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ABSTRACT

Anopheles gambiae sensu stricto mosquito larvae are known to thrive in non-polluted
environments. However, the larvae have adapted to heavy metal polluted habitats at a significant
biological cost. The molecular processes mediating the adaptation are poorly understood. This
study assessed transcriptional and proteomic responses in An. gambiae s. s larvae following
exposures to cadmium heavy metal as proxy assessment of adaptation of the mosquito to heavy
metals. Three independent replicates of third instar larvae were exposed to cadmium or not
(controls). Their RNAs were separately extracted and complementary DNA (cDNA) were
synthesised from the RNA. Differentially expressed transcripts among cDNA transcripts were
identified using the Annealing Control Primer (ACP) technology. Similarly, protein was
concurrently extracted in triplicates from third instar larvae (n=50), separated using SDS gel and
in-gel protein digestion using trypsin. The protein fragments were then analysed and profiled
using Mass spectrometry (MS) and a suite of bioinformatics software. Transcriptomic analysis
identified fourteen differentially expressed genes, of which eleven were up-regulated by the
cadmium exposure while three were down-regulated. The up-regulated genes were clustered into
biological functions that encompassed metabolism, transport and protein synthesis. The down-
regulated transcripts included Protein G12, adenylate cyclase and endoplasmic reticulum
metallopeptidase. Proteomics analysis revealed the down-regulation of immunity, protein
synthesis and degradation and proton transport proteins by cadmium exposure in the mosquito
larvae. There was an up-regulation of proteins with catalytic activity in the cadmium exposed
larvae. There was also an up-regulation of signalling molecules of the small GTPase family.
Other proteins induced included, transcription factor, ribosomal proteins and those in the protein
degradation pathway involving ubiquitination. These findings provide information of cadmium
responsive transcripts and proteins that are useful in designing more effective vector control

methods that match changes in vector dynamics.

Vi
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CHAPTER ONE
INTRODUCTION
1.1  Background Information

Malaria is a global disease which is so devastating and it threatens almost half of the
population globally. In sub-Saharan Africa, this disease causes high mortality and morbidity
inspite of huge investments in its control (WHO, 2013). More than 200 million incidences of
malaria were reported annually, with an estimated half a million people succumbing to the
disease in 2012 (WHO, 2013). Ninety five countries in the year 2015 were having malaria
transmissions whereby approximately 3.2 billion people were facing the risk of this infection and
the highest share of the global burden of malaria was being shouldered by sub Saharan Africa. In
the year 2015, sub Saharan Africa reported around 90% of malaria deaths and 88% of malaria
cases (WHO, 2016). In the year 2017, there was an estimated 219 million malaria cases whereby
the ten highest burden African countries reported about 3.5 million more cases of malaria
comparing to the cases reported in 2016. In Africa, malaria disease continues to threaten the lives
of close to half a million people annually, whereby children under five years are the most
vulnerable of this preventable and curable disease (WHO, 2018). Despite the fact that there was
a reduction of estimated 20 million malaria cases in the year 2017 as compared to 2010, data
collected during the period of 2015-2017 did not show any significant progress in the reduction
of global malaria cases (WHO, 2018). In sub-Saharan Africa the burden of malaria disease is
attributed to the human population that is expanding, weakness of the health care systems,
presence of the mosquito vector and ideal environmental conditions for transmission of malaria
(Killeen et al., 2004).

There are approximately one hundred and twenty species of Plasmodium but only five
have the capacity to infect humans. These Plasmodium species include Plasmodium vivax,
Plasmodium falciparum, Plasmodium malariae, Plasmodium knowlesi and Plasmodium ovale
(Carter & Mendis, 2002; Cox-Singh et al., 2008). The five Plasmodium species are found in
different geographical regions. For example, 80% of the cases of malaria disease reported in sub-
Saharan Africa were caused by Plasmodium falciparum while P. vivax was responsible for over
95% of malaria cases in Asia (Carter & Mendis, 2002). In regard to the five Plasmodium species
responsible for human infections, Plasmodium falciparum has been reported as the most

pathogenic with manifestions such as severe malaria anemia and cerebral malaria.



Female Anopheles mosquitoes are the exclusive vectors of malaria in mammals since
they feed on mammalian blood and in the process they transmit malaria through their bites. Out
of about five hundred recognized species, only approximately thirty are important vectors of
human malaria while the rest of the anophelines have little consequences to the health of the
public (Collins & Paskewitz, 1995). Malaria disease impedes economic development in several
ways which include reduced quality of life, reduced fertility which relates to abortion cases and
children born with low birth weights, savings and investment, worker productivity, population
growth, medical costs and premature mortality (Sachs & Malaney, 2002).

