6.6 46.2 | 4.4 182.0
MF179262.1Anopheles vagus 36.5 17.7 29.0 | 16.8 548.0 22.4 | 18.0 | 29.5 | 30.1 | 183.0 454 | 27.3 | 11.5 | 15.8 | 183.0 418 | 7.7 46.2 | 4.4 182.0

KF406660.1Anopheles culicifacies 39.6 15.1 29.2 | 16.1 548.0 251 | 153 | 30.1 | 29.5 | 183.0 454 | 273 | 11.5 | 15.8 | 183.0 48.4 | 2.7 46.2 | 2.7 182.0

KF406658.1Anopheles culicifacies 39.6 15.1 29.2 | 16.1 548.0 251 | 153 | 30.1 | 29.5 | 183.0 454 | 273 | 11.5 | 15.8 | 183.0 48.4 | 2.7 46.2 | 2.7 182.0

MT434331.1Anopheles varuna 38.3 16.1 294 | 16.2 548.0 246 | 158 | 30.1 | 29.5 | 183.0 454 | 273 | 11.5 | 15.8 | 183.0 45.1 | 4.9 46.7 | 3.3 182.0
MT434330.1Anopheles varuna 38.7 15.7 294 | 16.2 548.0 246 | 15.8 | 30.1 | 29.5 | 183.0 454 | 27.3 | 11.5 | 15.8 | 183.0 46.2 | 3.8 46.7 | 3.3 182.0
MT519730.1Aedes vittatus 40.3 15.3 28.8 | 15.5 548.0 26.2 | 153 | 30.1 | 28.4 | 183.0 454 | 279 | 11,5 | 15.3 | 183.0 495 | 2.7 45.1 | 2.7 182.0
MT519729.1Aedes vittatus 40.3 15.3 28.8 | 155 548.0 26.2 | 153 | 30.1 | 28.4 | 183.0 454 | 279 | 11,5 | 15.3 | 183.0 495 | 2.7 451 | 2.7 182.0

MH745093.1Culex tritaeniorhynchus | 39.6 15.1 29.6 | 15.7 548.0 246 | 16.9 | 29.5 | 29.0 | 183.0 454 | 273 | 11.5 | 15.8 | 183.0 489 | 1.1 478 | 2.2 182.0

MH330220.1Culex tritaeniorhynchus | 39.4 15.3 29.7 | 155 548.0 240 | 175 | 29.5 | 29.0 | 183.0 454 | 273 | 11.5 | 15.8 | 183.0 489 | 1.1 48.4 | 1.6 182.0

KY694466.1Afidenta misera 37.8 18.4 28.3 | 155 548.0 246 | 16.4 | 339 | 25.1 | 183.0 459 | 25.7 | 12.0 | 16.4 | 183.0 429 | 13.2 | 39.0 | 4.9 182.0
EF033298.1ampsilis hydiana 45.1 11.5 179 | 255 548.0 35.0 | 11.5 | 24.6 | 29.0 | 183.0 47.0 | 19.1 | 13.1 | 20.8 | 183.0 53.3 | 3.8 159 | 26.9 | 182.0
KC849092.1Nephila sumptuosa 41.0 12.1 289 | 18.1 547.0 32.8 | 109 | 26.8 | 29.5 | 183.0 475 | 246 | 12.6 | 15.3 | 183.0 425 | 0.6 475 | 9.4 181.0
Avg. 39.3 155 28.3 | 16.9 547.9 25.7 | 15.7 | 29.5 | 29.0 | 183.0 45.7 | 26.5 | 11.7 | 16.1 | 183.0 46.4 | 4.3 438 | 5.4 181.9
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1.3.2.4 Species Naméiedes aegypti
GenBank Accession Numbeévtk54238Q1
Voucher Number: STO1

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Culicini

Genus ; Aedes

Subgenus : Stegomyia

Species : Aedes aegypfiFigure 1.7a)

> MK542380Aedes aegyd881bp

AAAGATATTGGAACTTTATATTTCATTTTTGGAGTATGATCCGGAATAGTCGGAACTTCTCTAAG
AATTTTAATTCGTGCTGAACTTAGCCACCCTGGTATATTTATTGGGAATGACCAAATTTATAATGT
AATTGTAACAGCTCATGCATTTATTATAATTTTCTTTATAGTAATACCAATTATAATTGGAGGATT
TGGAAATTGATTAGTTCCTTTAATATTAGGAGCCCCTGATATAGCCTTTCCTCGAATAAATAATAT
AAGTTTTTGAATACTACCTCCTTCATTGACTCTTCTATTATCAAGCTCAATAGTAGAAAATGGGGC
AGGAACTGGGTGAACAGTTTATCCTCCTCTCTCTTCAGGAACAGCTCATGCTGGAGCTTCTGTTG
ATTTAGCTATTTTTTCTCTTCATTTAGCTGGAATTTCCTCAATTTTAGGGGCAGTAAATTTTATTAC
AACTGTAATTAATATACGATCGTCAGGAATTACTTTAGATCGACTACCTTTATTTGTTTGATCTGT
AGTTATTACAGCTATCTTATTACTTCTTTCTCTTCCTGTTTTAGCTGGAGCTATTACTATGTTATTA
ACAGACCGAAACTTAAATACATCTTTCTTTGATCCAATCGGAGGAGGAGATCCTATTTTATACCA
ACACTTATTCTGATTTTTGGTC

Figure 1.7bThe DNA sequence &fe. aegyptCOI gene

> MK542380Aedes aegypti

MGTLYFIFGVWSGMVGTSLSILIRAELSHPGMFIGNDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLV
PLMLGAPDMAFPRMNNMSFWMLPPSLTLLLSSSMVENGAGTGWTVYPPLSSGTAHAGASVDLAIFSL
HLAGISSILGAVNFITTVINMRSSGITLDRLPLFVWSVVITAILLLLSLPVLAGAITMLLTDRNLNTSFFDP
IGGGDPILYQHLFWFLV

