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Abstract

Mosquitoes are medically and clinically significant arthropods which belong to the
family Culicidae, order Diptera and notable genera include Aedes, Anopheles and
Culex. There are 3500 species of mosquitoes worldwide among which various are
also reported from Pakistan. They impact a health threat as they act as ectopar-
asites which require blood to nourish their eggs and during this process transmit
different infectious agents (bacteria, protists etc.) into the human host to cause
different diseases such as malaria, dengue and yellow fever. To combat these dis-
eases, reproduction and spread of mosquitoes need to be controlled. There are four
important stages in mosquito life cycle; egg, larvae, pupae and adult. It is easier
to target mosquitoes at the early stages of their life cycle. One of the prominent
methods to control them includes use of insecticides (pyrenoids and organophos-
phates). The insecticide used may have environmental hazards that affect food
chain and contaminate underground water reservoir but they are still used at a
large scale. Due to this exposure with insecticides, mosquitoes have developed re-
sistance against these chemicals. Various mechanisms are involved in acquisition
of this resistance, amongst which the role of gut microbiota of mosquito cannot
be undermined. In this study we have investigated the different bacterial strains,
present in selected insecticide resistant mosquito gut that may render resistance
against insecticides. The genomes of microbial species were explored for putative
insecticide resistant genes/proteins and the docking of a frequently used insecticide
i.e., Derris was performed against these proteins. The list of potential insecticide
resistant genes within each microbe was found and this study would pave way
to understand insecticide resistance with the focus on genetic control to counter

mosquito-borne diseases.

Keywords: Mosquito, insecticide resistance, bacterial strains, organophosphates,

Mosquito-borne diseases.
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Chapter 1

Introduction

Mosquitoes are one of the most important arthropod vectors which are responsible
for diseases transmission. Mosquitoes belong to family Culicidae, order Dipteria
and this family comprises of about 3500 species distributed worldwide [1]. The
protozoan species such as Plasmodium falciparum and Plasmodium vivaz transmit-
ted by mosquitoes are responsible for causing human diseases including malaria,

affecting 500 million people and death of 3 million people annually [2].

Similarly, mosquito-borne viral diseases like yellow and dengue fever are responsi-
ble for effecting millions of people worldwide [3]. Due to their dual vector proper-
ties i.e., biological vector as well as mechanical vector and disease-causing ability,
mosquitoes are with great medical significance. In order to control vector borne
diseases, the exact and right identification of vectors is very important. Therefore,
study of mosquitoes in specific ecological niche and as well; as use of DNA based
approaches are used for their correct identification. Many species of mosquitoes
including Anopheles and Culex are found in Pakistan especially Aedes received re-
ceive major attraction during dengue epidemics [4]. Use of insecticides and other
Pest management techniques are globally conducted not to completely eliminate
the population of mosquitoes but to reduce the number of mosquitoes and control
the death rate caused due to disease transmission by mosquitoes. By abolishing
the breeding sites and killing mosquitoes larvae, population of mosquitoes can

easily controlled [5].
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Insecticides such as, organophosphate are commonly used which interferes with
the action of choline esterase’s enzymes(neurotransmitter acetylcholine regulator),
causing damage to muscles resulting in muscle cramps, paralysis, and eventually
death [6]. In synaptic junctions of mosquitoes, the blockage of central and pe-
ripheral nervous system enzymes i.e.,acetyl cholinesterase occurs which in turn
results into repolarization of membrane.This enzyme can be inhibited by forma-
tion of strong covalent bond between the insecticides and acetylcholineesterase,
thus acetylcholine is accumulated in the synaptic junction and transmission of

normal nerve impulse is interrupted [7].

Due to effectiveness against agricultural pests, excessive use of insecticides is done
resulting in high rate of insecticides/pesticides is accumulation in the environment,
residual effect is high both in assimilated (converted in biomass) and dissimilated
(converted chemically into other bioactive compounds). Due to gaseous nature
the insecticides spread with air currents to the wider range, therefore, insecticides
applied to small area are capable of spreading to nearby areas and also to wide

spread areas if they get dissolved in water.

Insecticides may have different fates when they spread to the environment e.g.,
if the insecticides are applied to agriculture plants, they are able to move to the
surroundings environment including water bodies and soil. And if the insecticides
are directly spread on soil then they could be washed away with rain and reaches

to ground water or may seeps down in lower soil through the porous soil layer [8].

This wide spread of insecticides may result in loss of diversity in insect’s species
from minor to major level. The impacts of long-term persistence of organophos-
phate insecticide use on environment in general varies from acute fatal effects to
long term fatal effects ranging from the contamination of surface water, ground
water, food products, soil and air occur due to in the environment. Non-target
organisms like natural pollinators, predators and earthworms etc. are greatly af-
fected by the insecticide applied for reducing mosquito species [9]. The species
of mosquitoes that are resistant to insecticides have been identified in almost all

regions of Pakistan. The list of mosquito’s species is summarized in table 1.1.
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TABLE 1.1: Table showing the present species of mosquitoes in Pakistan [4].

Genus Species Reference
Anopheles  gambiae Tark K, Schonebergl et al; 2012.
stephensi Avortink TJ et al; 1990.
subpictus Tark K, Schoneberg I et al; 2012.
culicifacies Otranto D et al; 2009.
annularis Avortink TJ et al; 1990.
splendidus Krzywinski J, Besansky NJ et al; 2003
pulcherrimus Krzywinski J, Besansky NJ et al; 2003
Aedes aeqypti Khan MA et al;1971
albopictus Khan MA et al;1971
walbus Otranto D et al; 2013
unilineatus Khan MA et al;1971
Culex quinquefasciatus  lahi I, Suleman M et al; 2013
theileri Suleman M et al; 2013

tritaeniorhynchus  Otranto D et al; 2009.
bitaeniorhynchus  lahi I, Suleman M et al; 2013
mimeticus Suleman M et al; 2013

fuscocephala Avortink TJ et al; 1990

The excessive use of insecticides and their long-term impact on environment has
resulted in insecticide resistance. The Insecticide resistance may occur due to
metabolic changes and genetic mutations in genomes of mosquitoes. For example,
various non-identical mutations causes the insensitivity resistance or kdr mutations
which ultimately results in insecticide resistance to pyrethroid lamda-cyhalothrin
[10]-[15]. Other major contributors to insecticide resistance are the activation of
pathways related to degradation of xenobiotics by microorganisms residing on in-
sect [16], [17]. Degradation of delta-methrin and pyrethroids lambda-cyhalothrin
was reported by bacteria such as Pseudomonas stutzeri, Pseudomonas oleovo-

rans, Arthro-bacternicotinovorans, Enterococcus mundtii and Klebsiella sp [16],
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[18], [19]. Agricultural pests utilize the xenobiotic degrading potential of their

symbiotic bacteria [16], [18], [20], [21].

The gut microbial species present in mosquitoes are usually acquired from en-

vironment, and comprise prokaryotes, fungi and parasites. The metabolic and

physiological functions in mosquitoes are greatly affected by the type and diver-

sity of gut microbes they harbor. In these gut bacterial species, the insecticide

resistant is sometimes intrinsic due to spontaneous mutations and commonly oc-

curring DNA exchange mechanisms. The bacterial strains such as, Staphylococcus

and Mycobacterium are most commonly associated with the onset of multiple drug

resistance and the spread of the resistance. Figure 1.1 summarizes the process of

bacterial acquisition of multiple drug resistance and insecticide resistance. .

Microbiome

Commensal
bacteria
.0

Strain-level Microblome-level
Resistome N

Proto o
ARG

o Acquired ARG d

FIGURE 1.1: Various mechanisms by which insecticide resistance is developed
in gut microbiome [22].

Intrinsic drug resistance genes present on bacterial chromosome are very common

amongst all bacterial species for example, Vancomycin resistant in Escherichia
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coli are of intrinsic type. On the other hand, bacterial species sometimes acquire
the drug resistant/ insecticide resistant genes due to environmental exposure by
horizontal gene transfer mechanism, which also leads to evolution and increase in
drug resistance [23]. Understanding of the exchange mechanisms and especially the
identification of genes, which are commonly acquired and then exchanges between
the microbiota harboring the gut of mosquitoes, can lead to targeting the common

genes and development of better control strategies against mosquitoes.

1.1 Aim and Objectives

Mosquito are the most common vector in spread of various infectious diseases
and epidemics in human such as Dengue, Malaria, Zika virus, yellow fever and
many more. Gut microbiota of mosquito are well reported to play a significant
role in increasing the metabolic capabilities and survival strategies of the host
and could be an effective target to design control strategies against mosquitoes.
But the knowledge, how this gut microbiota facilitates mosquito species is insuf-
ficient. The study of insecticide resistance genes of microbiota in mosquito will
help epidemiologists to design efficient and effective control strategies focused on
the insecticide resistance of microbiota. The project is designed with an aim to
identify the insecticide resistance genes in gut microbiota of mosquitoes and to
understand their impacts on overall resistance in mosquito. To achieve this aim

project is divided into following objectives:
1. Identification of insecticide resistance gut microbiota species in resistance
mosquitoes.

2. Identification of key resistance genes in gut microbiota of various mosquitoes’

species.

3. Understanding molecular mechanism behind insecticide resistant species.
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Literature Review

This chapter reviews the literature related to insecticide resistance in mosquito

owing to this mechanism.

2.1 Mosquito

Mosquito is basically a disease-causing vector. The body of mosquito is small and
slender having a length of 3-6 mm. Its species can vary from 2 mm to 19 mm in
size. The family Culcidiae includes 41 genera and 3300 species. Toxorhynchitinae,
Anophelinae (anophelines) and Culicinae (culicines) are the subfamilies of the

major family Culcidiae [24].

2.1.1 Morphology

Head, thorax and abdomen are the three main body regions of mosquitoes like any
other insect. These main regions are further subdivided into segments that are
not usually distinct except abdomen. The head is of spherical shape having two
large compound eyes and it is generally known as body’s sensory center. Between
head and abdomen, thorax is present containing locomotory organs i.e., legs and

wings. Six legs are present in adult mosquitoes. Four wings are technically present

6
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in mosquitoes, out of which front two wings are used for flying and hind two
wings are smaller in size and don’t appear as wings and called as “halteres”. The
posterior region that is site for digestion, reproduction and excretion is known as
abdomen. Cerci are the copulatory organs protruding from the tip of abdomen

and are mostly visible in Psorophora and Aedes females [25].

2.1.2 Habitat

Except Antarctica and few Islands mosquitoes are worldwide in distribution. They
mostly occur near water bodies like rivers, swamps, lakes and other clean as well
as marshy places due to their unique adaptive nature. Below sea-level at depth
of 1250 m and elevations of 5500 m they are found [24]. Aedes vezans have de-
veloped the ability to grow in temporary flooded areas. The mosquitoes including
Ochlerotatus communis, Ochlerotatus cataphylla, Ochlerotatus cantans and some
other species have ability to grow in snow-melt, swampy woodlands and marshy

by encountering the conditions and make themselves ideal [26].

2.1.3 Life Cycle

The life cycle of mosquito consists of major four stages i.e., egg, larva, pupa and
adult stage. Egg, larva and pupa are the first three stages that completes in
aquatic environment., Depending on the ambient temperature and the species,

with few exceptions each of the stages typically lasts 5 to 14 days [27].

Mosquitoes are able to delay their development for months in areas having freezing
temperature, they diapauses their activities in waterless conditions and when there
is maximum availability of water, they carry on with normal life activities e.g. In
diapauses the eggs of Aedes remain unharmed even in dry out conditions, as soon
as they are covered by water hatch to become larvae and pupa respectively. As
mature pupa floats at the water surface, adult mosquito emerges from it. Life spans
of bloodsucking mosquito species vary from week to several months depending

upon its species, weather conditions and sex As shown in figure 2.1 [28], [29].
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Pupae develop into adult
flying mosquitoes
in 2-3 days.

Female mosquitoes lay eggs inside
containers holding water.

-
LA

~\

Eggs
Eggs are ready to hatch
from a few days to several
months after being laid. Eggs
hatch when submerged in water

FIGURE 2.1: Life cycle of mosquito showing the stages from egg to adult.

Larvae are aquatic
and develop into pupae
in as little as 5 days.

Eggs when submerged to water are ready to hatch after several months, after
hatching larva emerged from these eggs and then pupae is formed after 5 days

from that larvae. Finally pupae develop to form the complete mosquito [30].

2.1.4 Classification

Mosquitoes are insects that belong to kingdom Animalia and phylum Arthropoda.
The order of insects is Diptera and suborder is Nematocera. The family Culicidae
includes 110 genera of mosquitoes. The most important genera of mosquito like

Anopheles, Culex, and Aedes include 3600 species [18].

2.2 Medical Significance

The mosquitoes genera like Aedes, Anopheles, Culer and many others are of med-

ical significance [31]. Public health authorities and many Researchers focus their
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attentions on studying mosquito-borne diseases due to their great emergence rate.
Mosquitoes are most dangerous animals for mankind because they are transmitting
a number of vector-borne diseases and are also responsible for death of millions of
people worldwide. 100 tropical countries are affected due to malaria thus placing

about 40% of world’s population at risk of mortility.

The transmission of disease can be done by following two ways: either biological
or mechanical vectors. In biological vector transmission, the pathogens multiply
their number in order to mature into infective stage when they are ingested by
mosquitoes. Before becoming capable of entering to the new host these vector
takes several days for maturation e.g. (human malaria parasite), these vectors
are very complicated due to pathogen’s development and parasitic containment

by vector.