In Kenya malaria disease still remains a major public health problem accounting for an
estimated 16% of all out-patients consultations (KNBS, 2017). The probability of children under
five years dying per 1000 live birth was 46 cases in Kenya (WHO, 2015). The inception of the
Malaria Operational Plan (MOP) for the year 2018, showed in detail how the plan would be
implemented in Kenya and this was to be based on the strategies as indicated in the President’s
Malaria Initiative (PMI) and National Malaria Control Program (NMCP). PMI’s goal was mainly
to ensure that mortalities that related to malaria reduced by 50% especially in the regions
classified as high-burden countries in sub-Saharan Africa. This was to be achieved through the
use of effective malaria disease treatment and prevention measures. These involved the use of
indoor residual spraying, accurate diagnosis, insecticide-treated mosquito nets and treatment with
artemisinin- based combination therapies (ACT). The outcome of this strategy is that it has led to
reductions in mortality rates among children who are below five years of age (PMI, 2018).

Anophelines mosquitoes are quite anthropophilic and they are able to exploit habitats of
different kinds that are indirectly or directly created by human beings during their different
activities such as mining, farming and construction of roads or buildings. The breeding sites
range from permanent water collections in rice farms and irrigation canals, water collected in
ground soil depressed by livestock, temporary sun-lit pools and ditches that arise from
construction (Sinka et al., 2010). The Anophelines have the capacity to exploit and adapt to
varied larval habitats and this can be explained by their distribution in many geographical sites
having different environmental conditions in tropical Africa (Budiansky, 2002; Lanzaro et al.,
1998). Anopheles gambiae mosquito vectors of malaria occur in rural areas which are
characterized by less pollution as compared to the urban areas which are characterized by

pollution and scarce breeding sites due to high population (Coluzzi, 1993). However, there is



increased transmission of malaria in towns and urban agricultural settings and they have been
shown to represent areas of vector explosion and transmission of malaria disease (Afrane et al.,
2004; Matthys et al., 2006; Robert et al., 1998; Trape & Zoulani, 1987). Urbanization has created
new breeding sites and Anopheles mosquitoes have adapted to these breeding sites and therefore
their ecology differs from that in the rural areas. With increased road construction activities and
urbanization means that there are changes of stream ecology that is as a result of heavy metals
pollution that arise from non-point sources. However, recent information regarding heavy metal
contamination relates to point and downstream activities that arise from sources that are known
(Sekabira et al., 2010; Zvinowanda et al., 2009).

There have been increased levels of the pollutants in the natural environment that are
released from industrial activities and domestic activities and these compounds mostly
accumulate in stagnant water bodies and in rivers (Biney et al., 1994). Most of the compounds
released in the larval habitats are highly toxic but An. gambiae has been able to circumvent the
sting of the toxicants albeit at a significant biological cost. Biological cost of the mosquito relates
to larval and pupal survivorship, adult emergence, reduced egg viability, fecundity, increased
population doubling times, instantaneous birth and reproductive rates (Mireji et al., 2010b;
Nchoutpouen et al., 2019). Heavy metals that are found in water collections are likely to arise
from anthropogenic or natural sources. Heavy metals released from anthropogenic activities in
most cases exceed inputs from natural sources and this has deleterious effects to the aquatic life.
The transition of mosquito from rural to urban areas relates to complex interactions of biological
and environmental determinants of vector adaptation to polluted urban habitats (Reed et al.,
2003). Indeed, rapid population growth, unplanned urbanization and the resulting increase in
pollution are rapidly changing the environment over most parts of Africa, impacting the bio-
ecology and diversity of its endemic fauna with major implication on the malaria disease and
other diseases (Donnelly et al., 2005; Hay et al., 2005; Robert et al., 2003). The fact that there
has been urbanization which is rapid and unplanned in the cities of sub-Saharan Africa that
greatly impact natural ecosystems, the changes have been observed to favour the anophelines and
there has been adaptation of the anophelines to various xenobiotics which include heavy metals
and they have also expanded their niche to inhabit habitats that are polluted (Awolola et al.,
2007; Djouaka et al., 2007; Mireji et al., 2008).



Industrial activities and unorganized expansion of urban areas that go hand in hand with
improper waste management significantly lead to polluted environments and there is also a risk
of municipal waste accumulation (Mungai & Wang, 2019). Most of African cities are
characterized by improper solid waste and harmful waste disposal regulations and such waste is
likely to be radioactive or toxic (Kimani, 2007). These unplanned cities demonstrate problems in
waste management that are characterized by uncontrolled garbage heaps, refuse that is littered in
the roadsides; toxic waste that is inappropriately disposed, rubbish that has blocked streams and
also disposal sites near residential areas that pose health hazards to people (Ayeni et al., 2017).
Heavy metals such as chromium, aluminium, lead, zinc mercury, nickel and cadmium in the
environment have been reported and they mainly arise from modern agricultural activities and
industrialization (Atafar et al., 2010). Heavy metals Pollution have led to chronic and acute
effects on insects which has been characterized in the form of decreased hatchability, growth of
inhibition, reduced reproduction rates and developmental abnormalities (Azam et al., 2015;
Mireji et al., 2010b; Singh & Heer, 2017).