Figure 1.7c The protein sequencefef aegyptiCOI gene

87



or— W Aedes vexans KP954638.1

5 —— W Aedes vexans MK402823.1
w— W Aedes lineatopennis AB738145.1
L— WV Aedes lineatopennis HQ398909.1
VW Aedes aegypti MK542380.1

" o0 s——— W Aedes aegypti MN299016.1

" L—— W Aedes aegypti MF043259.1

& ) T ' Culex tritaeniorhynchus MH745093.1
L W Culex tritaeniorhynchus MH330220.1
: w——— W Mansonia uniformis LC473705.1

" —— W Mansonia uniformis LC517293.1

o Afidenta misera KY694466.1

Nephila sumptuosa KC849092.1
Lampsilis hydiana EF033298.1

62 0.04

v Species collected from Thrissur District, Kerala
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Figure 1.7d Phylogenetic tree Aé. aegypti
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Figure 1.7e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Ae. aegypti
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Figure 1.7f Molecular barcode ék. aegypti
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Table 1.8a: Percentage of evolutionary divergencAefaegyptiwith its closely
related species accessible from NCBI GenBank

Accession Number Organism Plgir\iaegsgfe()f
MK542380.1 Aedes aegypti 0.00%
MN299016.1 Aedes aegypti 0.00%
MF043259.1 Aedes aegypti 0.00%
KP954638.1 Aedes vexans 9.74%
MK402823.1 Aedes vexans 10.39%
AB738145.1 Aedes lineatopennis 10.83%
HQ398909.1 Aedes lineatopennis 11.06%
MH745093.1 Culex tritaeniorhynchus 13.85%
MH330220.1 Culex tritaeniorhynchus 13.84%
LC473705.1 Mansonia uniformis 15.51%
LC517293.1 Mansonia uniformis 15.51%
KY694466.1 Afidenta misera 28.68%
KC849092.1 Nephila sumptuosa 31.07%
EF033298.1 Lampsilis hydiana 58.19%
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Table 1.8b: The nucleotide frequency comparisoAefaegyptCOI gene sequence with its kin species

NUCLEOTIDE FREQUENCIES (%)
ACCESSION NO. AND NAME OF

THE SPECIES

TU) | C A G TOTAL | T-1 C-1 A-1 G-1 POS#1 | T-2 C-2 A-2 G-2 POS#2 | T-3 C-3 A-3 G-3 POS #3
MK542380.1Aedes aegypti 394 | 17.6 27.7 | 15.3 | 556.0 43.5 | 285 | 134 | 145 | 186.0 48.6 | 7.0 40.5 3.8 185.0 259 | 173 | 29.2 | 27.6 | 185.0
MN299016.1Aedes aegypti 394 | 17.6 27.7 | 15.3 | 556.0 435 | 285 | 134 | 145 | 186.0 486 | 7.0 40.5 3.8 185.0 259 | 173 | 29.2 | 27.6 | 185.0
MF043259.1Aedes aegypti 394 | 17.6 27.7 | 15.3 | 556.0 435 | 285 | 134 | 145 | 186.0 486 | 7.0 40.5 3.8 185.0 259 | 173 | 29.2 | 27.6 | 185.0
KP954638.1Aedes vexans 40.6 | 16.0 28.8 | 14.6 | 556.0 435 | 285 | 134 | 145 | 186.0 50.8 | 3.8 43.8 1.6 185.0 276 | 15.7 | 29.2 | 27.6 | 185.0
MK402823.1Aedes vexans 39.9 | 16.0 29.3 | 14.7 | 556.0 435 | 285 | 134 | 145 | 186.0 48.6 | 3.8 45.4 2.2 185.0 276 | 15.7 | 29.2 | 27.6 | 185.0
AB738145.1Aedes lineatopennis 40.3 | 16.2 28.8 | 14.7 | 556.0 435 | 28.0 | 134 | 15.1 | 186.0 514 | 38 43.8 11 185.0 259 | 16.8 | 29.2 | 28.1 | 185.0
HQ398909.1Aedes lineatopennis 399 | 16.7 28.6 | 14.7 | 556.0 435 | 28.0 | 134 | 15.1 | 186.0 50.3 | 54 43.2 11 185.0 259 | 16.8 | 29.2 | 28.1 | 185.0
LC473705.1Mansonia uniformis 40.1 | 14.9 30.0 | 14.9 | 556.0 441 | 274 | 140 | 145 | 186.0 492 | 2.7 45.9 2.2 185.0 270 | 146 | 30.3 | 28.1 | 185.0
LC517293.1Mansonia uniformis 40.1 | 14.9 30.0 | 14.9 | 556.0 44.1 | 27.4 | 140 | 145 | 186.0 49.2 | 2.7 45.9 2.2 185.0 270 | 146 | 30.3 | 28.1 | 185.0
MH745093.1Culex tritaeniorhynchus 38.8 | 16.2 29.7 | 15.3 | 556.0 435 | 28.0 | 134 | 15.1 | 186.0 48.6 | 2.2 47.0 2.2 185.0 243 | 184 | 28.6 | 28.6 | 185.0
MH330220.1Culex tritaeniorhynchus 38.7 | 16.4 29.9 | 15.1 | 556.0 435 | 28.0 | 134 | 15.1 | 186.0 48.6 | 2.2 47.6 1.6 185.0 238 | 189 | 28.6 | 28.6 | 185.0
KY694466.1Afidenta misera 38.1 | 18.7 28.1 | 15.1 | 556.0 44.1 | 26.3 | 140 | 15.6 | 186.0 454 | 13.0 | 36.8 4.9 185.0 249 | 16.8 | 335 | 249 | 185.0
EF033298.1 ampsilis hydiana 448 | 12.6 18.5 | 24.1 | 556.0 446 | 204 | 151 | 199 | 186.0 55.7 | 49 15.1 24.3 | 185.0 341 | 124 | 254 | 28.1 | 185.0
KC849092.1Nephila sumptuosa 42.0 | 12.6 27.9 | 175 | 555.0 457 | 25.3 | 145 | 145 | 186.0 46.7 | 05 435 9.2 184.0 335 | 119 | 259 | 28.6 | 185.0
Avg. 40.1 | 16.0 28.0 | 15.8 | 555.9 439 | 27.2 | 13.7 | 15.1 | 186.0 49.3 | 47 41.4 4.6 184.9 271 | 16.0 | 29.1 | 27.8 | 185.0
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1.3.2.5 Species Namesedes albopictus
GenBank Accession Numbéwtk2973261
Voucher Number: ST02