The causative agents from the contaminated materials are transmitted to the body
or food of human in case of mechanical vector transmission method [32]. Lethal
diseases that are produced due to valuable parasites and pathogens of mosquitoes

are Malaria, Dengue, Yellow fever, Zika virus, Encephalitis etc.

2.2.1 Malaria

Malaria is one the lethal disease that scared almost all of the human life in Europe
including Southern and Northern Europe. Two main species of Plasmodium i.e. P.
falciparum and P. vivaxr were commonly found in Europe. 300 million infections
and more than 1 million deaths occurred due to Malaria. In malaria endemic

regions of Pakistan, about 60 percent population lives.

Each year 3.5 billion suspected and confirmed cases of malaria are reported in
Pakistan. In malarial burden of Pakistan, Plasmodium falciparum contribute 81.3
%, P. vivax contributes 14.7 % and remaining 4 % contribution is due to mixed
species. With high malaria transmission and about 100 % of the population living
at risk Pakistan is among the six WHO Eastern Mediterranean region countries

[33]. Due to variable climates in different provinces and even in different cities the
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endemicity of malaria varies. The genotypic and phenotypic plasticity of vectors is
difficult to determine that’s why to distinguish and recognize the mosquito species

modern techniques such as PCR-assays was performed using genetic markers [34].

2.2.2 Dengue

The first epidemic of dengue viruses reported in Asia, Africa and North America
from 1779 to 1780. So it is indicated that this virus is distributed worldwide from
more than 200 years ago. The dengue is reported as fetal disease in Thailand and
Philippines due to its first dengue hemorrhagic fever (DHF). The two main vectors

of dengue are: Aedes albopictus and Aedes aegypti.

Mosquitoes are responsible for causing dengue to human beings. The serotypes
of mosquitoes are: DEN-1, DEN-2, DEN-3, DEN-4. Due to crowded cities, un-
safe drinking water, low vaccination coverage and poor sanitation, Pakistan is at
greater risk of being hit by large epidemics. The infections and outbreaks like
dengue virus spread in country due to these endemics. It has been identified by
researchers that the 2006 outbreak in Karachi is due to co-circulation of DEN-2
and DEN-3. Marginal association of DHF Cases is shown with DEN-2. The se-
vere outbreaks occurred in Lahore from last two decades in which 20,000 people
were hospitalized and 350 died due to Dengue virus. Illness usually starts 5 to
7 days after the intrinsic incubation period. Rashes, headache, pain behind the
eyes, muscular and joint pains and diarrhea are the common symptoms of dengue
include fever. Dengue patients developed Immunity for the other serotypes that

get recovered from one serotype [35], [36].

2.3 Microbiota of Mosquitoes

Plasmodium falciparum is one of the deadliest protozoan’s parasite and female
anopheles mosquito is responsible for transmitting that parasite into human body

causing malaria [37], [38]. P. berghei and P.vivaz are parasitic species responsible
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for causing malaria in human beings [39], [40] Wolbachia is one of the bacterial
intercellular genus found in mutualistic relationship with insects [41]. Asaia is
also a bacterial genus responsible for causing malaria that was firstly identified in

Anopheles stephensi [42].

Aeromonas taiwanensis is non-spore forming bacterial genus observed in patients
of twains [43]. Escherichia coli is one the commonly known rod shaped gram neg-
ative bacteria and considered as one the gut microbiota of mosquito [44]. Under-
standing of the potential microbial functions is developed through the microbiome
study in last few decades such as xylane hydrolysis, productions of vitamins in
Glossina palpis, phenolic metabolism and nitrogen fixation in Pine Beetle, sig-
nal mimics in Gypsy Moth species, resistance against antibiotics in Gypsy Moth

species.

2.3.1 Diversity in Gut Microbiota of Mosquitoes

Prokaryotes, Fungi and other microbes constitute the gut microbiota of mosquitoes.
Varying greatly with species, diet, stage of development of mosquitoes and geogra-
phy, the composition of gut microbiota is considerably dynamic and this diversity
is primarily acquired from the environment [45], [46]. To study of mosquito’s mi-
crobiota composition, the sequencing of the 16S rRNA or18S rRNA hyper-variable
regions [47] is used as a culture-independent tool. The diversity of gut microbiota

varies greatly due to feeding habits and environmental changes [45].

2.3.1.1 Mosquito Bacteriome

Through the aquatic larval habitats during the aquatic life stage, mosquitoes ac-
quired a substantial fraction of colonizing bacteria. Bacteria and planktons are
consumed by mosquitoes as nutritious resources. The different colonization pat-
terns of mosquito bacteriome depend upon different environmental characteris-
tics[48]. Rather than salivary glands and reproductive tract, bacteria colonize

more in midgut of mosquitoes. In different Aedes aegypti populations, bacterial
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species like Pseudomonas, Acinetobacter, Aeromonas and in Anopheles gambiae

the species like Wolbachia and Acinetobacter were detected [49], [50].

2.3.1.2 Mosquito Mycobiome

Including bacteria and influenza, eukaryotic fungi is a part of the mosquito gut mi-
crobiota mosquito mycobiome. In preserving the ecological balance of mosquitoes
its position as commensal, mutualist or pathogenic is inevitable. By ingestion
of fungi in sugar meals, or physical contact with conidia mosquitoes are exposed
to fungi in the form of mosquito larvae in water during the metamorphic tran-
sition[51]. In the mid gut and other tissues of mosquitoes filamentous fungi and
yeast are the common fungal isolates. Through culture dependent and culture in-
dependent methods in Aedes and Anopheles mosquitoes different genera of yeast

like Candida, Pichia and Wickerhamomyces have been identified [52].

2.3.1.3 Mosquito Virome

For a large group of viruses which is insect-specific, mosquito acts as an exclusive
host. By Shi et. al, in two genera of mosquitoes Aedes and Culex metagenomic
approach was used to evaluate viral load [53]. Aedes showed a low viral diversity
and less abundance than Culex thus presenting a striking difference in the virome
of mosquitoes. In mosquitoes different viral families such as Orthomyxoviridae,
Flaviviridae, Mesoviridae, Bunyaviridae, Rhabdoviridae, Reoviridae, un-classified
Chuvirus and Negevirus groups have been identified, using the metagenomic ap-
proaches. Due to inability to infect vertebrate cell lines, vertical transmission and

prolonged host infection most resident virome act as commensal microbe [53], [54].

2.3.2 Insecticides

To kill the insects, the toxic substances are used called as insecticides. To eliminate

disease-carrying insects in specific areas and to control pests that infest cultivated
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plants these substances are commonly used.

On the basis of their chemistry, their mode of penetration or their toxicological
action insecticides can be classified in any of several ways. The insect inhaled
the toxic compounds like fumigants through its spiracles. Chemicals as hydro-
gen cyanide, naphthalene, nicotine, and methyl bromide are commonly used as

insecticides.

There are basically two [56] types of insecticides: one of the synthetic insecti-
cides which are produced by alteration of chemicals e.g. lindane, Chlorobenzilate,
methoxychlor, cyclodienes, DDT, parathion and malathion etc and others are
Natural insecticides which are extracted from plants e.g. Nicotene, pyrethrum,
derris etc. Some common insecticides are as follow: DDT, Parathion, Nicotine,

Chlorobenzilate, Pyrethroids, Organotins, Carbamates and Derris etc.

2.3.3 Insecticide Resistance

Excessive use of insecticides is enabling to cause insecticide resistance in mosquitoes.
Insecticide resistance can be created in insects by creation of target site mod-
ification in mosquito’s metabolic system such as Culex pipiens and Anopheles
mosquitoes. In this mechanism target side genes altered and lose their affinity of

binding site to bind the insecticides [57].

The enzymes like monooxygenases, transferases and hydrolases are involved in
insecticide resistance and they convert the xenobiotics into non-toxic compounds
[58]. Bacteria also protect themselves from the insecticides by formation of alter-
native target site that interrupt the normal pathway of antibiotics by continuing

its normal pathway [59].

2.3.4 Mechanisms of Insecticide Resistance

The development of insecticide resistance is due to massive use of insecticides-based

control techniques. Due to development of insecticide resistance mechanisms, the
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elimination of Aedes mosquitoes and controlling the increased risks of dengue fever
is an increasing challenge. Some of the insecticide resistance mechanisms are:
Target site resistance, metabolic resistance, penetration resistance, knockdown

resistance and behavioral resistance etc.

2.3.4.1 Target Site Resistance

The target site for the action of insecticides is genetically modified in such a
way that its interactions with neurotoxins are limited thus insecticidal effect is
consequently eliminated, when target site resistance in mosquitoes is inferred.
These modifications generally involve insensitivity of synaptic acetylcholinestrase
(AChE1), Vssc modifications and mutation in GABA receptors as summarized in

figure 2.2 [60].
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FIGURE 2.2: Insecticide resistance mechanism showing target site modification,
metabolic resistance, penetration resistance and behavioral resistance [61].

2.3.4.2 Metabolic Resistance

Due to conformational changes of or over-expression of enzyme subsequent to point
mutation in sis/trans loci of enzyme, resistance strains that detoxify the insecti-
cides are much better than suspected mosquitoes. Three major enzymatic activ-
ities are involved in metabolic detoxification such as glutathione S-transferases

(GST) activity, esterases and cytochrome P450 mono-oxygenases [60], [62], [63].
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2.3.4.3 Penetration Resistance

The insecticide absorption inside the body of mosquitoes becomes slow when the
barriers develop at the outer cuticle of mosquitoes resulting in penetration re-
sistance. Likewise, the susceptible strains absorb toxin at much higher rate as
compared to resistance strains. Thus, the action of metabolic enzymes is facili-
tated with more available time due to reduced penetration. Due to their lipophilic
property, cuticle resistance is showing its involvement in cross-resistance to mul-

tiple insecticides [64].

2.3.4.4 Behavioral Adaptations

Through adaptations mosquitoes can prevent the negative consequences of insecti-
cides. Spatial, trophic and temporal avoidance are the categories of behavioral re-
sistance. In spatial avoidance the mosquitoes escapes from insecticide-treated area
and in temporal avoidance mosquitoes reduces risk by mismatching the timings of
insecticide exposure, whereas the feeding on hosts in extensively used insecticides

is avoided in case of trophic avoidance [65], [66]

2.4 Metabolic Detoxification of Insecticides

The mechanism of the detoxification of insecticides in mosquitoes involves three
major metabolic gene families which are: Cytochrome P450s (P450s), esterases
and the S-transferases (GSTs) glutathione. In both biochemical as well as the
physiological functions of the living organisms, cytochrome P450s are among those
genes families which have the most significant role. To activate and to detoxify
endogenous compounds as well as the xenobiotics, cytochrome P450s are playing
are the most critical and significant role. In the metabolic detoxification and the
excretion GSTs [67] are the largest quantity of the exogenous as well as the endoge-
nous compounds having the property of the solubilization. At the transcriptional

level the up regulation of the GSTs and the P450s is done which in turn results
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in the formation of excessive production of proteins, hence excessive enzymatic
activity. With the help of oxidation and also the toxins of plants inside the insects
the increases the detoxification of the insecticides occurs which further leads to

the tolerance of the insecticides [68], [69].

2.5 Role of Mosquito Genome in Insecticide Re-

sistance

DDT and pyrethroid insecticide targets the insect at molecular level through volt-
age gated sodium channels (VGSC) and more than 40 species show resistance
to these insecticides by changing amino acid sequence [70], [71] By sequencing
capillaries of specific exons and introns VGSC gene in mosquito A. gambiae two
primary resistant variants i.e. L1014F [72], L.1014S [72] and one secondary variant
that is enhancing the phenotype of L1014F were discovered respectively [73], [74]
In case of Ace-1 gene the substitution of G119S found to cause resistance against
organophosphate insecticide and carbamate in Anopheles gambiae [62], [75] Sev-
eral kdr mutations have been found in Aedes aegypti causing the biodegradation

of insecticides through voltage-gated sodium channels [76].

2.6 Significant Genes of Mosquito Gut Micro-

biome

Kdr gene in Anopheles gambiae and A. arabiansis causes target site resistant[77]

CYPs, CCEs, ABC-transporters, GSTs genes of A. gambiae are involved in
insecticide resistance through metabolic pathways [72], [78], [79]. Cecropins, de-
fensins, diptericins and gambicins are the antimicrobial peptides having ability
to stimulate the mosquito immune system [80]. CYP6M7,CYP6P9a, CYP6P9b,
and GSTe2 genes found in A. gambiae found to cause resistance against DDT

and pyrethroids[81]. Elevated metabolism levels of Glutathione S-transferases
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(GSTs)oxidase, and esterase detoxification are found to cause resistant against

DDT and pyrethriods [82].

2.7 Antibiotic Resistance

On our planet recently antimicrobials are practiced in clinics. According to Dar-
winian’s Principle of evolution the antibiotic resistance is normal adoptive response
of organisms. Around the globe, the prolonged living span of organisms is due to

successful advances in medicines.