Cadmium heavy metal is one of the hazardous compounds on the European Union list of
harmful substances and it is a non-essential and toxic heavy metal (Waters et al., 2008). There
has been a lot of concern due to incresed cadmium accumulation in the enviroment that arises
mainly from anthropogenic sources (Kinuthia et al., 2020). The location of cadmium in the
periodic table is between Zinc (Zn) and Mercury (Hg) and its behaviour is chemically similar to
Zn. In the earth’s crust cadmium exists at approximately 0.1 ppm (Wedepohl, 1995) and is
usually found in impurities of Lead or Zinc deposits. The production of cadmium is mainly as a
by-product during the smelting process of Lead or Zinc. Cadmium exists as a divalent cation
(e.g., CdCly) that is usually a complex of other elements. The production of cadmium for
commercial purposes like electroplating began around the 20" century but later cadmium
production is mainly for making polyvinyl chloride plastics, making nickel-cadmium batteries
and paint pigments. Contamination of the atmosphere with cadmium mainly arises from fossil
fuel combustion, municipal waste incineration and smelting of non-ferrous metal ores (Nordberg
etal., 2007).

Cadmium contamination in humans has been classified as a carcinogen in that its toxicity
has been observed on the respiratory system, kidney and the skeletal system (WHO, 1992a).

Cadmium in the environment is usually present at minimal quantities but the levels have



increased due to human activities like electroplating (WHO, 1992b). It has been observed that
cadmium has the capacity to travel by atmospheric transport to far places from the emission site
(WHO, 2007). Cadmium accumulates in living organisms notably crustaceans, insects and
mollusks (WHO, 2010). A significant source of cadmium contamination can be from municipal
sewage waste that is applied to cultivation fields (WHO, 1992b). Cadmium chloride toxicity is
deleterious to living organisms and its negative manifestations include reduced fecundity, high
mortality rates, problems in mating, reduced longevity and reduced ability of hatching in most
arthropods and insects (Luo et al., 2019; Singh & Heer, 2017). Other negative effects of
cadmium at the cellular level involve production of reactive oxygen species and also being
involved in oxidative stress and this causes various functional and structural changes that are
characterized as lipid peroxidation (Korsloot et al., 2004), instability of the lysosomal membrane
(Breackmann et al., 1999), decreased activity of the enzymes involved in detoxification and
antioxidative fuctions (Augustyniak et al., 2009; Kafel et al., 2003; Lijun et al., 2005; Wilczek et
al., 2004) and depletion of glutathione (Augustyniak et al., 2005).

Studies involving Chironomus tentans and Baetis thermicus aquatic insects exposed to
chronic concentrations of heavy metals demonstrated adaptation to the metals they were exposed
to (Clements & Kifney, 1994; Hare, 1992; Krantzberg & Stokes, 1990; Suzuki et al., 1988;
Wentsel et al., 1978) and also bioaccumulation was observed (Suzuki et al., 1988). Tolerance to
heavy metals depends mainly on the concentration of the specific metal and also on the type of
the metal applied (Rayms-Keller et al., 1998). Heavy metal tolerance at the molecular level is
usually achieved by expression of repair and defense proteins which include heat shock proteins
(HSP) (Beyersmann & Hechtenberg, 1997; Kim et al., 2000; Liao & Freedman, 1998; Mireji et
al., 2010a; Shimizu et al., 1997; Stohs et al., 2001), p53, glutathione, immediate early genes,
metallothioneins and a spectrum of potential metal responsive proteins (Mireji et al., 2006).
However, the adaption to heavy metals potentially results in significant loss in biological fitness
in the mosquito (Mireji et al., 2010D).

1.2  Statement of the Problem
Anopheles gambiae is known to proliferate in clean environments devoid of pollutants.
However, recent findings have established that the vector has expanded its niche to habitats

polluted with organic wastes, sewage and heavy metals. This potentially expands the sources of



explosion of mosquito vector populations, mostly in the urban areas where there is poor drainage
and waste disposal from industries. The prevalence of mosquito vector of malaria and its role in
the transmission of malaria then translates to an impediment in economic development and
increased malaria burden of the disease especially in the urban environments. The underlying
molecular processes mediating adaptation of the mosquito to polluted environments are not well
understood. Therefore, this study was undertaken to identify transcripts and proteins
differentially expressed to enhance the survival of An. gambiae s. s. larvae in a cadmium heavy
metal environment. Previous studies focused on establishing baseline levels of heavy metals,
including cadmium, in An. gambiae s. s. natural habitats, expression profiles of selected genes
and the associated biological costs of adaptation to habitats polluted by heavy metals. These
findings formed the foundation upon which the current studies were established. The knowledge
obtained from this study is critical in elucidating the molecular adaptation of the mosquito and
also generation of information that is useful in designing more effective vector control methods

that match changes in vector dynamics.