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Culicini

Genus ; Aedes

Subgenus : Stegomyia

Species : Aedes albopictu@-igure 1.8a)

> MK297326.1Aedes albopictus77bp

AAGATATTGGAACATTATACTTTATTTTCGGTATTTGATCTGGGATAGTCGGGACTTCACTAAGAG
TTTTAATTCGTATTGAACTTAGACATCCTGGTATATTTATTGGAAATGATCAAATTTATAATGTAAT
TGTTACTGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATCATAATTGGAGGATTTGGA
AACTGACTAGTACCCTTAATACTAGGAGCCCCTGATATAGCTTTTCCTCGAATAAATAATATAAGT
TTTTGAATATTACCCCCCTCTTTAACACTGCTGCTTTCTAGTTCTATAGTAGAAAACGGAGCTGGAA
CAGGGTGAACGGTTTATCCTCCCCTTTCTTCTGGAACAGCTCATGCTGGGGCTTCAGTTGATTTAG(
AATTTTTTCTTTACATTTAGCGGGAATCTCATCTATTTTAGGAGCAGTAAATTTTATTACAACTGTA
ATTAATATACGATCAGCTGGTATTACTCTTGATCGACTACCTTTATTTGTGTGATCAGTAGTAATTA
CAGCTATTTTATTACTTCTTTCTCTACCCGTATTAGCCGGAGCTATTACTATATTATTAACAGACCG
AAATTTAAATACATCTTTTTTTGATCCAATTGGAGGGGGAGACCCTATTTTATATCAACATTTATTT
TGATTTTTG

Figure 1.8bThe DNA sequence &e. albopictusOl gene

> MK297326.1Aedesalbopictus

MGTLYFIFGIWSGMVGTSLSVLIRIELSHPGMFIGNDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPL
MLGAPDMAFPRMNNMSFWMLPPSLTLLLSSSMVENGAGTGWTVYPPLSSGTAHAGASVDLAIFSLHL
AGISSILGAVNFITTVINMRSAGITLDRLPLFVWSVVITAILLLLSLPVLAGAITMLLTDRNLNTSFFDPIG
GGDPILYQHLFWFL

Figure 1.8c The protein sequencefaf. albopictuCOI gene
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Figure 1.8e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Ae. albopictus
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Figure 1.8f Molecular barcode é&. albopictus
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Table 1.9aPercentage of evolutionary divergenceAaf albopictuswith its closely

related species accessible from NCBI GenBank

Accession Number Organism PDeir\feergt:r?Ceeo
MK297326.1 Aedesalbopictus 0.00%
MF148287.1 Aedes albopictus 0.23%
MF148270.1 Aedes albopictus 0.23%
KP954638.1 Aedes vexans 9.48%
MK402823.1 Aedes vexans 9.76%
AB738145.1 Aedes lineatopennis 9.78%
HQ398909.1 Aedes lineatopennis 10.24%
MH330220.1 Culextritaeniorhynchus 10.79%
MH745093.1 Culex tritaeniorhynchus 11.08%
MH425409.1 Anopheles vagus 13.61%
MF179262.1 Anopheles vagus 13.30%
KY6944661 Afidenta misera 19.65%
KC849092.1 Nephila sumptuosa 21.47%
EF033298.1 Lampsilis hydiana 33.82%
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Table 1.9bThe nucleotide frequency comparisonA&. albopictusCOI gene sequence with its kin species

0
ACCESSION NO. AND NAME OF NUCLEOTIDE FREQUENCIES (%)

THE SPECIES
T(V) C A G TOTAL | T-1 Cl |A1l | G1 | POS#1| T-2 C2 |A2 | G2 | POS#2 | T-3 C3 | A3 | G3 | POS#3

. 38.6 17.3 | 28.1 | 16.0 588.0 47.4 6.6 413 | 4.6 196.0 240 | 179 | 30.1 | 28.1 | 196.0 444 | 276 | 12.8 | 15.3 | 196.0
MK297326.1Aedes albopictus

. 38.6 17.3 | 28.4 | 15.6 588.0 47.4 6.6 423 | 3.6 196.0 240 | 179 | 30.1 | 28.1 | 196.0 444 | 276 | 12.8 | 15.3 | 196.0
MF148287.1Aedes albopictus

. 38.6 17.3 | 28.4 | 15.6 588.0 47.4 6.6 423 | 3.6 196.0 240 | 179 | 30.1 | 28.1 | 196.0 44.4 | 27.6 | 12.8 | 15.3 | 196.0
MF148270.1Aedes albopictus

40.1 155 | 29.4 | 15.0 588.0 49.0 3.6 454 | 2.0 196.0 276 | 148 | 30.1 | 27.6 | 196.0 439 | 28.1 | 12.8 | 15.3 | 196.0
KP954638.1Aedes vexans

39.5 15,5 | 30.1 | 15.0 588.0 46.9 3.6 474 | 2.0 196.0 27.6 | 148 | 30.1 | 27.6 | 196.0 439 | 28.1 | 128 | 15.3 | 196.0
MK402823.1Aedes vexans