Bacteria have creative ability to circumvent the attacks of antibiotics. One of the
major threats of 21st century is emergence of antibiotic resistance. Up to now

limited research had been done on multidrug resistance (figure 2.3).
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2.7.1 Mbolecular basis of Antibiotic Resistance at DN A Level

More than 25 years ago in Africa, America and Europe due to a loss of sensitivity
of the insect’s acetylcholinesterase enzyme to organophosphates and carbamates,
resistance to insecticides among mosquitoes like Anopheles gambiae and Culex
pipiens had emerged [84]. A single amino acid substitution in enzyme can cause
insensitivity to pesticides. From Tropical Africa and Temperate Europe areas ten
highly resistant strains of C. pipiens and A. gambiae were found. New insecti-
cides can be prepared by visualizing such kind of mutations. By hydrolyzing the
neurotransmitter acetylcholine, acetylcholinesterase terminates its synaptic trans-
mission thus leading to paralysis and death. A strong resistance to this insecticide
is shown by mosquitoes. Ace-1 and Ace-2 are responsible for causing resistance in

C. pipiens by encoding different isoforms of acetylcholinesterase [85], [86].

Complete Ace-1 mRNA coding sequences of two Culex pipiens strains i.e., one
resistant and one susceptible, were analyzed to identify mutations involved in
resistance in mosquitoes. From these two selected strains cDNAs vary at 27 nu-
cleotide positions, in resistant mosquitoes amino-acid substitution is generated by
only one of these: at position 119the GGC (glycine) codon, [84], is replaced by an
AGC (serine) codon.

2.7.1.1 Genetic Mutation

Any accidental change in polynucleotide sequences of a gene can lead to genetic
mutation and these mutations either effects one or more nucleotide sequences.
In the replication of DNA these mutations are unpredictable changes. Allele are
the different forms of genes formed by mutations and they occupy the original
gene locus [87]. By using ace-1 genomic sequences of susceptible and resistant
(KISUMU) strain, the insensitive acetylcholinesterase emergence in main African

malaria vector Anopheles gambiae was found [88]. Having two of them being
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non-synonymous, at 18 nucleotide positions the coding sequences differed. In the
amino-terminal region of YAO strain, replacement of a valine residue by alanine
cause did mutation that did not seem to affect the enzyme’s catalytic properties

and has no equivalent in Torpedo acetylcholinesterase.

Asin Culez pipiens (results not shown) the other was the same G119S substitution,
indicating that this at least three times in the ace-1 gene, single point mutation has
occurred independently, once in A. gambiae and twice in the C. pipiens complex.
For insecticide resistance in mosquitoes, the discovery of the ace-1 mutation opens

the way to new strategies for pest management.

In overcoming the spread of resistance there is need for the development of new
insecticides, in which G119S mutant form of acetylcholinesterase-1 is inhibited

that ultimately will be crucial.

2.7.1.2 Horizontal Gene Transfer

A new strain of bacterial pathogen can be formed through foreign DNA acquisition
of by horizontal transfer from unrelated organisms [89]. An early indication of
importance of horizontal gene transfer to bacterial pathogenesis was discovered in

genes carrying antibiotic resistance self-transmissible resistance (R) plasmids [90].

Yersinia pestis containing the antibiotic resistant strains is an obligate parasite
alternating between insects and mammalian hosts. The development of stable
mating pairs is influenced by conjugation that depends on several environmental
and bacterial factors [91]. Yersinia pestis containing the antibiotic resistant strains
is an obligate parasite alternating between insects and mammalian hosts. The
development of stable mating pairs is influenced by conjugation that depends on

several environmental and bacterial factors [91].

In Urinary tract, respiratory tract, mammalian intestine and wounds various evi-
dences for conjugative transfer between different bacteria has been reported (figure
2.4), but even in the existence of antibiotic selective pressure, estimated transfer

rates are very low [92].
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FIGURE 2.4: Horizontal gene transfer in plasmid vectors [93].

2.7.2 Mechanism of Antibiotic Resistance

Insecticide resistance mechanisms (figure 2.5) involves biochemical basis (as in
the control of malaria vectors, insecticide avoidance behaviors that is opposed to

vectors is important).

Target-site resistance mechanism occurs when the insecticide no longer binds to
its target while detoxification enzyme-based resistance is the other biochemical
mechanism in insecticides are prevented from reaching the site of action. It is
one of the major forms of biochemical resistance while detoxification enzyme-
based resistance is the other biochemical mechanism in insecticides are prevented
from reaching the site of action due to enhanced levels or modified activities of
esterases, oxidases, or glutathione S-transferases (GST). Thermal stress response
is an additional mechanism based on biochemical resistance has been proposed

[94], but its importance is still unknown.
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FIGURE 2.5: Four major biochemical mechanisms of antibiotic resistance in
bacteria.

2.7.2.1 Structural Modifications of Antibiotics

In antibiotic modification the antibiotic is prevented from reaching the target
site although the resistant bacteria retain the same sensitive target as antibiotic
sensitive strains. For example, antibiotic can be inactivated in case of lactamases
by enzymatic cleavage of four membered lactam ring. Most a lactamases act to
some degree against both penicillin and cephalosporin from 200 described types
of a lactamase e.g., penicillinases and cephalosporinases. Among many bacterial
species Lactamases are widespread and varying degrees of inhibition are exhibited

by & lactamase inhibitors, such as clavulanic acid [95].

2.7.2.2 Efflux Pump

For cell-cell communication, biocides, and metabolic products different types of
antibiotics and chemicals such as dyes, organic solvents, detergents, molecules are
expelled byEfflux pumps that contribute to multidrug resistance [96]-[100]. Five
classes of the bacterial multidrug efflux transporters (figure 2.6) are: (1) resistance
nodulation cell division (RND), (2) major facilitator superfamily (MFS), (3) small
multidrug resistance (SMR), (4) ATP-binding cassette (ABC), (5) multidrug and
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toxic compound extrusion (MATE). The major sources to meet the energy demand
of these five classes for the active transporting are H+ protons (RND, SMR, and
MEFS), Na dependent (MATE), or by hydrolysis of ATP (ABC) [99]-[101] The RND
efflux pump transporter is present in Pseudomonas aeruginosa that is composed

of three parts, the linker, the transporter, and the outer membrane pore [102].

Cell membrane

Cytoplasm

ABC MFS SMR RND MATE

FIGURE 2.6: Structure of efflux pumps families showing channels and transfer
of molecules[103].

2.7.2.3 Efflux Mechanism

In Pseudomonas aeruginosa, MexAB-OprM is the one of the 12 different types
of RND efllux systems that constitutionally expressed accounting for the intrinsic
resistance to pathogenicity and flouroquinolones of this organism [100], [104]-[107]
The three subunits ofMexABOprM are the antibiotic discharge duct protein and
MexA and OprM acting by substrate recognizing energy transfer and connect-
ing the MexB and OprM [108]. Finally MexB entrapped the antibiotics and
then transferred this antibiotic to OprM and MexB finally extruded the antibiotic
[109]-[111]. Mutations in the genes encoding for efflux pump MexAB-oprM creates
higher resistance profiles of Pseudomonas aeruginosa to quinolones that regulate
the resistance for b-lactams, quinolones, and b-lactamaseinhibitors [112]. MexAB-
OprM pump confers resistance to the other non-antibiotic compounds beside its
well-defined activity against the known antimicrobial agents, such as tea tree oil

and its monoterpene components a-terpineol and the related alcohols [113].
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2.7.2.4 Target Side Interference

The competitive inhibitors of acethylcholine (Ach) are OP and CX and enzyme
ACHhE is their target. In the cholinergic synapses of the central nervous system

the insecticides prevent the hydrolysis of the neurotransmitter Ach after binding

to AChE.

As aresult, the death of insects occur by tetany because nervous influx is continued
and Ach remains active [114]. The two synaptic enzymes, AChE1l and AChE2 are
coded by two described genes, ace-1 and ace-2 in several insects. Persistent insects
commonly show five mutations [86]. The most common resistance mutation is
G119S in the ace-1 gene located near the catalytic site in mosquitoes, including

Culex pipiens [115].

From a single point mutation GGC to AGC in ace-1 gene the substitution of glycine
by serine results in high insensitivity displayed by Culex pipiens. The substitution
of glycine by serine results in high insensitivity displayed by Culex pipiens. The
high insensitivity displayed by is due to the, resulting [115], thus the insecticide
allowed a decreased inhibition of the main synaptic enzyme AChE1 [116].

2.7.2.5 Target Side Protection

In some antibiotic resistant bacteria antibiotics are prevented from entering the
cell or pumping it out faster than it can flow in to protect the target of action.
Through water filled hollow membrane protein known as porin, Lactam antibiotics

in Gram negative bacteria gain access to the cell that depends on the antibiotic.

As imipenem cannot penetrate the cell, Pseudomonas aeruginosa confers resis-
tance due to lack of the specific D2 porin in case of imipenin resistance. A low-level

resistance to fluoroquinolones and aminoglycosides is also seen by this mechanism.

A well-recognized mechanism for resistance to tetracycline is increased efflux via an
energy-requiring transport pump that is encoded by related genes such as tet(A)

that in Enterobacteriaceae have become distributed [117].
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2.7.2.6 Mutation of Target Site

The binding of the neurotoxin products is limited due to point mutations in the
target of insecticides, in one of the insecticide resistant mechanism called as the
target site modification. Some of the insecticide target modifications are described
as: the voltage-dependent sodium channel encoded by the kdr gene, the synaptic
acethylcholinesterase (AChEL) encoded by the ace-1 gene and the y-amino butyric
acid (GABA Receptors) encoded by Rdl gene [118], [119].

Across the neural axon in the voltage-gated sodium channel (VGSC) the knock-
down resistance kdr gene is the major mechanism that is responsible for resistance
to DDT and PYR by reducing the sensitivity of the receptors to these products
[120], [121]. Due to the mutations of kdr gene this resistance occurs. At codon
many mutations have been reported the mutations like L1014F by the substitu-
tion of a leucine (TTA) by phenylalanine (TTT) and L1014S by the leucine (TTA)
to serine (TCA) substitution that are associated with knock down resistance in
mosquitoes, including Culez pipiens [122]-[124] while from China for Cx.Pipiens
molests the substitution of a leucine (TTA) by cysteine (TGT) in the L1014C

mutation by has only been reported [125].

2.7.2.7 Enzyme Alterations of Target Site

Due to structural changes in the molecule, antibiotics are unable to inhibit the
activity of target inspite of the fact that the antibiotic penetrates the cell and
reaches the target site. Having low affinity, the enzyme responsible cell wall syn-
thesis called as penicillin binding proteins in Enterococci are regarded as being

inherently resistant to cephalosporins.

Most strains of Streptococcus pneumonia that are highly susceptible to both peni-
cillin and cephalosporins, acquire DNA from other bacteria and hence become
resistant to inhibition by penicillin by developing a low affinity for penicillin [126].
Now having a different structure, the altered enzyme still synthesis peptidoglycan

[127]. In the laboratory mutants of Streptococcus pyogenes that express altered
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penicillin binding proteins and are resistant to penicillin can be selected, but the
cell wall can no longer bind the anti-phagocytic M protein so they have not been

seen in patient.

2.7.2.8 Circumvention/ Replacement of Target Site

While continuing to produce the original sensitive target, an alternative target
(usually an enzyme) that is resistant to inhibition by the antibiotic is produced
by bacteria in final mechanism, by which bacteria may protect themselves from
antibiotics. The alternative enzyme “bypasses” allow bacteria to survive the ef-
fect of the antibiotic in face of selection. In addition to the “normal” penicillin
binding proteins by methicillin resistant Staphylococcus aureus (MRSA) the al-
ternative penicillin binding protein (PBP2a), which is produced, is probably the
best-known example of this mechanism. The cell has a structurally sound cell
wall and continues to synthesize peptidoglycan because PBP2a is not inhibited by
antibiotics such as flucloxacillin so protein is encoded by the mecA gene [128]. In
a vancomycin resistant MRSA the genes involved can be transferred to S. aureus
so the appearance in 1987 of vancomycin resistant enterococci has aroused much
interest. The alternative target mechanism of resistance is also represented by this
mechanism [129]. Further cell wall synthesis is prevented when a penta-peptide
that has a d-alanine-d-alanine terminus is prevented to bind vancomycin in case
of entero-cocci that is sensitive to vancomycin (cell wall precursor is the normal
target of vancomycin). The enterococcus makes an alternative cell wall precursor
ending in d-alanine-d-lactate by acquiring the vanA gene cluster that does not

bind to vancomycin.

2.8 Pharmacokinetics of Antibiotic Resistance

In the setting of therapeutic failure multiple parameters determine the response
to antiretroviral therapy should be considered, while considering the development

of drug resistance. Successful virological responses to antiretroviral therapy are
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associated with individual Pharmacokinetic parameters, such as virological char-
acteristics (e.g., phenotype, genotype) and trough concentration (Cmin)[130]-[139]
Selection and accumulation of drug-resistance mutations are bound to happen in
patients on antiretroviral therapy in the absence of maximal suppression of virus
replication [140]. With the frequent cumulative acquisition of six or more amino
acid substitutions the acquisition of resistance mutations to protease inhibitor
(PI) therapy is complex [141]. A given compound has specific primary mutations,
whereas secondary mutations that are shared with other drugs within the same

family tend to accumulate later [136], [139], [142]

2.9 Pharmacodynamics of Antibiotic Resistance

With bacterial eradication and clinical success PK/PD-linked parameters have
shown to be associated and now been applied. To minimize development of re-
sistance and to improve success the principal focus is to optimize these PK/PD
achievement targets. The complex relation of resistance is driven by MIC and is
affected by acquired and inherent resistance as well as by mutation frequency. The
PD target achievement may also be affected by mechanical factors, including such
things as stationary growth phase of the organism, biofilm and inoculum effects.
Therefore, optimal drug exposure is achieved by minimizing resistance develop-
ment. When antibiotic exposure was suboptimal the probability of developing re-
sistance during antibiotic therapy significantly increased and is demonstrated by
the study evaluating factors associated with development of bacterial resistance

143).