1.3 Objectives
1.3.1 General Objectives
To determine molecular processes mediating the adaptation of An. gambiae sensu stricto

to cadmium heavy metal exposure.

1.3.2 Specific Objectives

i To establish and maintain a colony of cadmium treated and control untreated An.
gambiae s. s.

I To determine cadmium metal responsive transcripts that mediate adaptation of An.
gambiae s. s larvae to cadmium heavy metal exposure.

i To determine proteomic profiles (potential biomarkers) in An. gambiae s. s. larvae

associated with exposure to cadmium heavy metal.

14 Hypotheses
i There is no colony of cadmium treated and control untreated An. gambiae s. s that

requires establishment and maintenance.



ii There are no identified cadmium metal responsive transcripts mediating adaptation of An.
gambiae s. s. larvae to cadmium metal exposure.
i There are no identified proteomic profiles (potential biomarkers) in An. gambiae s. s.

larvae associated with exposure to cadmium heavy metal.

1.5  Justifications of the Study

Malaria has predominantly been a disease of the rural areas in Africa and consequently
rare in highly populated urban areas due to proclivity of the An. gambiae vector for proliferation
in relatively clean aquatic habitats. However, the mosquito has been found proliferating in
aquatic habitats with environmental pollution including heavy metals. This is contrary to the long
held dogma that indicates their exclusive existence in clean habitats. This adaptation means that
mosquito larvae must have undergone physiological adjustments, underpinned by molecular
processes at various levels that have facilitated this niche expansion. Such adjustments or
tolerance to heavy metals have previously been documented to lead to a reduction in the
biological fitness of the mosquito that could ecologically impact the performance of the vector.
The molecular processes mediating this adaption are poorly understood and yet hold key to
understanding how this evolutionary process in the mosquito has impacted malaria transmission.
The polluted habitats have traditionally been overlooked in vector control initiatives and this
could lead to explosion of vector populations within and between seasons.

Cadmium heavy metal was selected for this study because previous studies have
established that this heavy metal is highly toxic as a pollutant. Cadmium has been observed to be
more toxic up to 20 times as compared to other heavy metals and on the European Union list
hazardous compounds it has been ranked as the sixth in the list. Cadmium also has numerous
detrimental effects on living organisms such as insects, mollusks and crustaceans including
humans. This study therefore unraveled, differentially expressed transcripts and proteins that
facilitate the tolerance of An. gambiae s. s. in cadmium heavy metal polluted environments and
thus provides insights on the adaptation mechanism in the mosquito. In addition, understanding
the molecular biology of the malaria vectors thriving in polluted urban environments forms the
first steps towards designing more effective vector control tools that match the changes in vector

dynamics.



1.6 Scope and Limitations

This study was carried out on An. gambiae s. s. mosquitoes reared in the insectary at the
International Centre of Insect Physiology and Ecology (ICIPE). One population group was
subjected to cadmium heavy metal treatment and the other population which comprised of the
control group was not subjected to cadmium heavy metal treatment. These populations were
raised in triplicates and third instar larvae were used in the study. The study had earlier been
proposed to use cadmium, copper and lead heavy metals, however, this study was limited to
assessment of cadmium heavy metal because it has been documented as one of the most toxic

heavy metals having detrimental effects on organisms like insects, mollusks and crustaceans.



CHAPTER TWO
LITERATURE REVIEW

2.1  Anopheles gambiae Species Complex

There are approximately five hundred known species of Anopheles mosquitoes and out of
them there are about thirty species that can transmit malaria disease. The other species of
anophelines have no consequences that are of public health concern (Collins & Paskwetz, 1995).
For human malaria vector to be highly efficient in the transmission of malaria disease there are
traits that are needed and these include physiological competence of the vector to parasite
infection, the population density should be high and also the vector should have a strong
preference for human blood (White et al., 2011). There are five chromosomal forms which are
Bamako, Mopti, Forest, Bissau and Savanna of Anopheles gambiae s. s. (Figure 1) whose
naming was based on the non-Linnaean nomenclature. Each of these forms has arisen based on
the inversions of chromosomes observed specifically on chromosome-2. Ecological factors like
breeding sites and aridity greatly influenced the pattern of their geographical distribution
(Coluzzi et al., 1985; Toure™ et al., 1998). Several investigations have been carried out to
determine the differences in behavior and ecology between the Savannah and the Mopti forms.
Studies have so far established that the Savannah form which is the most wide spread form
predorminantly inhabits temporary habitats in Savannah areas in Africa while the M form have
been found to be well adapted to breeding sites that are permanent like rice fields (Diabate™ et al.,
2005). There are six main vectors of malaria disease in Africa out of which three belong to the
Anopheles gambiae complex and these are An. arabiensis, An. gambiae and An. colluzi (Sinka et
al., 2012). There are eight cryptic species that make up the An. gambiae complex (Coetzee et al.,
2013; Davidson, 1962; Davidson & Hunt, 2013) and they ecologically differ in various ways
which relate to their feeding behavior, their choice of breeding sites, their role in transmission of
malaria disease and their preference for hosts (Davidson 1962; White et al., 2011). An. gambiae
complex is widely distributed geographically through out tropical Africa and this can be
attributed to its high anthropophilic nature and also its ability to colonise different habitats that
range from water collections in grounds depressed by livestock, temporary sun-lit pools of water,
water in irrigation canals and ditches (Budiansky, 2002; Lanzaro et al., 1998).