. . 40.0 15.6 | 29.3 | 15.1 588.0 50.0 3.6 449 | 15 196.0 26.0 | 15.8 | 30.1 | 28.1 | 196.0 439 | 276 | 128 | 15.8 | 196.0
AB738145.1Aedes lineatopennis

. ) 39.6 16.2 | 29.3 | 15.0 588.0 49.0 5.1 449 | 1.0 196.0 26.0 | 15.8 | 30.1 | 28.1 | 196.0 439 | 276 | 12.8 | 15.8 | 196.0
HQ398909.1Aedes lineatopennis

36.7 17.3 | 29.3 | 16.7 588.0 434 6.6 454 | 4.6 196.0 23.0 | 179 | 29.6 | 29.6 | 196.0 439 | 27.6 | 12.8 | 15.8 | 196.0
MH425409.1Anopheles vagus

36.4 17.7 | 29.3 | 16.7 588.0 42.3 7.7 454 | 4.6 196.0 23.0 | 179 | 29.6 | 29.6 | 196.0 439 | 27.6 | 12.8 | 15.8 | 196.0
MF179262.1Anopheles vagus

. ) 39.1 156 | 29.8 | 155 588.0 49.0 2.0 46.9 | 2.0 196.0 245 | 17.3 | 29.6 | 28.6 | 196.0 439 | 27.6 | 12.8 | 15.8 | 196.0
MH745093.1Culex tritaeniorhynchus

. . 38.9 15.8 | 29.9 | 15.3 588.0 49.0 2.0 474 | 1.5 196.0 240 | 179 | 29.6 | 28.6 | 196.0 439 | 276 | 12.8 | 15.8 | 196.0
MH330220.1Culex tritaeniorhynchus

) . 37.6 185 | 28.4 | 155 588.0 43.9 133 | 378 | 5.1 196.0 245 | 16.3 | 34.2 | 25.0 | 196.0 444 | 26.0 | 13.3 | 16.3 | 196.0
KY694466.1Afidenta misera

. . 44.6 12.1 | 18.4 | 25.0 588.0 53.6 4.6 15.8 | 26.0 | 196.0 34.7 | 11.7 | 25.0 | 28.6 | 196.0 454 | 19.9 | 14.3 | 20.4 | 196.0
EF033298.1.ampsilis hydiana

. 41.2 124 | 28.8 | 17.5 587.0 451 0.5 456 | 8.7 195.0 327 | 11.2 | 27.0 | 29.1 | 196.0 459 | 25,5 | 13.8 | 14.8 | 196.0
KC849092.1Nephila sumptuosa

39.3 16.0 | 28.3 | 16.4 587.9 47.4 5.2 424 | 5.1 195.9 26.1 | 16.1 | 29.7 | 28.2 | 196.0 443 | 26.8 | 13.0 | 159 | 196.0

Avg.
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1.3.2.6 Species Naméedes vittatus
GenBank Accession NumbéwvtT858330.1
Voucher Number: ST14

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Culicini

Genus ; Aedes

Subgenus : Stegomyia

Species : Aedesvittatus(Figure 1.9a)

> MT858330.1Aedes vittatugs27bp

ATTGGAAATGACCAAATTTATAATGTTATTGTAACAGCTCATGCATTTATTATAATTTTCTTTATAGTA
ATACCAATTATAATTGGTGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCCTGATATAGC
TTTCCCTCGAATAAATAATATAAGTTTTTGAATATTACCTCCTTCATTAACACTACTACTTTCTAGTTC
TATAGTAGAAAACGGAGCAGGAACAGGTTGAACAGTTTATCCTCCTCTATCTTCTGGGACTGCTCATG
CTGGAGCATCAGTTGATTTAGCTATTTTTTCTCTTCATTTAGCAGGGATTTCTTCAATTTTAGGAGCAG
TAAATTTTATTACTACTGTAATTAATATACGATCAGCAGGAATTACTTTAGATCGTTTACCTTTATTTG
TTTGATCTGTTGTAATTACAGCTATTCTATTACTTTTATCATTACCAGTATTAGCAGGGGCTATTACTA
TATTATTAACAGATCGAAATTTAAATACTTC ATTCTTCGACCCAAT

Figure 1.9bThe DNA sequence d&e. vittatusCOIl gene

> MT858330.1Aedes vittatus

IGNDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPLMLGAPDMAFPRMNNMSFWMLPPSLTLLLSSSM
VENGAGTGWTVYPPLSSGTAHAGASVDLAIFSLHLAGISSILGAVNFITTVINMRSAGITLDRLPLFVWSVV
ITAILLLLSLPVLAGAITMLLTDRNLNTSFFDP

Figure 1.9c The protein sequencefef. vittatusCOI gene

95



a—— W Aedes vittatus MT858330.1

#| ** L—— W Aedes vittatus MH330197.1
of L——— V¥ Aedes vittatus MH330198.1
- w—— W Aedes lineatopennis AB738145.1
— " L—— W Aedes lineatopennis HQ398909.1
Y u—— W Aedes vexans KP954638.1
—— W Aedes vexans MK402823.1
o w—— W Culex tritaeniorhynchus MH7450¢
" " —— W Culex tritaeniorhynchus MH33022
o w—— W Mansonia uniformis LC473705.1
" " L—— W Mansonia uniformis LC517293.1
o — Afidenta misera KY694466.1
— Nephila sumptuosa KC849092.1
— Lampsilis hydiana EF033298.1

' Species collected from Thrissur District, Kerala
v Closely related species from various genera