2.10 Resistome

Communities of both pathogenic and non-pathogenic bacteriaconsisting of all the
antibiotic resistance genes called as Resistome [144]. In 2006, Gerry Wright'’s

group first coined the term “antibiotic resistome” which means the resistance
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determinants present in the soil [145]. In various microbial systems resistome is
the assemblage of resistance genes encoding the antibiotic resistance. In different
sectors of the One-Health concept, ARGs circulate among the microbiomes of
animals, humans, and the environment. To comprehend the complex Resistome
with in the microbiome meta-genomics is an essential sequence-based approach.
By understanding the mobile resistome, which is genetically associated with MGEs
and core resistome which is relatively stable in the microbiome, the classification

of ARGs was revealed [146].



Chapter 3

Materials and Methods

The methodology was designed to identify the insecticide resistant mosquito species.
The microbial diversity in gut microbiota of selected mosquitoes was determined
and then the resistant genes in each microbial species were identified. The priori-

tized resistant proteins were then docked against Derris to confirm their role.

3.1 Identification of Microbial Diversity

3.1.1 Insecticide Resistant Mosquito Species

Manual search of literature related to resistant mosquito species was performed on
various search engines, including “PubMed(https://pubmed.ncbi.nlm.nih.gov/),
Science Direct, Elsevier, and Google Scholar(https://scholar.google.com/)”. On

the basis of these literature surveys species summarized in table 4.1.

3.1.2 Identification of Microbial Diversity Among Resis-

tant Mosquitoes

To perform this step meta-analysis approach was performed. Statistical analysis
in which different scientific studies were combined is known as meta-analysis. If

28
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the same question is addressed under multiple studies and each study have an
issue of some degree of error, then meta-analysis is performed. Meta-analysis is
a systematic way of accessing the previous studies by applying epidemiological,
formal and quantitative study designs. The results concluded from meta-analysis

were more precised.

3.1.3 Inclusion/Exclusion Criteria

Inclusion criteria were designed to screen the irrelevant references or articles with
the information not sufficient to be included in the present study. Studies fulfilling
the criteria such as study name, type of mosquito, microbiome, type of microbiome,

pathways involved and genes involved were included.

All the articles with incomplete information were excluded. 52 articles were se-
lected and the remaining articles were excluded because they were not fulfilling
the inclusion criteria. Of the total 52 selected studies, titles, abstracts, and full
text of the papers were read and it was observed that 38 were missing important
points, therefore, removed. Studies that were removed from this review will be

available on request.

3.1.4 Statistical Analysis

The data analyzed using SPSS software package. Statistical parameters like mean
and standard deviation were determined for the data reporting microbiome and
genes involved and types of microbiome and gene involved. Paired sample t
test was used to access the association between variables. The Meta-Mar server

(https://www.meta-mar.com) was used to perform mathematical analysis.

The effect sizes were calculated using the fixed-effect model and the random-
effect model, and the forest plot was generated; correlation coefficients, risk ratios,
uniform mean differences, weight effect, and the heterogeneity of the studies were

also calculated.
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3.2 Methodology of Genome Analysis

3.2.1 Retrieval of Mosquitoes and Microbial Resistant Genome

and Mosquitoes Proteome

For analyzing the mosquitoes and microbial genomes, the genome of all the se-
lected resistant mosquitoes and microbes was obtained from (https://www. ncbi.
nlm. nih. gov/ genome/) for the retrieval of complete mosquitoes’ genome.
The complete genome of only five selected mosquitoes that were Aedes aegypti,
Anopheles gambiae, Anopheles sinensis, Aedes albopictus and Culex pipiens was
given in genome browser whereas the complete genome of 5 out of 13 selected
microbial species was given that were Plasmodium berghei, P.vivaz, P.falciparum,
Escherichia coli and Wolbachia spp. was given. Proteome of all the selected
mosquitoes was obtained from Uniprot (https://www.uniprot.org/proteomes/) for

the retrieval of mosquitoes’ protein sequences.

3.2.2 Analysis of Phylogeny and Taxonomy

Evolutionary development of species or organisms was studied in phylogenet-
ics. The accession number of 5 selected mosquitoes was inserted into genome-
to-genome distance calculator (GGDC2.0) (https://www.dsmz.de/services/online-
tools/genome-to-genome-distance-calculator-ggdc) and tree only was selected to

generate single tree of selected mosquito species.

3.2.3 Genome Comparison and Orthologs Identification

For genome comparison and identification of orthologs, the complete genome of
five selected microbes that was obtained through NCBI genome browser (https:
//www. ncbi . nlm. nih.gov /genome/) was visualized to see the gene archi-
tecture and gene repertoire of resistant mosquitoes and microbes. For this pur-

pose the obtained genomes of all the selected microbe were analyzed in NCBI
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Blastn(https://blast.ncbi.nlm.nih.gov/Blast.cgi? PROGRAM= blastn& BLAST-
SPEC= GeoBlast&PAGETYPE = BlastSearch ) using the FASTA format.

3.2.4 Pan Genome Analysis

The pan genome analysis was performed for microbial species using the micro-
bializer online tool (https://microbializer.tau.ac.il/). The sequences of all the mi-
crobes in FASTA format were inserted into mirobializer and results were generated

through email.

3.2.4.1 Identification of Key Resistant Genes

For identification of key resistant genes in microbial and mosquito’s genome IS-
Finder was a dedicated base using online platform of IS-finder (https://isfinder.
biotoul. fr/ blast.php) insertion sequences. The genome of microbes and mosquitoes

were visualized to find the common insertion sequences.

3.3 Docking

Using the Patch-dock online software (https://bioinfo3d.cs.tau.ac.il/PatchDock/),
the structures of resistant genes were found. In this method, nucleotide se-
quences of 5 microbes were inserted to Patch-dock software and remaining mi-
crobes were neglected due to unavailability of their nucleotide sequences or genome
sequences. The structure of proteins was visualized using the discovery studio
(https://discover.3ds.com /discovery-studio-visualizer-download). The genes with

having bumps in their structure were selected as resistant genes.

3.4 Overview of Methodology

The brief overview of methodology adopted is summarized in figure 3.1
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FI1GURE 3.1: Methodological steps involved in resistome analysis of mosquitoes’
gut microbiota.



Chapter 4

Results and Discussion

The exclusive use of insecticides and pesticides had now resulted in resistance
among insects especially mosquitoes against these chemicals. This project was an
effort to understood the impact and mechanism underlying the development of
this resistance especially focusing on role of gut microbial species of mosquitoes.

The results obtained were as follow

4.1 Identification of Insecticide Resistance

In order to determine the insecticide resistance properties in mosquitoes, the strat-
egy of identification of resistance mosquito species to identification of resistant gut
microbial species of mosquito to identification of genes in resistance gut microbial
species in resistant mosquito was used. To execute this strategy, meta-analysis

approach of data mining was exploited.

4.1.1 Selection of Articles

Search engines such as PubMed, Google Scholar, Elsevier and Science direct was
used to identify the literature relevant to search topic, keywords used include

“Insecticide resistance, Resistance in mosquitoes, Gut microbiota of mosquitoes,

33
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Resistance of mosquitoes and many more. The PRISMA chart summarizing the

selection process for studies included were depicted in fig 4.1.

Total articles searched
from different engines like
Google scholar, PubMed,
Science direct and Elsvier.
(n=147)

Exclusion of Duplicated
articles (n=69)

L

v

Relevant articles are

selected by title and

abstract (n=78)
Exclusion of articles having
information:
-
¢ In language other than
v English.
Articles fulfilling e No full text available
inclusion,/exclusion (n=20)
criteria (n=52)
> No proper information

included in inclusion

L criteria (n=37)
Articles that were

included in meta-
analysis (n=15)

FiGURE 4.1: PRISMA Chart indicating the process of articles selected for
metanalysis.

The search identified 147 articles were relevant to keywords. Duplication of articles
from different sources was removed. The resultant 52 were screened based on titles
and abstracts. Only relevant articles in English language with full text available

were considered. The scrutinized 15 articles were thoroughly read and information
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required was organized in table 4.1. This table was used as a source table for

further data extraction.

TABLE 4.1: Resource table based on articles selected for metanalysis:

Type of
Study Type of Micro- Micro.  Pathways Gene Ref.
Name Mosquito biome Involved
biome
Dong Plasmodium  parasite ~IMD PRRs, 1]
et al; falciparum pathway FBN9Y,
2015 TEPI,
APL1,
LRIMI1,
LRRD7
Anopheles  SFV Virus Toll MyD88
gambiae Pathway protein,
Rel 1,
effector
gene.
Seitz Anopheles  Plasmodium  parasite 2]
et al. gambiae berghet,
1987 Plasmodium
falciparum
Anopheles  Plasmodium  parasite  Jack-stat Stat-A |
aquasalis  vivax pathway STAT-B
Jadin  Anopheles  Pseudomonas bacterial IMD PGRPLB [12]
et al; stephensi species pathway protein
1967
Anopheles  Asaia bacterial
gambiae species
Walker Plasmodium  parasite  immune Peptid- [14]
et al; falciparum signaling oglycan
2006 pathways  reco-
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gnition
proteins
(PGRPs)

Wickerh- Yeast
amomyc
esanomalus

Hughes Anopheles  Plasmodium  parasite IMD Nos [33]

et al; stephensi  falciparum pathway

2011

Meister  Anopheles ~ Wolbachia bacterial IMD NF-kB [20]

et al., gambiae spp. species pathway family,

2009 REL2
and of
PGRPLC
receptor

Coon  Aedes FEscherichia  bacterial Mitogen [21]

et al., aeqypti coli species activated

2017 kinases

pathway
(MAPK)
Anopheles  Asaia bacterial hypoxia-
gambiae, species inducible
transc-
ription
factors
(HIFs),
insulin/
insulin
growth
factor
Garver  Anopheles  Serratia Y1~ bacterial Toll and AMP [24]
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et al., sinensis and J1 species Imd genes
2006 pathways
Blum-  Anopheles  Plasmodium  parasite IMD (TEP1, [34]
berg gambiae falciparum pathway REL2,
et al., LRRD7,
2005 FBNO,
defensin 1,
and
cecropin 1)
Para- Culex Wolbachia bacterial small Vago [37]
dkar pipiens spp. species inter-
et al; fering
2012 RNA
(or RNAI)
pathway
Werren  Aedes Wolbachia bacterial micro- AaDnmt2 [39]
et al; aeqypti spp. species RNA
1997 (miRNA)
pathways
Jousset  Aedes SINV arbo- ERK Sos [41]
et al; aeqypti viruses pathway (AAEL-
1967 001165)
Chen Aedes Aeromonas bacterial iMD antimi- [42]
et al; albopictus  taiwanensis,  species pathway, crobial
1997 Wolbachia toll peptides
spp. pathways
Bahia  Anopheles  Plasmodium  parasite  JAK- SOD3A,  [55]
et al; aquasalis VIVaT STAT SOD3B
2009 pathway
Chan-  Culex Wolbachia bacterial jak- HOP, [44]
del pipiens species STAT RELT,
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et al; pathway, DCR2,
2011 toll | TEP1
RNAj,
TEP1

4.1.2 Identification of Resistant Mosquito Species

The literature reviewed was summarized in table 4.1 and the data related to re-
sistance species of mosquitoes was extracted. Total seven species of mosquitoes
were observed. These species were reported from various regions of Globe includ-
ing China, Europe, Africa and America. Table 4.2 summarizes the data obtained
with relevance to mosquito species, the geographical area, disease association and
resistance it imparts against commonly used insecticides. It was observed that
most of the mosquitoes show resistance against DDT and pyrethroid which were

most commonly used insecticides in agricultural pesticides.

TABLE 4.2: Insecticide resistance mosquito species

Geogra- Resistance
Sr  Type of Disease
phical Against References
No. Mosquito Caused
Area Insecticides.
Anopheles Dennis
1 Sub-Saharan  Malaria Deltamethrin,
gambiae et al; 2015
Waldo
Africa, Asia, Permethrin
et al; 2012
. . _ Carrisi
Africa fenitrothion
et al; 2015
Gupta
et al; 2009
Akira

et al; 2006.
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Aedes

aeqypti

Anopheles

stephensi

Anopheles

aquasalis

Anopheles

SINensis

Culex

pipiens

Pennsylvania, Dengue

Shanghai,

China.

Paris,
Malaria

France

USA

China

Malaria

U.S, Encephalitis,

Pyrethriod

and organo-

phosphates.

DDT and
Malathion

Pyrethroid

Pyrethriods

Dong

et al; 2009.
Takuchei
et al; 2006.
Uematsu
et al; 2006.
Dennison
et al; 2015.
Meister

et al; 2005.
Walker

et al; 2014.
Bangi

et al; 2011.
Vogel

et al;2017.
Jadinet

et al; 1967
Luckhart
et al; 2007.
Bahia

et al; 2009.
Jadinet

et al; 1967
Luna

et al., 2006.
Vogel

et al; 2017.
Walker

et al; 2012.
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Hoffmann
New York Filariasis and
et al; 2011.
Avian malaria
USA, Vogel
Aedes Pacificisland ~ Dengue et al., 2017.
7 DDT
albopictus  of Maui, virus Valzania
Hawai et al., 2018

4.1.3 Microbial Diversity Among Resistant Mosquitoes

Mosquito develop resistance against insecticides using various mechanisms but, in

this project, focus was to understand, how gut microbial species contribute in this

resistance. For this purpose, gut microbial species present in all seven mosquitos

were catalogued in table 4.3.