Africa is home to over one hundred and forty Anopheles species and out of them there are

about eight species which are effective malaria vectors (Gillies & Coetzee, 1987; Gillies & de



Meillon, 1968). An. gambiae s. s and An. arabiensis belong to the An. gambiae complex and they
are recognized as the vectors that are most effective for human malaria transmission (White,
1974). There are other species of the An. gambiae complex that are recognized and they include
An. merus, An. quadriannulatus, An. melas, An. quadriannulatus B and An. bwambae. An.
bwambae has been found in Semliki forest in Uganda and its breeding sites are in the mineral
springs (Coluzzi, 1984). An. melas and An. merus mainly colonise salty water habitats and they
have been found to be distributed mainly along the western and eastern coasts of Africa
respectively. An. quadriannulatus are found in south-east Africa (Coluzzi, 1984) and An.
quadriannulatus B which are found in Ethiopia are zoophilic and they have no role in human

malaria transmission (Coluzzi, 1984).

Figure 1: Anopheles gambiae, malaria vector
(http://www.metapathogen.com/mosquito/anopheles/)
2.2 The life cycle of the Mosquito vector
The life cycle of the mosquito vector of malaria is summarized in Figure 2. There are
four stages in the development of the mosquito. The stages are egg, larva, pupa and adult as

explained below.

Egg
Mosquitoes lay their eggs in water collections that offer habitats for the development of

the larval stages and these could be in ditches, unused tyres where there is stagnant water. The

mode of egg-laying is dependent on the mosquito type whereby there are mosquitoes that lay
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their eggs singly while others lay eggs in clusters on the water surface. Initially, when the eggs
are laid they are white but afterwards they become dark brown to black (Service, 1980). The
shapes of the eggs are mainly boat-shaped and a few inches long. Eggs are able to hatch within
two to three days when the water collections have a temperature range of about 25-28°C and at
the same time there are cases when eggs can remain dormant for several months during dry
conditions (Bayoh & Lindsay, 2004).

The larval stage

This is the second stage in the development of mosquitoes whereby the eggs hatch into
wigglers or larva. The larva has to undergo four instar stages that characteristically differ in their
sizes, before they can progress to the pupal stage. The larva lives exclusively in water feeding on
organic debris, microscopic plants and animals and in some cases feed on larvae belonging to
other species of mosquitoes. They use their mouth parts to filter food particles. The maturity of
the larvae takes about four to ten days and this is dependent on the availability of food and also
the prevailing temperatures. To enhance breathing, the larvae positions itself in a way that allows
the air tube at the abdomen to project through the water surface inorder to breath but for the
Anopheles larva it usually lies against the water surface.

The pupal stage

The pupae (tumblers) are non-feeding and this stage is refered to as the most inactive
stage in the development of mosquitoes transitioning between larva and adult. Their movement is
minimal unless disturbed and in most cases they lay at the water surface and this enhances their
breathing through the air tubes. Depending on the mosquito species and the prevailing

temperature, the pupal stage lasts about one to ten days.

The adult stage

This is the last stage in the development of mosquitoes and the adults are characterized
with long legs and wings with an elongated abdomen. The distinguishing characteristics between
the male and female mosquitoes are that the antennae of the males are featherly while those of
the females are short with sparse hairs. The diet of the male mosquitoes mainly comprise of plant

juices and nectar. The females also feed on plant juices and nectar to get energy they require for
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their development. However, for the females to produce eggs they require a protein diet and
therefore they feed on blood from mammals (Gillies, 1955). The male mosquitoes usually
emerge before the emergence of the females (Kettle, 1992) and the males are found resting on
vegetation near the site of emergence awaiting the emergence of the females. Soon after female
emergence, mating takes place and the eggs are fertilized. These can later be laid and the cycle is
repeated (Kettle, 1992).

First Larval Stage

f Mosquito Life Cycle

Generalized)

Second Larval Sta

[

Note:

Each larval stage is larger than the previous one. Molting occurs between each larval and pupal stag
| Larval and pupal stages are aquatic.