Out Group species

Figure 1.9d Phylogenetic tree Aé. vittatus
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Figure 1.9e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Ae. vittatus
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Figure 1.9f Molecular barcode 8. vittatus
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Table 1.10aPercentage of evolutionary divergenceAd. vittatuswith its closely

related species accessible from NCBI GenBank

Accession Number Organism Pgir\f;rg:r?:eﬁ
MT858330.1 Aedes vittatus 0.00%
MH330198.1 Aedes vittatus 0.19%
MH330197.1 Aedesvittatus 0.19%
AB738145.1 Aedes lineatopennis 7.62%
HQ398909.1 Aedes lineatopennis 8.16%
MK402823.1 Aedes vexans 9.63%
KP954638.1 Aedes vexans 10.24%
MH745093.1 Culex tritaeniorhynchus 14.03%
MH330220.1 Culex tritaeniorhynchus 14.10%
LC473705.1 Mansonia uniformis 17.41%
LC517293.1 Mansonia uniformis 17.41%
KY694466.1 Afidenta misera 43.00%
KC849092.1 Nephila sumptuosa 45.16%
EF033298.1 Lampsilis hydiana 102.36%
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Table 1.10bThe nucleotide frequency comparisonA@. vittatusCOI gene sequence with its kin species

NUCLEOTIDE FREQUENCIES (%)

ACCESSION NO. AND NAME OF TOTA
THE SPECIES TU) | cC A G ) T1 |Cc1 |A1l |G1 |POS#L | T2 |Cc2 |A2 |G2 |Pos#2| T3 |C3 |A3 |G3 |POS#3
MT858330.1Aedes vittatus 39.9 | 160 | 29.6 | 145 | 5240 | 274 | 149 | 29.7 | 280 | 1750 | 440 | 291 | 131 | 13.7 | 1750 | 483 | 40 | 46.0 | 1.7 | 174.0
MH330198.1Aedesvittatus 399 | 16.0 | 298 | 143 | 5240 | 274 | 149 | 29.7 | 280 | 1750 | 440 | 291 | 131 | 13.7 | 1750 | 483 | 40 | 466 | 1.1 | 1740
MH330197.1Aedes vittatus 399 | 160 | 294 | 147 | 5240 | 274 | 149 | 29.7 | 280 | 1750 | 440 | 291 | 131 | 13.7 | 1750 | 483 | 40 | 454 | 23 | 1740
AB738145.1Aedes lineatopennis 406 | 162 | 286 | 145 | 5240 | 263 | 16.0 | 29.7 | 280 | 1750 | 440 | 286 | 131 | 143 | 1750 | 51.7 | 40 | 431 | 11 | 1740
HQ398909.1Aedes lineatopennis 403 | 16.8 | 28.4 | 145 | 5240 | 26.3 | 16.0 | 29.7 | 280 | 1750 | 440 | 286 | 131 | 143 | 1750 | 506 | 57 | 425 | 1.1 | 174.0
KP954638.1Aedes vexans 410 | 158 | 29.0 | 141 | 5240 | 28.0 | 149 | 29.7 | 27.4 | 1750 | 440 | 291 | 131 | 13.7 | 1750 | 511 | 34 | 443 | 1.1 | 1740
MK402823.1Aedes vexans 405 | 158 | 294 | 143 | 5240 | 280 | 149 | 29.7 | 27.4 | 1750 | 440 | 291 | 131 | 13.7 | 1750 | 494 | 34 | 454 | 17 | 174.0
LC473705.1Mansonia uniformis 403 | 149 | 302 | 147 | 5240 | 274 | 13.7 | 30.9 | 280 | 1750 | 440 | 286 | 13.7 | 13.7 | 1750 | 494 | 23 | 46.0 | 23 | 174.0
LC517293.1IMansonia uniformis 403 | 149 | 302 | 147 | 5240 | 274 | 13.7 | 309 | 280 | 1750 | 44.0 | 286 | 13.7 | 13.7 | 1750 | 494 | 23 | 460 | 2.3 | 174.0
MH745093.1Culex tritaeniorhynchus | 39.5 | 16.0 | 29.6 | 14.9 | 524.0 | 246 | 17.7 | 29.7 | 280 | 1750 | 440 | 286 | 131 | 143 | 1750 | 50.0 | 1.7 | 460 | 2.3 | 174.0
MH330220.1Culex tritaeniorhynchus | 39.3 | 16.2 | 29.8 | 14.7 | 5240 | 240 | 183 | 29.7 | 280 | 1750 | 440 | 286 | 131 | 143 | 1750 | 50.0 | 1.7 | 466 | 1.7 | 1740
KY694466.1Afidenta misera 384 | 189 | 281 | 147 | 5240 | 246 | 166 | 343 | 246 | 1750 | 446 | 263 | 143 | 149 | 1750 | 460 | 138 | 356 | 46 | 174.0
EF033298.1ampsilis hydiana 456 | 124 | 187 | 233 | 5240 | 354 | 114 | 257 | 274 | 1750 | 451 | 211 | 149 | 189 | 1750 | 56.3 | 46 | 155 | 23.6 | 174.0
KC849092.INephila sumptuosa 430 | 122 | 27.7 | 170 | 5230 | 349 | 103 | 263 | 286 | 1750 | 469 | 257 | 143 | 131 | 1750 | 474 | 06 | 428 | 9.2 | 173.0
Avg. 406 | 156 | 285 | 1564 | 5239 | 27.8 | 149 | 29.7 | 27.7 | 1750 | 443 | 279 | 135 | 143 | 1750 | 497 | 40 | 423 | 40 | 1739
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1.3.2.7 Species Namésrmigeres subalbatus
GenBank Accession NumbeéwtK297327.1
Voucher Number: ST04

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Culicini

Genus : Armigeres

Species : Armigeres subalbatu$-igure1.10a)