TABLE 4.3: Microbial diversity amongst resistant mosquitoes

Sr. Type of Type of
yp Microbiome yp References
No. Mosquito Microbiome
Anopheles  Plasmodium
1 Parasite Dennison et al; 2015.
gambiae falciparum
Dong et al; 2009
Gupta et al; 2006
Waldock et al; 2012.
Plasmodium
Parasite Gupta et al; 2009.
berghei
bacterial
Asaia Akira et al; 2006.
species
Meister et al; 2005.
bacterial
Wolbachia Dennis et al; 2015.

species
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Wickerh-
amomyces Yeast Akira et al; 2006.
anomalus
SFV Virus Luna et al; 2006.
Aedes Escheri- bacterial
2 Vogel et al; 2017.
aeqypti chia coli species
bacterial
Wolbachia Asgari et al; 2012.
species
SINV Virus Downe et al; 1993.
Anopheles _ _
3 Pseudomonas Parasite Jading et al; 1967.
stephensi
Plasmodium
Parasite Luckhart et al; 2007.
falciparum

Anopheles  Plasmodium
4 Parasite Bahia et al; 2009.

aquasalis VIVaxT

Vogel et al; 2017.

Anopheles  Serratia bacterial
5 Luna et al; 2006.
sinensis Y1 and J1 species
Culex bacterial
6 Wolbachia Adelman et al; 2001.
pipIENS species
Bian et al; 2010.
Aedes Aeromonas bacterial
7 Pang et al; 2016.
albopictus  tarwanensis species
bacterial
Wolbachia Zhang et al; 2016.
species

Gut microbiota of mosquito comprise various organisms including bacteria, viruses

and parasites etc.

Mostly parasites were found in gut due to the fact that mosquito is a major

biological vector in transmission of parasites from one host to the other.
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4.2 Identification of Resistant Genes

Gut microbiota of mosquito play a significant role in insecticide resistance owing

the genes they possess. Table 4.4 enlists major resistant genes in microbial species

of resistant mosquitoes.

TABLE 4.4: List of Insecticide resistant genes in Gut microbiota of mosquitoes

Type of Microbiome Pathways Gene References
Mosquito Involved
Anopheles —  modium  IMD PRRs,  Dong et al: 2006.
gambiae
falciparum pathway FBN9, Dennison et al; 2015
TEP1, Walker et al; 2011
APL1, Mesister et al; 2009
LRIMI1,
LRRD7
Plasmodi- Jack-stat Stat-A, Gupta et al; 2009.
umberghei pathway Stat-B
Asaia Immune Peptid- Akiraet al; 2006.
signaling oglycan Dziarski et al; 2006.
pathway reco-
gnition
proteins
(PGRPs)
Wolbachia IMD NF-kB Dong et al; 2009.
Pathway family,
REL2
and of
PGRPLC
receptor
Wickerha- Immune Peptid- Cappelli et al; 2019.
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Aedes

aeqypti

Anopheles

stephensi

momyc

esanomalus

SFV

Escherichia

colt

Wolbachia

SINV

Pseud-

omonas

Plasmodium

signaling

pathways

Toll

pathway

Mitogen

activated
kinases

pathway
(MAPK)

micro-
RNA
(miRNA)
pathway.
ERK

pathway.

IMD

pathway
IMD

oglycan
reco-
gnition
proteins
(PGRPs)
MyD88
protein,
Rel 1,
effector

gene.
Hypoxia-

inducible
transcri-
ption
factors
(HIFs),
insulin/
insulin
growth
factor.

AaDnmt2

Sos(AAE-
L001165)

PGRPLB

protein

NOS

Waldock et al; 2012

Vogel et al; 2017.

Zhang et al 2013.

Jackson et al; 1993.

Gendrin et al; 2017.

Luckhart et al; 2007.
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falciparum
Anopheles ‘

Plasmodium
aquasalis

VIVAT
Anopheles _

Serratia
SINensis

Yiand J1
Culex

Wolbachia
pipiens
Aedes

Aeromonas
albopictus

tarwanensis

Wolbachia

pathway

Jack-stat

pathway

Toll

and IMD

pathway.

Small

interf-
ering

RNA
(RNAi
pathway)
Jack-stat
pathway,
Toll
pathway
and TEP1.

IMD

and Toll
pathway.

IMD
and Toll

pathway.

Stat-A,

Stat-B,
SOD3A,
SOD3B.

AMP

genes

Vago,

HOP,

RELL,
DCR2,
TEPI.

Antimic-

robial
peptides
(AMP).
Antimic-
robial

peptides

Bahia et al; 2009.

Kang et al; 2005

Luna et al; 2006.

Waldo et al; 2012

Stevenet al; 2015.

Hoffmannet

al; 2011.

Pang et al; 2016.

Zhang et al; 2016.
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4.3 Statistical Analysis for Number of Microbes

and Number of Genes

Data collected was analyzed based on various statistical parameters including
mean and standard deviation. For statistical analysis SPSS statistics (https://www.
ibm. com/ products/ spss- statistics) was used. For mathematical analysis Meta-

Mar server (https://www.meta-mar.com/) was used.

The effect sizes were calculated using fixed effect model and random effect model.
Statistical values were summarized in table 4.5, where ‘n’ refers to number of
articles reporting the presence of particular mosquitoes. Meanl shows the mean
value of microbes. Mean was defined statistically as the average value or most
common value. It was calculated by dividing total number of microbes reported

in particular mosquito species with total number of articles.

SD1 was the standard deviation of microbes. Standard deviation measures the
amount of variation of dataset relative to its mean. It was calculated as square

root of variance by determining deviation of each data part relative to the mean.

TABLE 4.5: Statistical analysis for number of microbes

Sr  Types of  Number Number Mean Standard
No. Mosquitos of Articles of Microbes M1 Deviation SD1

Anopheles

1 10 35 3.5 3.659
gambiae
Aedes

2 3 18 6.0 1.000
aeqypti
Anopheles

3 2 9 4.5 4.950
stephensi
Anopheles

4 2 18 9.0 0.000
aquasalis
Anopheles

5 2 21 10.5 0.707

SInensis
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Culex

6 2 10 5.0
pipiens
Aedes

7 2 17 8.5
albopictus

0.000

4.950

Similarly, table 4.6 summarized statistical values for number of genes in each

microbial species. ‘n’ indicates the number of articles involved. M2 indicates the

mean value of gene calculated by dividing total number of genes with the total

number of articles. SD2 shows the standard deviation.

TABLE 4.6: Statistical analysis for number of genes

Sr  Types of Number Number Mean
No. Mosquitoes of Articles of Genes M2

Standard
Deviation SD2

Anopheles

1 10 28 2.80
gambiae
Aedes

2 3 4 1.33
aeqypti
Anopheles

3 2 2 1.00
stephensi
Anopheles

4 2 4 2.00
aquasalis
Anopheles

5 2 2 1.00
SINENSLS
Culex

6 2 5 2.50
PIPIENS
Aedes

7 2 2 1.00
albopictus

1.874

0.577

0.001

0.001

0.001

2.121

0.001

Standardized mean difference i.e., SMD was calculated due to fact that each au-

thor was selected articles, expressed or depicted these results differently; similarly,
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a different technique was used in each article to determine the diversity among
microbial species and number of genes. The same concept was also referred as

‘effect size’ or Hedges (adjusted g).

It was calculated by dividing difference in mean outcome between groups, with
standard deviations of outcomes among participants. The negative ‘g’ values indi-
cate the difference of microbes in each mosquito species. Standard deviation was

summarized in table 4.7.

TABLE 4.7: Metanalysis

Number Number Combined Statistics for
Types
¢ of Microbes of Genes Selected Species
o
_ weight weight
o N S (%) - (%)
: D N Me- D 0) - 0) -
uitoes N an g SEg
1 2 an2 2 fixed random
1
model model
Anop-
3.6 1.8 -0.23 042 42.01 23.23
heles 10 3.5 10 2.80
59 74 0631 9867 7689 0233
gambiae
Aedes 1.0 0.5 -4.57 147 3.57 11.85
3 6.0 3  1.33
aeqypti 00 77 6341 3739 4856 5786
Anop-
4.9 0.0 -0.57 0.60 21.13 21.34
heles 2 4.5 2 1.00
50 01 1399 6088 6273 8564
stephenei
Anop- -565 2000
0.0 0.0 0.000 0.00
heles 2 9.0 2 200 6.85  .000
00 01 002 0012
aquasalis 4249 082
Anop-
0.7 0.0 -10.8 3.88 0.515 2.83
heles 2 105 2 1.00
07 01 58772 1449 362 8281
SInensts
Culex 0.0 21 -095 0.66 17.6 20.68
2 5.0 2 250

pipiens 00 21 2525 3282 48303 2323
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Aedes

4.9 0.0 -1.22 0.716 15.10 20.04
albop- 2 8.5 2 1.00

50 01 4427 891 7516 4802
1ctus

SEg values were standardized g value. SEg values were calculated as standardized
g values and represent the same things. In ANOVA and Regression models, the
term fixed effect and random effect models were used and applied to various types

of statistical model.

Random models show that the ‘g’ value derived from wider population, whereas
the fixed model was supposed to be measures without any error. Both fixed and
random models were considered to be measured of ‘g’ in one analysis were often

believed to be same as that of ‘g’ in another study.

M1 and M2 were random mean differences (RMD) which were effective if the
values were calculated as same parameters or the observations were made using
same tools or methods. As the calculations or observations were made in each
article, related the number of microbes and genes was different Hedge’s ‘G’ value

i.e., standardized or normalized mean difference was calculated.

In this regard standard deviation (SD) was used to calculate SMD or G. Standard
error for G ‘SEG’ was calculated which was estimated by samples SD divided by
number of samples. Table 4.8 summarizes the effect size calculation for number of
microbes measured using both the fixed, random effect model and genes.

TABLE 4.8: Summary of the effect size for number of microbes measured using
both the fixed effect and random effect model

Hedges’g SE 95% z p Hetero-
(SMD) CI score value geneity
Fixed 12—74.6%,
[-1.337, 0.004
Effect -0.79 0.279 2.837 Chi2=23.58,
-0.244] 558

Model df=6
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Random 74.6%,
2,829, 0.034

Effect -1.47 0.694 2.118 Tau2=
20.11] 139

Model 1.886

Table 4.8 describes effect size of fixed and random effect models and heterogene-
ity measurement values. In this meta-analysis study, all the number of studies
reporting the mosquito species had same result in different forms that’s why the

standardized mean difference (SMD) Hedges was used as a summary statistic.

The negative SMD values (Table 4.8) of both the fixed and random effect models
display the negligible degree of publishing bias that makes the results significant.
Standardization of results of the studies becomes compulsory so they could be
combined on a uniform scale. Standardization of results of the studies becomes

compulsory so they could be combined on a uniform scale.

In each study, the SMD relative to the variable was used to express the size of
the intervention effect. In Heterogeneity the experimental degree results that were
compatible for all the selected mosquitoes were compatible. If the CI had a low
association with the studies, the CI was also defined, suggesting that substantial

heterogeneity occurred (Table 4.8).

The heterogeneity in Table 4.8 was calculated to assess the degree to which the
findings of all the studies were consistent. The confidence interval (CI) that was
mainly used to find correlations among studies was also calculated for all the
studies. A significant heterogeneity was presented by Cl having a low correlation

values with tests.

Due to various problems in statistically significant values P value of 0.0 was used
instead of 0.05A whereas non-significant result should not be taken as evidence of
heterogeneity. Using fixed effects and random effect models the threshold value
for 12 was obtained as 95% which indicated significant heterogeneity (Table 4.8)
among the selected studies. The Meta-Regression results were shown in Table 4.9

and 4.10 respectively.
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TABLE 4.9: Calculation of publication bias in selected studies

Rosenthal (1979) Rosenberg (2005)
te(a = 0.05, df = 7) = 1.895 Zc(a = 0.05) = 1.645

Fail-N Safe 58.91 8.69

The higher values of both Rosenthal (1979) and Rosenberg (2005) observed in
table 4.9. It was confirmed that all the selected studies showed minimum levels
of publication bias. The legitimacy of a meta-analysis was perhaps threatened by
Publication bias and considered as a challenge to all studies seeking to use the
published literature. There was a publishing bias since research was more likely to
be submitted and reported with statistically meaningful findings than work with
null or non-significant results. Risk of higher bias in publications occurs if this
statistic was comparatively minimal. Due to higher number in studies the risk of

publication bias was quite minimal not zero.

TABLE 4.10: The meta-regression analysis of all the studies selected for meta-
analysis

OLS Regression Model

Dep. Variable: G

Model: OLS
Method: Least Squares
Log-Likelihood: -63.063

No. Observations: 7

The meta-regression analysis in Table 4.10 also confirmed significant variability
among studies and to predict the behavior of g (dependent variables) the least
square method was used, as a result the negative likelihood value (-63.063), thus
demonstrating the least chances of similarity in all the studies. The effect size
(publication bias) was tested using the Rosenthal (1979) and Rosenberg’s Fail-N
Safe (2005) file drawer method and shown in Table 4.9.
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FIGURE 4.2: Forest-Plot for number of microbes.

A forest plot was a graph that compares several clinical or scientific studies study-
ing the sample names and values. The diamond at the bottom of the forest plot
shows the result when all the individual studies were combined together and av-
eraged. The squares represent the effect estimate of the individual studies and
the the confidence interval horizontal lines indicate; the dimension of the square
reflects the weight of each study. In Fig 4.2 all the squares were on the vertical
line that shows that all the studies had same level of variations. The heterogene-
ity was 95%CI having Anopheles gambiae -0.231, Aedes aegypti -4.576, Anopheles
stephenei -0.571, Anopheles aquasalis -5,656.854 Anopheles sinensis -10.859, Culex
pipiens -0.953 and Aedes albopictusg (ave) value -1.224. High variation was ob-
served in Anopheles aquasalis that’s why study was not linked with the remaining
all selected studies which were almost similar. The percentage of heterogeneity

was also due to great variation of A aquasalis.