Figure 2: The life cycle of a mosquito. (www.mosquitoes.org/Lif)

2.3  Malaria parasites
Approximately one hundred and twenty Plasmodium species have been identified and out

of these only five are causative agents of malaria disease in humans. The others cause infections
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in reptiles, birds and other mammals. The five Plasmodium species are P. malariae, P. ovale, P.
knowlesi, P. falciparum and P. vivax. Research has shown that P. ovale consists of two species
(Duval et al., 2009). P. falciparum which is predominantly found in tropical Africa is one of the
most deleterious species that accounts for most of the serious malaria cases observed in
expectant women and children under the age of five years and it accounts for the largest number
of deaths reported in Africa (Bozdech et al., 2003; Breman et al, 2007; Snow et al., 2005).
Initially, P. falciparum was reported as an exclusive human malaria parasite but this has been
disputed and it has been reported that P. falciparum is closely related to a chimpanzee parasite
known as P. reichenowi (Prugnolle et al., 2010). The other Plasmodium species do not cause

severe clinical manifestations of malaria disease.

2.4 The life cycle of malaria parasites

The life cycle of the five Plasmodium species that are responsible for malaria disease in
humans share the same life cycle as shown in figure 3. The cycle begins with a bite from a
female mosquito that harbors sporozoites that are infective and they are introduced into the
mammalian blood system. The infective sporozoites take a few minutes in the blood system and
phagocytes destroy most of the sporozoites. The remaining sporozoites penetrate the liver
parenchymal cells where asexual multiplication takes place and this is refered to as the pre-
erythrocytic schizogony. After asexual multiplication, a large schizont that is unpigmented
results and this contains merozoites that attack the erythrocytes once released in the blood
system. In the blood stream, merozoites get attached to erythrocytes and through a
parasitophorous vacuole the merozites are invaginated into the red blood cell and here there is
deposition of haemozoin pigment (Aikawa, 1980). The merozoites that have been ingested get
transformed into trophozoites and when they are fully developed, asexual multiplication takes
place forming a schizont and this is refered to as the erythrocytic schizogony that produces a few
merozoites (Aikawa & Seed, 1980). An attack of malaria is felt when merozoites are released
and this cycle is repeated and other erythrocytes are continually invaded. Cycles of schizogony
are repeated with no division of the trophozoites but they are transformed into gametocytes
whose development does not take place any longer in a mammalian host but keep circulating in
the blood system awaiting a female Anopheles mosquito to take up the gametocytes when

sucking blood from the infected host (Kettle, 1992). When the microgametocytes are taken up by
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the Anopheles mosquito they undergo exflagellation process becoming microgametes. The
microgametes are the female gametes and they fuse with male gametes or macrogametes forming
a zygote. The zygote formed does not move for about one day but later it elongates forming
ookinetes that exhibit motility (Aikawa & Seed, 1980; Kettle, 1992). The motile ookinete have
the ability to penetrate mosquito’s midgut wall thereby forming oocysts through the process of
sporogony. The formed oocysts later become enlarged into sporozoites that are motile and when
the wall of the oocyst burst, infective sporozoites are released and they move to the mosquito’s
salivary glands awaiting to be injected to a human host during the next blood meal. The cycle is

then repeated.
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Figure 3: The life cycle of P. falciparum, adopted from the Centre for Disease Control (CDC)
website (http://www.dpd.cdc.gov/dpdx/HTML/Malari a.htm)

14


http://www.dpd.cdc.gov/dpdx/HTML/Malari%20a.htm

2.5  Clinical manifestations of P. falciparum infection

P. falciparum infections in areas endemic for malaria disease are characterized by
headache, fever, lethargy and malaise and in most cases recovery is often achieved without the
use of any drugs. When individuals are repeatedly exposed to malaria disease their immunity
build up thus conferring protection against the disease even though there are minimal infections
that occur without exhibiting any clinical symptoms (Warrell et al., 1990). Most of the malaria
deaths can be attributed to cerebral malaria that mainly manifests through a coma that is
combined with convulsions. However, where there is impairement of consciousness of whatever
level mostly points to involvement of the cerebral area of the body (Warrell et al., 1990).
Another clinical manifestation of infection with P. falciparum is severe anemia that mainly arises
from a reduction in the erythropoiesis process and also destruction of red blood cells (RBC)
(Menendez et al., 2000). Expectant mothers suffer a high risk of malaria infection with P.
falciparum and the risk has been shown to be higher in the initial pregnancy as compared to the
subsequent pregnancies (Brabin, 1983; McGregor, 1984). During pregnancy complications that
arise due to infections of malaria relate to anemia resulting in low birth weights, abortions and
also high infant mortalities (Granja et al., 1998; McGregor, 1984). P. falciparum complications
in expectant women that lead to anemia in infants and reduced weights by the time of birth has
been shown to arise from parasites sequestrating in the placenta spaces through the use of
chondroitin sulphate A (CSA) receptor in the placenta (Hviid & Salanti, 2007; Rogerson et al.,
2007). Other clinical manifestations of malaria disease are fluid retention that leads to distress in
the respiratory system (English et al., 1996; Warrell et al., 1990), severe hemoglobinuria
resulting from hemolysis in the intravascular system and also hypoglycemia (Warrell et al.,
1990).