> MK297327.1Armigeres subalbatué$66bp

GATATTGGAACTTTATATTTTATTTTTGGTGCTTGAGCTGGAATAGTGGGAACTTCTTTAAGTATTTTA
ATTCGAACAGAATTAAATCACCCTGGAGTATTTATTGGAAATGATCAAATTTATAATGTAATTGTAA
CAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCAATTATAATTGGAGGATTTGGAAATTGAT
TAGTACCCCTTATACTTGGAGCTCCAGATATAGCCTTCCCTCGAATAAATAATATAAGTTTTTGAATA
TTACCCCCTTCATTAACTCTACTAATTTCAAGTTCTTTAGTAGAAACAGGAGCTGGAACTGGATGAAC
CGTTTATCCTCCTTTATCTTCTGGAACTGCCCATGCTGGAGCTTCTGTTGATTTAGCTATTTTCTCTCTT
CATTTAGCAGGTATTTCTTCTATTTTGGGAGCAGTAAATTTTATTACAACTGTAATTAATATACGATC
ATCAGGGATTACTCTTGATCGATTACCCTTATITGTTTGATCTGTTGTTATTACAGCTATTTTACTTCT
TCTTTCTTTACCAGTTTTAGCAGGAGCTATTACTATACTATTAACTGATCGGAATTTAAATACCTCATT
CTTTGACCCAATTGGAGGAGGAGATCCGATCTTATACCAACATTTATTT

Figure 1.10bThe DNA sequence dfr. subalbatusCOI gene

> MK297327.1Armigeres subalbatus

MGTLYFIFGAWAGMVGTSLSILIRTELNHPGVFIGNDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPLM
LGAPDMAFPRMNNMSFWMLPPSLTLLISSSLVETGAGTGWTVYPPLSSGTAHAGASVDLAIFSLHLAGISSI
LGAVNFITTVINMRSSGITLDRLPLFVWSVVITAILLLLSLPVLAGAITMLLTDRNLNTSFFDPIGGGDPILYQ
HLF

Figure 1.10c The protein seguce ofAr. subalbatusCOI gene

99



»——— ¥ Armigeres subalbatus KJ410334.1
L—— V¥ Armigeres subalbatus MW542319.1
“ L ¥ Armigeres subalbatus MK297327.1
wr——— W Culex tritaeniorhynchus MH745093.1
® L—— WV Culex tritaeniorhynchus MH330220.1
o——— W Aedes vexans KP954638.1

100 0.00

5 L—— WV Aedes vexans MK402823.1

96

— a——— W Aedes lineatopennis AB738145.1
L—— WV Aedes lineatopennis HQ398909.1
— wo——— ' Anopheles pseudopictus FJ210896.1

— WV Anopheles pseudopictus MT993487.1
— Afidenta misera KY694466.1

— Nephila sumptuosa KC849092.1

— Lampsilis hydiana EF033298.1

v Species collected from Thrissur District, Kerala
v Closely related species from various genera

Out Group species

Figure 1.10d Phylogenetic tree Af. subalbatus
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Figure 1.10e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Ar. subalbatus
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Figure 1.10f Molecular barcode Af. subalbatus
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Table 1.11a Percentage of evolutionary divergence Axf. subalbatuswith its
closely related species accessible from NCBI GenBank

Accession Organism Pe.rcentage ol
Number Divergence

MK297327.1 Armigeres subalbatus 0.00%
KJ410334.1 Armigeres subalbatus 0.00%
MW542319.1 Armigeres subalbatus 0.00%
AB738145.1 Aedes lineatopennis 9.55%
HQ398909.1 Aedes lineatopennis 10.32%
MH745093.1 Culex tritaeniorhynchus 11.32%
MH330220.1 Culex tritaeniorhynchus 11.32%
KP954638.1 Aedes vexans 13.15%
MK402823.1 Aedesrexans 14.15%
FJ210896.1 Anopheles pseudopictus 15.16%
MT993487.1 Anopheles pseudopictus 15.38%
KY694466.1 Afidenta misera 27.89%
KC849092.1 Nephila sumptuosa 29.65%
EF033298.1 Lampsilis hydiana 48.23%
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Table 1.11bThe nucleotide frequency comparisonfaf subalbatusCOIl gene sequence with its kin species

ACCESSION NO. AND NAME OF

NUCLEOTIDE FREQUENCIES (%)