There were so many reported mosquitoes but the mosquitoes having almost similar

gut microbiota were selected for study. Six out of seven selected mosquito species
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show same level of variations in gut microbiota thus achieving our first objec-
tive of “Identification of insecticide resistance gut microbiota species in resistance

mosquitoes”.

4.4 Statistical Analysis for Diversity of Microbes

and Genes

Data collected for diversity of microbes was analyzed by various statistical pa-
rameters including mean and standard deviation. For statistical analysis SPSS
statistics (https://www.ibm.com/products/spss-statistics) was used. For mathe-
matical analysis Meta-Mar server (https://www.meta-mar.com/) was used. The
effect sizes diversity of microbes was calculated using fixed effect model and ran-

dom effect model.

Statistical values were summarized in table 4.5, where ‘n’ refers to number of
articles reporting the presence of particular mosquitoes. Meanl shows the mean
value of diversity of microbes. Mean was defined statistically as the average value
or most common value. It was calculated by dividing total diversity of microbes
reported in particular mosquito species with total number of articles. SD1 was
the standard deviation of diversity of microbes. Standard deviation measures the
amount of variation or dispersion of dataset relative to its mean. It was calculated
as square root of variance by determining deviation of each data part relative to

the mean.

TABLE 4.11: Statistical analysis for types of microbes

Sr Types of Number Number of Mean Standard
No. Mosquitos of Articles Microbes M1 Deviation SD1

Anopheles

1 10 21 2.10 1.370
gambiae
Aedes

2 3 10 3.33 0.577

aeqypti
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Anopheles
stephensi
Anopheles
aquasalis
Anopheles
sinensis
Culex
PIPIENS
Aedes

albopictus

2.00

1.00

3.00

3.00

3.00

1.414

0.001

0.000

0.001

0.001

Similarly, table 4.11 summarized statistical values for types of genes in each mi-

crobial species. ‘n’ indicates the number of articles involved. M2 indicates the

mean value of gene calculated by dividing total number of genes with the total

number of articles. SD2 shows the standard deviation.

TABLE 4.12: Statistical analysis for types of genes

Sr Types of Number Number Mean Standard

No. Mosquitos of articles of genes M2 Deviation SD2
Anopheles

1 10 28 2.80 1.874
gambiae
Aedes

2 3 4 1.33 0.577
aeqypti
Anopheles

3 2 2 1.00 0.001
stephensi
Anopheles

4 2 4 2.00 0.001
aquasalis
Anopheles

5 2 2 1.00 0.001
SIMensis
Culex

6 2 5 2.50 2.121

pipiens
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Aedes
2 1.00 0.001

albopictus

Standardized mean difference i.e., SMD was calculated due to fact that each au-
thor was selected articles, expressed or depicted these results differently; similarly,
a different technique was used in each article to determine the diversity among
types of microbial species and types of genes. The same concept was also referred
as ‘effect size’ or Hedges (adjusted g). It was calculated by dividing difference
in mean outcome between groups, with standard deviations of outcomes among
participants. The negative ‘g’ values indicate the difference of types of microbes

in each mosquito species. Standard deviation was summarized in table 4.12.

TABLE 4.13: Meta-analysis of diversity of microbes

Types of Types Combined Statistics
Type
¢ Microbes of genes for Selected Species
o
Mosg- weight weight
: n Me- SD n Me- SD %)- %)-ra-
uitoes G SEg (%) (%)
anl 1 2 an2 2 fixed ndom
model model
Anop-
2. 1.3 2. 1.8 0.40 0.43  44.38 26.98
heles 10 10
10 70 80 74 8431 3158 0321 4187
gambiae
Aedes 5 3. 0.5 5 1. 0.5 -2.77 1.03  7.80 21.47
aeqypti 33 7 33 77 2964 3172 0789 2808
Anop-
2. 1.4 1. 0.0 -0.57 0.60  22.66 25.63
heles 2 2
00 14 00 01 1515 6102 6925 9808
stephenei
Anop-
1. 0.0 2. 0.0 5714  202.0 0.00 0.00
heles 2 2
00 01 00 01 28571 31317 0204 2266

aqualis
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Anop-

3. 0.0 1. 0.0 -1616. 571.4 0.00 0.00
heles 2 2

00 00 00 01 244071 28857 0026 0283
SInensis
Culex 5 3. 0.0 5 2. 2.1 -0.19 0.57 25.15 25.90
pipiens 00 01 50 21 0505 5384 1711 0365
Aedes

3. 0.0 1. 0.0 -1616. 571.4 0.00 0.00
albop- 2 2

00 01 00 00 244071 28857 0026 0283
1ctus

SEg values were standardized g value represent the same things in microbial di-
versity of mosquitoes. In ANOVA and Regression models, the terms that were
generally applied to statistical models were fixed and random models. Random
models show the derivation of ‘g’ value from wider population, whereas the fixed
model was assumed to be measures the statistical values without any error. The
measurements of ‘g’ value in both fixed and random models were often considered

to be same as that of ‘g’ in another study.

M1 and M2 were random mean differences (RMD) which were effective if the values
were calculated as same parameters or the observations were made using same tools
or methods. As the calculations or observations were made in each article, related
the number of microbes and genes was different Hedge’s ‘G’ value i.e., standardized
or normalized mean difference was calculated. Table 4.14 summarizes the effect
size calculation for number of microbes and genes. It calculated P value.

TABLE 4.14: Summary of the effect size for number of microbes measured using
both the fixed effect and random effect model

Hedges’g SE 95% zZ p Hetero-
(SMD) CI score value geneity
Fixed 12=81.6%,
0.2  [-0.778, 0.462
Effect -0.21 0.735 Chi2=32.55,
89 0.353] 183

Model df=6
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Random

0.9 [-2.562, 0.481 81.6%,
Effect -0.68 0.704

62 1.208] 284 Tau2=3.24
Model

The measurement of heterogeneity and the effect size of fixed and random models
were described in Table 4.14. In different forms, all the number of studies re-
porting the mosquito species had same result for this meta-analysis study, so the
standardized mean difference (SMD) Hedges 'was used as a summary statistic.
The results were meaningful because of reason that the negative SMD values (Ta-
ble 4.14) of both the fixed and random effect models display the minimal degree
of publishing bias. For merging the results on uniform scale, the standardization
of results of the studies became mandatory. In each study, the SMD relative to
the variable was used to express the size of the intervention effect. The threshold
value for 12 was obtained as 81.6% using fixed effects and random effect models,
indicated significant heterogeneity (Table 4.14) among the selected studies. The

Meta-Regression Results were shown in Table 4.15 and 4.16 respectively.

TABLE 4.15: Calculation of publication bias in selected studies

Rosenthal (1979) Rosenberg (2005)

tc (o = 0.05, df = 7) = 1.895 Zc(ow = 0.05) = 1.645
Fail-N Safe 5.62 -5.95

TABLE 4.16: The meta-regression analysis of the studies for meta-analysis

OLS Regression Results

Dep. Variable: G

Model: OLS
Method: Least Squares
Log-Likelihood: -56.769

No. of Observations: 7
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The meta-regression analysis in Table 4.16 also confirmed significant variability
among studies. In all the studies the least chances of similarity can be demon-
strated by the least square method that was used to predict the behavior of g (de-
pendent variables) and the negative likelihood value (-56.769). Using the Rosen-
thal (1979) and Rosenberg’s Fail-N Safe (2005) the effect size (publication bias)

was tested using file drawer method and shown in Table 4.15.

Anopheles gambiae .
Aedes aegypti B
Anopheles stephenei |
Anopheles aqualis .
Anopheles sinensis —s
Culex pipiens .
Aedes albopictus .

g(ave) fixed model &

-4,000 -2,000 0 2,000

FI1GURE 4.3: Forest-Plot for types of microbes.

A forest plot was a graph that compares several clinical or scientific studies study-

ing the diversity of microbiota in selected mosquitoes. The diamond at the bottom
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of the forest plot shows the result when all the individual studies were combined
together and averaged. The squares represent the effect estimate of the individual
studies and the horizontal lines indicate the confidence interval; the dimension
of the square reflects the weight of each study. In Fig 4.3 all the squares were
on the vertical line representing Anopheles gambiae, Aedes aeqypti, A.stephensi
and Culex pipiens shows that all these studies had same level of variations. The
heterogeneity was 95% CI having A.gambiae 0, Aedes aegypti 0.408, A.stephenei
-0.572, A.aquasalis 571.429, A.sinensis -1616.244, Culex pipiens -0.191 and Aedes
albopictus g(ave) value -1616.244. High variation or poor level of variations were
observed in A.albopictus and A.sinensis whereas A.aquasalis was significantly sim-
ilar that’s why these studies were not linked with the remaining all selected studies
which were almost similar. The percentage of heterogeneity was also due to great

variation of these three species.

In seven reported mosquitoes there was diversity among the gut microbiota. Four
out of seven selected mosquito species show same level of variations but the other

three species had high level of variations.

4.5 Genome Analysis of Insecticide Resistance

For Genome analysis, the microbial species were analyzed for complete genome
sequences. From the 13 found resistant microbial species, the species having com-
plete genome were selected. Five resistant microbial species had complete genomes
were selected for further analysis. Genome analysis was done for determining the

genome size and identification of genomic features.

4.6 Phylogeny and Taxonomy

To study the evolutionary relationship among the organism’s phylogenetic anal-

ysis can be done whereas taxonomy was used for naming and classification of
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organisms into groups and sub-groups. Relationships among broad groups of or-
ganisms especially in reference to lines of descent, the history of the evolution of
a species or group was known as Phylogeny. Most phylogenies were based on in-
direct evidence and therefore were hypothesis. Using the same evidence different
phylogenies often emerge. The input nucleotide matrix comprised 16 operational
taxonomic units and 1585 characters, 717 of which were variable and 374 of which
were parsimony-informative. The base-frequency check indicated a compositional

bias (p = 0.00, a = 0.05).

ML analysis under the GTR+GAMMA model yielded a highest log likelihood of
-6023.64, whereas the estimated alpha parameter was 1.88. The ML bootstrapping
did not converge; hence 1000 replicates were conducted; the average support was
68.00%. MP analysis yielded a best score of 1060 (consistency index 0.87, retention
index 0.80) and 2 best trees. The MP bootstrapping average support was 89.38%.

87/

Plasmodium vivax NC_009911
Plasmodium vivax NC_009810
Plasmodium vivax NC_009915
Plasmodium vivax NC_009907
Plasmodium vivax NC_009908
sq/ioPlasmodium berghei ANKA NC_036165
Plasmodium berghei ANKA NC_036170
-1o0 901100 Plasmodium falciparum 3D7 NC_037282
Plasmodium falciparum 3D7 NC_004331
79166 1og/ioplasmodium berghei ANKA NC_036163
Plasmodium berghei ANKA NC_036164
100/100 ——— Plasmodium falciparum 3D7 NC_004325
L——— Plasmodium faiciparum 3D7 NC_004328
99/100 r— Escherichia coll str. K-12 substr. MG1655 NC_000913
79188 I Wolbachia sp. wRi NC_012416
l Plasmodium berghei NC_015303

FIGURE 4.4: Phylogenetic analysis of microbes.

Fig 4.4 showed that the Plasmodium vivax NC_ 009911 and NC_ 009910 were
closely related whereas the P.vivar NC_ 009915, NC_ 009907, NC_ 009908 was
differently related to former ones. P.berghei ANKA NC_ 036165, NC-036170, NC_
036163, NC_ 036164 sequences and P.falciparum 3D7 NC_ 037282, NC_ 004331
were more closely related to P.vivaz as compared to P.falciparum 3D7 NC_ 004325,
NC_ 004328. The other microbial species belongs to totally different branch, like
Escherichia coli and Wolbachia were closely related which means that they had
common origin. The P.bergher NC_ 015303 was also related to their branch which

means that P.berghei had some association with E.coli and Wolbachia.
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4.6.1 Genome Comparison and Orthologs Identification

The general purpose nucleotide search and alignment program was “blastn” pro-
gram that can be used to align genomic DNA sequences, tRNA or rRNA sequences
as well as mRNA. By speciation the evolution of genes in different species from
a common ancestral gene were known as orthologs that retains the same function
during the course of evolution. In newly sequenced genomes for reliable prediction
of gene function identification of orthologs was a critical process. With reference
to genome or gene structures the similar orthologs were found in different organ-
isms. In case microbial genome, gene or protein structure was not predicted then
the same orthologs having the predicted gene was used as a model genome for

predicting the structure of our required microbial protein sequences.

Using the BLASTN-based software (https://blast.ncbi.nlm.nih.gov/Blast.cgiPAGE_TYPE)
whole genome comparison was performed and visualized to show gene repertoire
and architecture of resistant genomes of selected mosquitoes. Whole genome com-
parisons were performed to identify the core and dispensable genomes among the

different mosquitoes.

The orthologs of selected mosquitos’ species was found using Blastn. By speciation,
from a common ancestral gene in different species had evolved were Orthologs and,
in general, during the course of evolution orthologs retain the same function. In
newly sequenced genomes, identification of orthologs was a critical process for

reliable prediction of gene function.

4.6.1.1 Inclusion/ Exclusion Criteria

From the 13 selected microbes only 5 were analyzed for orthologs using the blastn
because the remaining 8 microbes don’t had any given genome sequences. The
microbial species having complete genome were analyzed. Blastn was performed
on the five microbes whose full genome was available. The Blast e-value was the
expected hits number of similar score that could occur just by chance. The E-value

of Plasmodium bergei, P.falciparum, Escherichia coli and Wolbachia sp. was 0.0,
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which means that all these results were highly significant but the values of P.vivaz
were 9e-07, 4e-05, 0.006, 0.008 and 1e-04 respectively. The ortholog of selected

microbes is shown in table 2 (ref to Appendix).