2.6 Burden of Malaria Disease

Mosquitoes are vectors of malaria disease which threatens the lives many people in sub
Saharan Africa being transmitted through bites of infective female Anopheles mosquito (de
Castro et al.,, 2006). Malaria infections that are caused by P. falciparum are normally
characterized by symptoms like chills, fever and anemia and in severe cases malaria usually
result in a coma and in the worst cases the infections result in death (Coluzzi, 1992; Collins &

Besansky, 1994; Mbogo et al., 2003). The burden of malaria disease have been experienced
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through out the world as evidenced by malaria infections and deaths reported over most parts of
the globe (Hay et al., 2004; Hay et al., 2005; Snow et al., 2005; WHO, 2018). In the year 2017, a
total of 87 countries reported over 200 million malaria disease cases and deaths numbers of close
to half a million people as a result of malaria infections. The burden of malaria disease is greatest
in Africa with reports indicating that the African region had 92% and 93% of malaria cases and
death cases respectively. In the attempts to control and curb malaria in the countries that are
endemic, approximately US$3.1 billion was released which represented about 28% of the total
funding for the control and elimination of mosquitoes (WHO, 2018). The African continent
shoulders the highest burden of malaria disease since it is home to the malaria vector An.
gambiae and this in turn translates to poverty incidences that is occasioned by the economic
burden of malaria disease (Sachs & Malaney, 2002). The intensities and the transmission rates of
malaria disease differs depending on the seasons in the different countries and this thereby means
that vector abundance also differ during the varied seasons in the endemic regions (Greenwood
et al., 2008).

2.7 Mosquito Larval Habitats

The habitats for An. gambiae larvae are clean water collections that mostly emanate from
activities that are undertaken by humans and animals. The human activities span from
agricultural activities like digging trenches, irrigation ditches, burrow pits and drilling of
boreholes and these activities go along way in creating breeding sites for larvae production
(Sinka et al., 2010). Other human activities involved in formation of mosquito larval habitats are
road construction activities that form roadside puddles from tyre tracks and creation of artificial
water bodies like dams. Animals also participate in creation of larval habitats by their hoof prints
that form depressions in the soil and thereby serve as water collection points during the rainy
seasons thus enhancing the mosquito larvae to thrive (Gimnig et al., 2001; Minakawa et al.,
1999). An. gambiae larvae breeding sites also include lagoons, shores of lakes and on river
edges. There is a growing evidence of niche expansion of the vectors of malaria disease to urban
environments that are highly polluted with wastes from industrial activities whose wastes range
from oils that spill from oil refineries, heavy metal wastes from manufacturing industries and
electroplating processes. Other wastes in the urban areas originate from blocked sewage plants

that form sewage ponds, from garbage sites where there is improper disposal of wastes and

16



wastes from domestic activities and car washes. The change in the mosquitoes to colonise
polluted urban environments could be attributed to the fact that there is little competition in these
habitats and also predation is minimal in the polluted environments (Coluzzi et al., 1984). There
are studies done previously that point at niche expansion of mosquitoes to polluted environments
mentioned above inaddition to human wastes and drains. These include a study carried out in Dar
es salaam in Tanzania (Sattler et al., 2005), Lagos and Ibadan, Nigeria (Awolola et al., 2007;
Djouaka et al., 2007), Accra and Tema, Ghana (Chinery, 1984; Chinery, 1995), Kinshasa,
Democratic republic of Congo (Coene,1993) and Kisumu and Malindi, Kenya (Mireji et al.,
2008).

The process of urbanization and increasing human densities in the urban environments
serves to reduce the larval habitats that would otherwise be used for vector breeding and also as
stated earlier, urbanization greatly raises the pollution level in the urban environments which
negatively affects the development and survival of the malaria vector. Overall, the ever
increasing pollution in the urban enviroments leads to a reduction of the malaria vector density
as a consequence of the scarcity of suitable and productive larval development sites (Robert et
al., 2003; Trape & Zoulani, 1987). It is necessary to note that malaria transmissions occurs in
African towns and evidence is rapidly accumulating that the urban environment might not be so
reluctant to Anopheles development than previously acknowledged (Mireji et al., 2008).
Experimental investigations have demonstrated the development of tolerance to increasing heavy
metal challenge in the Anopheles gambiae vector to Cd, Cu and Pb for several generations in the
laboratory (Mireji et al., 2008). The tolerance of the malaria vector to the urban polluted sites in
Africa would have dramatic consequences for the epidemiology of this devastating disease, as
the urban the population in Africa is rapidly increasing.