THE SPECIES T(V) C A G TOTAL | T-1 C-1 Al | G1 | POS#1| T-2 C-2 | A2 G-2 POS #2| T-3 C3 | A3 G-3 POS #3
MK297327.1Armigeres subalbatus 40.0 17.0 | 28.0 | 15.0 | 593.0 26.3 | 16.2 29.8 | 27.8 | 198.0 43.4 28.8 | 12.6 15.2 198.0 50.3 6.1 41.6 2.0 197.0
KJ410334.1Armigeres subalbatus 40.0 17.0 | 28.0 | 15.0 | 593.0 26.3 | 16.2 29.8 | 27.8 | 198.0 43.4 28.8 | 12.6 15.2 198.0 50.3 6.1 41.6 2.0 197.0
MW542319.1Armigeres subalbatus | 40.0 17.0 | 28.0 | 15.0 | 593.0 26.3 | 16.2 29.8 | 27.8 | 198.0 43.4 28.8 | 12.6 15.2 198.0 50.3 6.1 41.6 2.0 197.0
KP954638.1Aedes vexans 40.1 155 | 29.3 | 15.0 | 593.0 28.3 | 146 29.8 | 27.3 | 198.0 43.4 28.3 | 12.6 15.7 198.0 48.7 3.6 45.7 2.0 197.0
MK402823.1Aedes vexans 39.5 15.5 | 30.0 | 15.0 | 593.0 28.3 | 146 29.8 | 27.3 | 198.0 43.4 28.3 | 12.6 15.7 198.0 46.7 3.6 47.7 2.0 197.0
AB738145.1Aedes lineatopennis 40.0 15.7 | 29.2 | 15.2 | 593.0 26.8 | 15.7 29.8 | 27.8 | 198.0 43.4 27.8 | 12.6 16.2 198.0 49.7 3.6 45.2 15 197.0
HQ398909.1Aedes lineatopennis 39.6 16.2 | 29.2 | 15.0 | 593.0 26.8 | 15.7 29.8 | 27.8 | 198.0 43.4 27.8 | 12.6 16.2 198.0 48.7 5.1 45.2 1.0 197.0
FJ210896.1Anopheles pseudopictus | 38.4 153 | 30.7 | 155 | 593.0 26.3 | 146 29.3 | 29.8 | 198.0 43.4 27.8 | 12.6 16.2 198.0 45.7 3.6 50.3 0.5 197.0
MT993487.1Anopheles pseudopictus| 38.3 153 | 30.9 | 155 | 593.0 26.3 | 146 29.3 | 29.8 | 198.0 42.9 27.8 | 131 16.2 198.0 45.7 3.6 50.3 0.5 197.0
MH745093.1Culex tritaeniorhynchus | 39.0 15.7 | 29.7 | 15.7 | 593.0 247 | 17.2 29.3 | 28.8 | 198.0 43.4 27.8 | 12.6 16.2 198.0 48.7 2.0 47.2 2.0 197.0
MH330220.1Culex tritaeniorhynchus | 38.8 159 | 29.8 | 155 | 593.0 242 | 17.7 29.3 | 28.8 | 198.0 43.4 27.8 | 12.6 16.2 198.0 48.7 2.0 47.7 15 197.0
KY694466.1Afidenta misera 374 18.5 | 28.3 | 15.7 | 593.0 24.7 | 16.2 33.8 | 25.3 | 198.0 43.9 26.3 | 131 16.7 198.0 43.7 13.2 | 38.1 51 197.0
EF033298.1ampsilis hydiana 44.5 12.0 | 18.4 | 25.1 | 593.0 354 | 116 24.7 | 28.3 | 198.0 44.9 19.7 | 14.1 21.2 198.0 53.3 4.6 16.2 259 | 1970
KC849092.1Nephila sumptuosa 41.0 125 | 28.7 | 17.7 | 592.0 328 | 111 26.8 | 29.3 | 198.0 455 25.8 | 13.6 15.2 198.0 44.9 0.5 45.9 8.7 196.0
Avg. 39.8 15.7 | 28.4 | 16.1 | 592.9 274 | 15.2 29.4 | 28.1 | 198.0 43.7 27.2 | 129 16.2 198.0 48.2 4.5 43.2 4.1 196.9
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1.3.2.8 Species Name&ulex gelidus
GenBank Accession NumbéwtK630238.1
Voucher Number: ST06

Systematic position

Kingdom : Animalia

Phylum : Arthropoda

Class ; Insecta

Order : Diptera

Suborder ; Nematocera

Family : Culicidae

Subfamily : Culicini

Genus ; Culex

Subgenus : Culex

Species : Culex gelidugFigure 1.11a)

> MK630238.1Culex gelidufs77bp

AAGATATTGGAACATTATATTTTATTTTTGGGGCTTGAGCAGGAATAATTGGAACTTCATTAAGAATTC
TAATTCGAGCAGAACTAAGTCAACCTGGAGTATTTATTGGAAATGATCAAATTTATAATGTTATTGTAA
CTGCTCACGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATT
AGTTCCTTTAATACTAGGAGCTCCTGATATAGCATTTCCTCGAATAAATAATATAAGTTTTTGAATACT
TCCTCCTTCATTAACTTTACTACTTTCAAGTAGTTTAGTTGAAAATGGGGCTGGAACTGGATGAACAGT
TTATCCCCCTCTTTCATCAGGTACAGCTCATGCTGGAGCTTCAGTTGATTTAGCTATTTTTTCTTTACAT
TTAGCTGGGATTTCATCAATTTTAGGAGCAGTAAATTTTATTACAACAGTAATTAATATACGATCTTCA
GGAATTACACTTGATCGAATACCTTTATTTGTTTGATCTGTAGTTATTACTGCTGTTTTATTACTCCTTTC
ATTACCCGTATTAGCTGGAGCTATTACAATATTATTAACTGATCGAAACCTAAATACTTCATTTTTTGA
CCCTATTGGAGGAGGAGATCCTATTTTATACCAACATTTATTTTGATTTTTT

Figure 1.11brhe DNA sequence @x. gelidusCOI gene

> MK630238.1Culex gelidus

MGTLYFIFGAWAGMIGTSLSILIRAELSQPGVFIGNDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPLML
GAPDMAFPRMNNMSFWMLPPSLTLLLSSSLVENGAGTGWTVYPPLSSGTAHAGASVDLAIFSLHLAGISSIL
GAVNFITTVINMRSSGITLDRMPLFVWSVVITAVLLLLSLPVLAGAITMLLTDRNLNTSFFDPIGGGDPILYQ
HLFWFF

Figure 1.11¢The protein sequence 6. gelidusCOI gene
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o— Culex declarator KM593055.1

S 7 b—— Culex declarator KM593051.1
” o Culex dolosus MN793302.1
_ " L—— W Culex dolosus MN793283.1
. VW Culex gelidus MK630238.1
0 o2 ™ e Culex gelidus MH330217.1
* L—— W Culex gelidus HQ398895.1
7 ™ e Mansonia uniformis KJ768160.1
v " L—— W Mansonia uniformis LC517293.1
* N Sy Anopheles subpictus KJ461792.1
h " —_— Anopheles subpictus KJ461784.1
o — Afidenta misera KY694466.1
— Nephila sumptuosa KC849092.1
— Lampsilis hydiana EF033298.1

v Species collected from Thrissur District. Kerala
v Closely related species from various genera