4.7 Pan Genome Analysis

Pan genome analysis was performed using the microbializer tool to identify number
of ORF in all selected microbes. ORF was portion of DNA which start with start
codon and had no stop codons and can be translated into amino acids. Some ORF
had known genes whereas others had unknown genes. There was a chance that

unknown genes or uncharacterized genes were causing resistance.

Pangenome is a broad term that basically constitutes all the genes found in an-
alyzed dataset. It further divided into core genome and variable genome respec-
tively. The core genome constitutes the set of homologous genes in analyzed
dataset whereas the variable genome constitutes the gene families shared by two

or more organisms. The detailed results were shown in figure 4.5.

Count

100

3 3 6 7

a
Orthologous group size

FIGURE 4.5: Ortholog groups.

Sequence 2 shows the maximum number of orthologs that were above 600 and
sequence 7 shows the minimum number of ortholog groups having number ap-

proximately equal to zero. As shown in figure many genes were shared by all
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the selected microbes that’s why the line on the left side count above 600 but
when closely related genomes were analyzed the count number was very low and
upto seventh group it approximately reaches to zero. The reason behind such a
lower number was that we had variety of microbial species containing bacteria and

different parasites.

4.7.1 Structural and Functional Analysis of Genome

For gene prediction and functional annotation of bacterial genome NCBI prokary-
otic genome annotation pipeline was applied. Using online platform of IS finder In-
sertion sequences and transposases were detected. Insertion sequences were found
in mosquitoes and microbial genomes. Insertion sequences were basically the se-
quences of genome that were inserted from the microbial genomes to mosquito

genome.

Insertion sequences were small pieces of DNA that had ability to jump from one
part of DNA to the other [147]. When insecticides were given to the insect/-
mosquitoes they engulf that insecticide that ultimately damages the gut micro-
biota of mosquitoes. But microbes of mosquito gut received minimal exposure to
that insecticide and inspite of getting damaged or killed, they began to form insec-
ticide resistance genes/ insertion sequences against that insecticide. As a result,
these insertion sequences get inserted into mosquito DNA to make it insecticide
resistance. We checked which families of insertion sequences were common along
the mosquitoes, from which common insertion sequences families were selected.
Insertion sequences were the possible cause of insecticide resistance in mosquitoes

because they were inserted into mosquito genome from the microbial genome.

TABLE 4.17: List of insertion sequences and their microbiota

Group Mosquitoes Microbiota Common Family
1. Aedes aegypti, Escherichia coli, [S200/15605,
Culexpipiens, Wolbachia, 1S3, IS4, ISAs1,

Anopheles gambiae, Plasmodium IS481.,1S30 IS5,
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Aedes albopictus

Aedes aegypti,
Anopheles gambiae,
Aedes albopictus
Aedes aeqypti,
Aedes albopictus,

Culex pipiens

berghet,
plasmodium
falciparum,
Plasmodium
VIVax
Escherichia col,

Plasmodium vivaz,

plasmodium berghet,

Plasmodium
falciparum
Escherichia coli,
Wolbachia,
plasmodium
berghet,
Plasmodium
falciparum
Wolbachia,
Plasmodium
falciparum,
plasmodium
berghei
Escherichia coli,
Plasmodium vivaz,
plasmodium
falciparum
Escherichia col,
Plasmodium vivaz,
Wolbachia,
Wolbachia,
plasmodium

berghet

ISNCY, 18630,

IS110, 1S256,
1S1182, 1821,

[51595,151634

ISkrad

IS6
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4. Aedes albopictus,

Anopheles gambiae

5. Aedes aeqypti,
Culexpipiens
6. Aedes aeqypti,

Aedes albopoictus

7. Anopheles

gambiae

Escherichia coli, IS66
Plasmodium vivaz,
Wolbachia,
plasmodium berghei
Wolbachia, 15982, ISLre2
Plasmodium
falciparum,
plasmodium
berghet
Plasmodium
falciparum
Plasmodium ISH3
falciparum,
Plasmodium
berghei.
Escherichia coli, IS1
Plasmodium

falciparum,

Plasmodium vivaz,
Wolbachia,

Plasmodium

berghei

IS91

Escherichia col,

Plasmodium vivaz

One of the enzymes conversed super family was 1S200/IS605 that contains con-

served amino acids. For coordination of divalent metal ion it provides two out of

three required ligands [148]. The other inverted repeats were 1S3,1S4 and IS30 that

contains DNA binding domains[149]. Tn3 was involved in cleavages and strand

transfer reactions. The elements like [S1, IS2 and IS5 were involved in regulations

of other genes expressions. IS66 family composed of 12 members including the
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partial elements and several other elements having partially sequenced data. IS91
was composed of only 8 members having imperfect terminal IRs that on insertion
does not generate direct target repeats. IS110 family was relatively short having
single long well conserved open reading frame. [S256 family represent the unique
members having single long open reading frame some of which generating 9-bp
duplication and 8-bp direct target repeats. 1S630 family contains 12 members and
duplication of an invariant target TA dinucleotide was generated after insertion
procedure but a very little information was known about this family. IS1380 had
only 6 identified members and carry a long single ORF. In its host, Acetobac-
ter pasteurianusIS1380 was present in enormously high copy number. ISAsl was
restricted to gram negative bacteria containing 13 members and H-repeats were
also present in this family. 1% of chromosome was represented by this family.
ISL3 contain 21 known members and this family contains AT-rich regions. The

remaining sequences had unknown classification and description respectively [147].

4.8 Molecular Docking with Derris

Nucleotide sequences of all the selected microbes and mosquitoes were converted
into amino acids using ExPASy translate tool (https://web.expasy.org/translate/)
and compact format was selected. The ExPASy translate tool generated the amino
acid sequences along with highlighted open reading frame (ORF). The longest
ORF was selected for further analysis. Now for the predictions of protein struc-
tures and functions Phyrre2(http://www.sbg.bio.ic.ac. uk/ phyre2/ html/page.
cgi?id=index) was used. The amino acid sequences generated by ExPASy were
uploaded into Phyrre2 and normal mode was selected for structure prediction and

protein analysis.

4.8.1 Derris Insecticide

It was a colorless, odorless, crystalline isoflavone commonly used as insecticide. In

several plants rotenone occur in seeds and stems of several plants. It had ability
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to interact with various systems of organism. The structure of Derris insecticide

is given in fig:

FIGURE 4.6: Derris (Rotenone) a common insecticide[150].

To check the insecticide resistance in given protein structures, the several sequences
of protein were docked with insecticide. The insecticide selected for this purpose
was Derris insecticide. Derris insecticide is one the most common insecticide used
against mosquitoes. Rotenone was a Derris based insecticide that was commonly
extracted from the roots of derris plants and cube plants respectively. The purpose
behind the selection of Derris insecticide was that it was one of the most commonly
used insecticides against insects and it causes no damaging effects on food crops or
other plants. Derris was basically a stomach poison that damages the gut/stomach
of mosquitoes after chewing its doses. In this way the interaction behind the
insecticide resistance of mosquitoes can be easily visualized using the docking

procedure of insecticides and proteins of mosquitoes and microbes[151].

Using the Patch-dock online software (https://bioinfo3d.cs.tau.ac.il/PatchDock/),
we found the structures of resistant genes by docking of proteins with ligand which
was insecticide. The structure of proteins was visualized using the discovery studio.
The receptor ligand interactions were visualized in discovery studio and 3D and
2D structures of proteins were predicted. Unfavorable bumps mean there was no
interaction between the ligand and that nucleotide of receptor, so here insecticide

resistance sequences were visible with red circles.
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Following were the figures and tables showing the results of protein docking.

4.8.2 First Group

4.8.2.1 1S200/IS600

The 1S200/1S600 was the first family common among the four selected mosquitoes
i.e. Aedes aegypti, Culex pipiens, Anopheles gambiae, Aedes albopictus and it was
also common among the selected microbes such as Escherichia coli, Wolbachia,
Plasmodium falciparum, P.vivaxr and P.berghei. Docking was performed for this
insertion sequence containing family ISCpe2 against Derris. Only Plasmodium
berghei ISCpe2 family and Fscherichia coli ISSen6 family and IS609 family shows
unfavorable bumps for this insertion sequence. The binding affinity of this se-

quence was -238.36. The results were shown in figure.

GLU
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[ Unfavorabie Bur [ Prawt
Ligand [ carbon Hydrogen Bond [ covalent bond
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FiGURE 4.7: 3D and 2D representation of Plasmodium berghei ISCpe2 family

Ligand Receptor

FIGURE 4.8: ISSen6 Family of FE.coli
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eceptor e ——

[ ] Carbon Hydrogen Bana Eo], prakw

FIGURE 4.9: IS609 Family of E.coli

Ligand-receptor interactions of ISCpe2 Family of 15200/IS605 along with derris
as a ligand were shown in figure. Dotted lines in 2D figure show the hydrogen
bonding between nucleotides and red circles show the unfavorable bumps. TYR
was unfavorable bump in this figure. GLU show carbon hydrogen bond, ILE
presents the covalent bond whereas ILE and PHE show the alkyl and Pi-Alkyl

groups respectively.

4.8.2.2 1S3 Family

IS3 was the common family among the selected mosquitoes i.e. Aedes aeqypti,
Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,
P.vivax and P.berghei. Docking was performed for this insertion sequence contain-
ing against Derris. Only Escherichia coli containing different families like ISEc16,
IS2, IS3F, IS103, ISEc17, ISEhe3, ISKpn8, ISPeat2, ISSF110 and IS150 shows
unfavorable bumps for this insertion sequence. The binding affinities of these
sequences were -376.92, -183.80,-271.39, -75.67, -271.39, -280.25, -75.67 -179.52,
-219.04, -27.36. The results were shown in figure.

Ligand Receptor

FIGURE 4.10: ISEc16 family of E.coli
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FIGURE 4.11: IS2 family of E.coli
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FIGURE 4.12: IS3F family of E.coli
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FIGURE 4.17: ISPeat2 family of E.coli
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4.8.2.3 1S4 Family

IS4 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Culex pipiens, Aedes albopictus, Anopheles gambiae, and it was also common
among the selected microbes such as Plasmodium falciparum, Wolbachia, FEs-
cherichia coli, P.vivar and P.berghei. Docking was performed for IS4 insertion

sequence against Derris.

Only Wolbachia and FEscherichia coli containing different families shows unfavor-
able bumps for this insertion sequence. Wolbachia contain ISWenl, ISWosp8, IS-
Wosp9, ISWospbd and ISWpil8 in IS4 family whereas the Escherichia coli contain
IS4, ISCro3 and ISPcc3 families in 1S4 insertion sequence. The binding affinities
of the sequences of Wolbachia were -118.90, -274.89,-131.00, 217.47 and -162.10
whereas the binding affinities of F.coli were -241.02, -309.27 and -255.02. The

results were shown in figure.
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F1GURE 4.20: ISWenl family of Wolbachia
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FIGURE 4.22: ISWosp9 family of Wolbachia
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FIGURE 4.25: IS4 family of E.coli

SER

G 3
TP
© @ ¢
™R

16

PRO
39
Interactions
|:| van der Waals D Pi-Donor Hydrogen Bond
- Unfavorable Bump D Alkyl
[ cerbonHydrogen Bond [ Py

Receptor

FI1GURE 4.26: ISCro3 family of E.coli



Results and Discussion 75

Interactions

[ van cer wasis [ oenor Hycagen sond
B uofavorable Bump I Pisioma
Rece ptor [ carben Hydrogen Bond ] A

FI1GURE 4.27: ISPcc3 family of FE.coli

4.8.2.4 ISAS1 Family

ISAS1 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Clulex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Fscherichia coli, Plasmodium falciparum,

P.vivax and P.bergher.

Docking was performed for ISAS1 insertion sequence against Derris. Only FEs-
cherichia coli containing different families like ISEc5 and ISEc26 shows unfavor-

able bumps for this insertion sequence.

The binding affinities of these sequences were —201.02 and -124.78. The results

were shown in figure.

F1GURE 4.28: ISEc5 family of E.coli
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FIGURE 4.29: ISec26 family of E.coli

4.8.2.5 1IS481 Family

[S481 was the common family among the selected mosquitoes i.e. Aedes aeqypti,

Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among

the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,

P.vivax and P.bergher.

Docking was performed for IS481 insertion sequence against Derris. Only Wol-

bachia with certain families such as ISFW3 and ISWpi4 and FEscherichia coli con-

taining different families such as ISErspl and ISSod13 shows unfavorable bumps

for this insertion sequence. The binding affinities of the sequences of Wolbachia

were -137.71 and —212.85. The binding affinities of E.coli were -211.92 and -244.29

respectively. The results were shown in figure.
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4.8.2.6 1S30 Family

IS30 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,

P.vivax and P.bergher.

Docking was performed for IS30 insertion sequence against Derris. Only Fs-
cherichia coli containing different families such as IS30OH show unfavorable bumps
for this insertion sequence. The binding affinity of this sequence was -130.90. The

results were shown in figure.
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FI1GURE 4.34: IS30H family E.coli

4.8.2.7 IS5 Family

IS5 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,
P.vivax and P.berghei. Docking was performed for IS5 insertion sequence against
Derris. Only Escherichia coli containing different families such as [ISPa41, ISpmo2,
IS5, IS5D, ISD1spl, ISEc68, ISPa26, ISPa52, ISPpu2l, ISVch5 and ISVch9 show
unfavorable bumps for this insertion sequence. The binding affinities of these
sequences were -146.45, -146.45, -142.81, -197.49, -217.86, -197.49, -146.45, -145.46,
-146.45, -203.03 and -160.28 respectively. The results were shown in figure.
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FIGURE 4.44: ISVch9 family of E.coli

4.8.2.8 1IS630 Family

IS630 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Fscherichia coli, Plasmodium falciparum,

P.vivax and P.bergher.