Out Group species

Figure 1.11d Phylogenetic tree ©k. gelidus
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Figure 1.11e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Cx.gelidus
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Figure 1.11f Molecular barcode Gk. gelidus
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Table 1.12aPercentage of evolutionary divergence@{ geliduswith its closely
related species accessible from NCBI GenBank

Accession Number Organism Pgir\;:;r;t;?:em
MK630238.1 Culex gelidus 0.00%
MH330217.1 Culex gelidus 0.43%
HQ398895.1 Culex gelidus 0.29%
KM593055.1 Culex declarator 3.90%
KM593051.1 Culex declarator 3.90%
MN793302.1 Culex dolosus 4.70%
MN793283.1 Culex dolosus 4.53%
LC517293.1 Mansonia uniformis 11.82%
KJ768160.1 Mansonia uniformis 12.53%
KJ461792.1 Anopheles subpictus 12.79%
KJ461784.1 Anopheles subpictus 14.17%
KC849092.1 Nephila sumptuosa 22.78%
KY694466.1 Afidenta misera 23.87%
EF033298.1 Lampsilis hydiana 39.93%
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Table 1.12bThe nucleotide frequency comparison® gelidusCOI gene sequence with its kin species

ACCESSION NO. AND NAME

NUCLEOTIDE FREQUENCIES (%)

OF THE SPECIES TU) [ C A G TOTAL [ T-1 Cc1 A-1 G-1 POS #1] T-2 c-2 A2 [ G2 POS#2 [ T-3 [C3 [ A3 [ G3 [ POS#3
MK630238.1Culex gelidus 401 [ 162 [ 288 [ 149 |[556.0 |435 [280 |134 |[151 | 1860 |51.4 |32 443 [ 11 185.0 25.4 | 17.3 | 28.6 | 28.6 | 185.0
MH330217.1Culex gelidus 403 | 16.0 | 288 | 149 |5560 |435 |280 |134 |151 | 1860 |51.9 |27 443 | 1.1 185.0 25.4 | 17.3 | 28.6 | 28.6 | 185.0
HQ398895.1Culex gelidus 40.1 | 162 | 288 | 149 |5560 |435 |280 |134 |151 | 1860 |51.4 | 3.2 443 | 1.1 185.0 25.4 | 17.3 | 28.6 | 28.6 | 185.0
KM593055.1Culex declarator 412 | 153 | 290 | 146 |5560 |435 |280 |134 |151 | 1860 |541 |16 443 | 0.0 185.0 259 | 16.2 | 29.2 | 28.6 | 185.0
KM593051.1Culex declarator 412 | 153|290 | 146 |556.0 |435 |280 |134 |151 | 1860 |541 | 1.6 443 | 0.0 185.0 259 | 16.2 | 29.2 | 28.6 | 185.0
MN793302.1Culex dolosus 40.1 | 158 | 288 | 153 |5560 |435 |280 |134 |151 | 1860 |50.8 | 3.2 438 | 2.2 185.0 259 | 16.2 | 29.2 | 28.6 | 185.0
MN793283.1Culex dolosus 40.1 | 156 | 291 | 151 |556.0 | 435 |280 | 134 | 151 | 186.0 |50.8 |27 449 | 1.6 185.0 259 | 16.2 | 29.2 | 28.6 | 185.0
KJ461792.1Anopheles subpictus | 38,7 | 15.6 | 29.0 | 16.7 | 556.0 | 435 | 28.0 | 13.4 | 151 | 186.0 | 454 | 4.3 443 | 5.9 185.0 27.0 | 14.6 | 29.2 | 29.2 | 185.0
KJ461784.1Anopheles subpictus | 38.1 | 16.2 | 29.1 | 165 | 556.0 | 435 | 28.0 | 13.4 | 151 | 186.0 | 449 | 4.9 449 | 5.4 185.0 25.9 | 15.7 | 29.2 | 29.2 | 185.0
KJ768160.MMansonia uniformis | 39.2 | 16.4 | 29.5 | 149 | 556.0 | 44.1 |27.4 | 140 | 145 | 1860 | 47.0 | 65 443 | 2.2 185.0 26.5 | 15.1 | 30.3 | 28.1 | 185.0
LC517293.1Mansonia uniformis | 40.1 | 149 | 30.0 | 149 |556.0 |44.1 | 274 | 140 | 145 | 1860 | 492 |27 459 | 2.2 185.0 27.0 | 146 | 30.3 | 28.1 | 185.0
KY694466.1Afidenta misera 381 | 187|281 | 151 |556.0 |441 |263 |140 | 156 | 1860 | 454 | 130 | 36.8 | 49 185.0 249 | 16.8 | 33.5 | 24.9 | 185.0
EF033298.1Lampsilis hydiana 448 | 126 | 185 | 241 |556.0 | 446 | 204 |151 |199 | 1860 | 557 | 4.9 15.1 | 243 | 185.0 341 | 12.4 | 25.4 | 28.1 | 185.0
KC849092.1Nephila sumptuosa | 42,0 | 12.6 | 27.9 | 175 | 5550 | 457 | 253 | 145 | 145 | 1860 | 46.7 | 0.5 435 | 9.2 184.0 335 | 11.9 | 25.9 | 28.6 | 185.0
Avg. 403 [ 155 [ 282 [ 160 |[5559 [439 [270 |137 [153 [ 1860 | 499 | 3.9 418 | 4.4 184.9 27.1 | 156 | 29.0 | 28.3 | 185.0
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v Species collected from Thrissur District. Kerala
v Closely related species from various genera

Out Group species

Figure 1.12d Phylogenetic tree ©k. tritaeniorhynchus

Figure 1.12e Electropherogram showing the nucleotide sequence of mitochondrial COI gene
of Cx. tritaeniorhynchus

Figure 1.12f Molecular barcode Gk. tritaeniorhynchus
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https://en.wikipedia.org/wiki/Schumach.
https://en.wikipedia.org/wiki/Thonn.
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