Docking was performed for IS630 insertion sequence against Derris. Only FEs-
cherichia coli containing different family MITEEc1 show unfavorable bumps for

this insertion sequence. The binding affinity of this sequence was -220.98.

The results were shown in figure.
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4.8.2.9 1IS110 Family

[S110 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,

P.vivax and P.berghei.

Docking was performed for IS110 insertion sequence against Derris. Only Wol-
bachia with ISWen2, ISWpil2 and ISWpil3 family and Escherichia coli containing
family IS621 shows unfavorable bumps for this insertion sequence. The binding
affinity of sequences of Wolbachia was -168.32, -163.54 and -220.41. The binding
affinity of E.coli family was -248.39.

The results were shown in figure.
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FIGURE 4.47: ISWpil2 family of Wolbachia
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FIGURE 4.48: ISWpil3 family of Wolbachia
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FIGURE 4.49: 1S621 family of E.coli

4.8.2.10 1S256 Family

[S256 was the common family among the selected mosquitoes i.e. Aedes aegypti,
Clulex pipiens, Anopheles gambiae, Aedes albopictus and it was also common among
the selected microbes such as Wolbachia, Escherichia coli, Plasmodium falciparum,

P.vivax and P.bergher.

Docking was performed for IS256 insertion sequence against Derris. Only Wol-
bachia with ISWpilh family show unfavorable bumps for this insertion sequence.

The binding affinity of this family of Wolbachia is-296.56.
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FIGURE 4.50: ISWpilb family of Wolbachia

ISNCY, IS1182, 1521, IS95, 1S1634 were common families among the selected
mosquitoes i.e. Aedes aeqypti, Culex pipiens, Anopheles gambiae, Aedes albopic-
tus and it was also common among the selected microbes such as Wolbachia,
Escherichia coli, Plasmodium falciparum, P.vivax and P.berghei. The docking of
these sequences was performed against Derris. No unfavorable bumps were shown
in these families respectively. Hence the results prove that there was no insecticide

resistance among these families.

Similarly, ISL3 family from the selected mosquitoes i.e. Aedes aegypti, Culex pip-
iens, Anopheles gambiae, Aedes albopictus and common selected microbes such
as Escherichia coli, Plasmodium falciparum, P.vivax and P.berghei as a result of
docking against Derris show no unfavorable bumps. 1S1380 from the same se-
lected mosquitoes and some common microbes such as Wolbachia, Escherichia
coli, Plasmodium falciparum and P.berghei as a result of docking show no unfa-
vorable bumps. IS607 family from same mosquitoes and some common microbes
such as Wolbachia, Plasmodium falciparum and P.vivar as a result of docking

against Derris insecticide show no unfavorable bumps.

4.8.2.11 Tn3 Family

Tn3 was the common family among the selectedmosquitoes i.e. Aedes aegypti,

Culex pipiens, Anopheles gambiae, Aedes albopictus and it was also common
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among the selected microbes such as Escherichia coli, Plasmodium falciparum and
P.vivaz. Docking was performed for Tn3 insertion sequence against Derris. Only
Escherichia colihaving family ISSBal4 shows unfavorable bumps for this insertion
sequence. The binding affinity ofthisE.coli family was -263.91. The results were

shown in figure:
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FIGURE 4.51: ISSbal4 family of E.coli

4.8.3 Second Group

4.8.3.1 ISkra4 Family

[Skra4 was the common family among the threeselectedmosquitoesi.e.Aedes ae-
gypti, Anopheles gambiae, Aedes albopictus and it was also common among the se-
lected microbes such as Escherichia coli, Plasmodium vivar and Wolbachia. Dock-
ing was performed for ISkrad insertion sequence against Derris. No microbe show

unfavorable bumps for this insertion sequence.

4.8.4 Third Group

4.8.4.1 1IS6 Family

IS6 was the common family among the three selectedmosquitoesi.e. Aedes aegypti,
Culex pipiens, Aedes albopictus and it was also common among two selected mi-

crobes which were Plasmodium berghei and Wolbachia. Docking was performed
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for IS6 insertion sequence against Derris. No microbe show unfavorable bumps for

this insertion sequence.

4.8.5 Fourth Group
4.8.5.1 IS66Family

[S66 was the common family among the three selected mosquitoes i.e. Aedes al-
bopictus and Anopheles gambiae and it was also common among four selected
microbes which were Escherichia coli, Plasmodium berghei, Plasmodium vivax and
Wolbachia. Docking was performed for IS66 insertion sequence against Derris.
Only Wolbachia ISWen3 family shows unfavorable bumps for this insertion se-
quence. The binding affinity of this family was -294.16. The results were shown

in figure:

;

Receptor

FI1GURE 4.52: ISWen3 family of Wolbachia

4.8.6 Fifth Group

4.8.6.1 ISLre2 Family

ISLre2 was the common family among the two selectedmosquitoesi.e. Aedes aegypti
and Culer pipiens and it was also common among three selected microbes which
were Plasmodium berghei, Plasmodium falciparum and Wolbachia. Docking was

performed for ISLre2 insertion sequence against Derris. Only Plasmodium vivaz
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ISChe4 family shows unfavorable bumps for this insertion sequence. The binding

affinity of this family was -228.72.

The results were shown in figure:
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FI1GURE 4.53: ISLre2 family of Plasmodium vivaz

[S5982 family having the same two common mosquitoes and same microbes like

ISLre2 family as a result of docking against derris shows no unfavorable bumps.

[S701 was another member from the same group that was just found in Plasmodium

falciparum also show no unfavorable bump against derris.

4.8.7 Sixth Group

4.8.7.1 ISH3Family

ISH3 was the common family among the two selected mosquitoes i.e. Aedes al-
bopictus and Aedes aegypti and it was also common among four selected microbes

which were Plasmodium berghei, Plasmodium falciparum.

Docking was performed for ISH3 insertion sequence against Derris. No microbe

show unfavorable bumps for this insertion sequence.
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4.8.8 Seventh Group

4.8.8.1 IS1 Family

IS1 was the common family among the only one selected mosquitoi.e. Anopheles
gambiae and it was also common among five selected microbes which were Plas-
modium berghei, Plasmodium vivax, Plasmodium falciparum, Wolbachia and Es-
cherichia coli. Docking was performed for IS1 insertion sequence against Derris.
Only Fscherichia coli having families IXIX1 and IXIX4 show unfavorable bumps
for this insertion sequence. The binding affinity of these families of FE.coli was

-283.87 and -283.87 respectively. The results were shown in figure:
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FIGURE 4.55: IXIX4 family of E.coli

IS91 was another family from the same group shown in Escherichia coli and Plas-

modium vivazr as a result of docking against Derris show no unfavorable bumps.
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4.8.9 Molecular Docking of Microbes with Derris

The selected microbes were docked with Derris to check the binding affinity, in-
teraction residues and unfavorable bumps produced in several insertion sequences.

The following tables show docking results:

TABLE 4.18: Docking results of Plasmodium berghei against Derris

. Binding Interactions Residues/ Unfavourable
Sr no. Protein

Affinty Hydrogen Bond Bump
ILE-21

1 ISCpe2  -238.67 PHE-17 TYR-20
GLU-23

Docking results of Plasmodium berghei were shown in table. The binding affinity
of protein and ligand was -238.67 which shows that there was less binding affinity

between insecticides and protein.

The appearance of unfavorable bumps show weak interactions.

TABLE 4.19: Docking results of Plasmodium vivar against Derris

. Binding Interactions Residues/ Unfavourable
Sr No. Protein

Affinty Hydrogen Bond Bump
CYS-44

1 ISLre2 -228.72 CYS-48 SER-49
LYS-60

Docking results of Plasmodium vivaxr were shown in table. The binding affinity
of protein and ligand was -228.72which shows that there was less binding affinity

between insecticides and protein.

The appearance of unfavorable bumps i.e. SER-49 show weak interactions between

ligand and protein.
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TABLE 4.20: Docking results of Wolbachia spp. against Derris

Sr Protein Binding Interactions Residues/ Unfavourable
No. Affinty Hydrogen Bond Bump
1 ISFw3 -137.71 LYS-14 THR-22
CYS-13
SER-19
ARG-20
2 [SWenl  -118.9 Met-261 ASP-264
ARG-245 PHE-262
ARG-282 ARG-244
LEU-276 ASN-286
LYS-285
3 [SWen2  -168..32 PHE-252 CYS-251
PHE-243
ARG-250
4 [SWen3  -294.16  TRP-384 TYR-376
ILE-373 THR-389
5 [SWosp8 -274.89  TYR-134 SER-133
GLN-112
6 [SWosp9  -131 SER-227 GLN-230
SER-229 GLN-235
SER-231
7 ISWpi4  -212.85  ARG-298 LEU-302
PHE-310
PRO-307
LYS-179
THR-301
8 ISWpil2 -163.54  LEU-268 TYR-265
9 ISWospd  -217.47  MET-86 PHE-125

MET-114
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LEU-90
LEU-124
ILE-78
ASN-91
CYS-87
10 ISWpil3 -220.41 PHE-423 TYR-417
PHE-419
11 ISWpild -296.56 MET-18 THR-26
ILE-43 GLY-28
ILE-22
12 ISWpil8 -162.1 MET-38 PHE-33
VAL-41
ILE-37

Docking results of Wolbachia were shown in table. The binding affinity of proteins
and ligands were extreme negative valueswhich show that there was less binding
affinity between insecticides and protein. The appearance of unfavorable bumps
in red circles show weak interactions. The docking results of F.coli against Derris

is given in Table 1 (ref to An Appendix)

Docking results of Escherichia coli were shown in table. The binding affinity of
proteins and ligands were extreme negative valueswhich show that there was less
binding affinity between insecticides and protein. The appearance of unfavorable

bumps in red circles show weak interactions.



Chapter 5

Conclusion and Future Prospects

Mosquitoes as biological vectors, contribute a lot in onset of various epidemics.
This project was executedas an effort to explore the gut microbiota of mosquitoes
and resistance genes these microbota harbour, as these resistance genes play a sig-
nificant role in insecticide resistance. For this purpose, systematic review through
metanalysis was conducted, the objective of which was to prioritise the most fre-
quently reported mosquito species as well as the gut microbial species. Literature
mining helped us in gathering information about the insecticide resistance genes
and the pathways that are involved in insecticide resistance mechanim. Seven
generas from the three related species are found to be involved directly in insecti-
cide resistance. The first step was to check the microbial interactions among the
different mosquitoes. The meta-analysis techniques was performed which showed
that there is a same level of variations in microbes among different mosquitoes.
The microbial diversity was also visualized inside the gut of mosquitoes and they
are found to consists of bacteria, viruses and parasites respectively. The phyloge-
netic analysis was performed to checked the closely related and differently related
microbial species. Phylogenetic results showed that there is complex variety of
parasites inside mosquitoes gut that are basically involved in disease transmis-
sion. Orthologs were found using the BLASTn to identify the same genes in other
organisms. Once the microbial species were identified, pangenome analysis was

conducted to fine common genes (core genome) of all the selected species. As

93
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the microbiota varies between viruses to bacteria to parasites, the number of core
genes was very low. Pangenome analysis showed that only few mosquitoes and
microbes have the common genes/insertion sequences. After this last major step
was performed to check the metabolic pathways in which insertion sequences are
involved in insecticide resistance. For this purpose docking was performed using
the online Patch-dock software and results are visualized using the Discovery stu-
dio. Poor docking results and presence of bumps showed that there is a weak

interactions between the proteins and insecticides respectively.

In future the prioritized insertion sequences and their inhibitors could be validated
in lab. The control stretegies for mosquitoe borne epidemics could be more effective
if they are designed targeting the mechanism behind insecticide resistance. And
thus by targeting these insertion sequences better drugs could be designed that
are able to control the mosquitoes growth and mosquito born diseases like dengue

and malaria etc.
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TABLE 1: Docking results of Escherichia coli against Derris

Sr Protein Binding Interactions Residues/ Unfavourable

No. Affinty Hydrogen Bond Bump

1 IS30H -130.9 ARG-280 ARG-279
ALA-282
ASP-277

2 ISech -201.02  ALA-219 ASP-218
ILE-175 GLU-352
ILE-215
MET-220
HIS-173
HIS-348

3 [Sec16 -376.92  ILE-49 TYR-113
CYS-114 ARG-80
ALA-89 MET-81
LEU-90
ALA-86

4 ISErspl -211.92  VAL-95 GLU-97
ALA-96
TYR-94

5 IS Pa4l -146.45  VAL-16 ARG-9
LEU-12
LEU-13
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TABLE 2: Orthologs of selected microbes

Type of Selected Description Scientific Max Total Query E % age Acc. Acce-
Microbes Sequences Name Score Score Cover Value Identity Len  ssion
Escheri- seq CPO- Escherichia
chia coli 48439.1 coli strain Escheri- 2.232- 2.517- 100% 0.0 100.00%  465-  CP04-
NBRC 3301 chia coli  e+05  e+05 6310  8439.1
chromosome,
complete
genome
seq CPO- Escherichia Escheri- 2.232- 2.449- 100% 0.0 100.00%  465-  CP02-
27060.1 coli str. K-12 chia coli e+05 e+05 3240  7060.1
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