Previous research have established the presence of Anopheles gambiae larvae in polluted
urban environments contrary to the long held dogma of An. gambiae thriving in clean water
devoid of pollutants which is a common scenario in the rural settings (Sattler et al., 2005).
Examples include a study carried out in the urban towns in Kenya that have indicated the
presence of heavy metal pollutions in mosquito larva habitats (Mireji et al., 2008; Karungu et al.,
2019). In Dares salaam city in Tanzania a study was done using An. gambiae s. | and it was
established that this species had the capacity to breed in sewage ponds and also swamps yet these

environments had a high level of organic waste water (Sattler et al., 2005). A different study
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undertaken in Pakistan and Ghana also using An. gambiae s. | similar to the Tanzanian case
study, also reported tolerance of the Anopheles species and its ability to breed in environments
that were highly polluted and this further demonstrates niche expansions of the mosquito vector
of malaria (Mukhtar et al., 2003). An. arabiensis have also been observed to be increasingly
adapting to polluted environments with this adaptation being linked to insecticide resistance
(Oliver & Brooke, 2018).

2.8 Malaria transmission

The risk of human malaria disease to the Kenyan population is about 70%. Therefore,
various control strategies have been put in place to curb the menace of the disease (Mbogo et al.,
1995). The transmission of human malaria disease is effective when the mosquito vector and the
respective Plasmodium species are present (Beier et al., 1994). In Kenya the major vectors of
malaria are An. funestus, An. merus, An. gambiae and An. arabiensis (PMI, 2018). These vectors
vary in their abundance and distribution which is attributed to the different climatic conditions
especially in relation to the varied rainfall patterns and temperatures that is usually observed in
different regions in the country. For there to be a successful transmission of P. falciparum
infection, the female Anopheles vector mosquito must bite a person about two times in a week.
This is because the first feeding on human blood is meant acquire the gametocytes whose
development does not take place in a human host but has to be taken up by the mosquito vector
of malaria for further development in the mosquito. The second bite is then necessary because
after the parasites have completed their developmental stages in the vector, they form sporozoites
that need to be injected into the human host for transmission of the Plasmodium parasites to take
place (Kabiru et al., 1997). This therefore means that there can be incidences that mosquito bites
can fail to transmit the disease especially if the vector is not harbouring the infective sporozoites

in their salivary glands (Mbogo et al., 1995).

2.9  Effects of human activities on malaria vector population

Massive research work has been directed towards various aspects of mosquito biology,
vector dynamics in malaria transmission and identification of the various vectors types but there
has not been focus on how the human activities have impacted the numbers or the population

level of the mosquitoes. Humans interfere with the environment through various ways which
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include clearing forests inorder to undertake agricultural activities like farming, keeping
livestock, creation of space for development of urban centres (Norris, 2004). These
transformations of the environment lead to imbalances in the ecology of mosquito vector of
malaria and this has made mosquitoes to change the way the breed to the point whereby
mosquito larva have been able to breed in polluted environment (Mireji et al., 2008; Patz et al.,
2000). Deforestation creates new breeding sites for mosquitoes and in most cases in the African
continent there has been explosion of the mosquito population. This is because water collects in
ditches or furrows that result due to deforestation process and therefore larval habitats are
generated (Patz et al., 2000). This then translates to outbreaks of malaria disease in such areas
where initially due to the thick forest cover which is a characteristic before deforestation would
not have favoured the presence of mosquitoes (Vittor et al., 2006). Elimination of the forest
cover also leads to population growth because people move to those areas in search for
employment in the farms and the road construction sites. Increased population later brings about
the process of urbanization and with time pollution follows since the social amenities like waste
disposal and sewage systems do not match with the rising numbers of the people in an area and
consequently the population of the mosquitoes is affected (Norris, 2004). Agricultural activities
are also characterized by creation of water bodies like dams to collect water for farming and in
the process of farming, irrigation canals or paddles are formed which act as new sites for the

breeding of the mosquitoes and thereby increasing the vector populations (Norris, 2004).

2.10 Methods used to control mosquito vector of malaria

The malaria disease menace has really been thought thorough by many countries that are
greately affected by this devastating disease and the control of the vector population has been
seen as the most viable option for reduction or better still for the eradication of the malaria
disease in the endemic regions (Okogun, 2005). In the past a remarkable reduction in the
mortalities and morbidities in malaria endemic areas of over 75% in about fifty five countries has
been reported (WHO, 2014). Based on the progress that was made in malaria disease control by
use of the vector control approach, many players that are involved in this noble task were called
upon to engage in the vector control strategies that would ensure continued efforts to eliminate
malaria. These like-minded bodies included the Global Technical Strategy for Malaria by the
Global Malaria Programme under the World Health Organization (RBM, 2015; WHO, 2015).
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The intensity of malaria disease transmission can be explained in terms of the bites that
one receives from a female Anopheles mosquito which must be infective within a specified
period of time. This intensity of malaria transmission is thus refered to as the entomological
inoculation rate (EIR) (Kabiru et al., 1997). There are many models of malaria control that are
based on the control of mosquito larvae and adult populations and these strategies have seen
great reductions in the entomological inoculation rates and consequently a reduction in the
transmissions of the malaria disease (Killeen et al., 2002). There have been many intensified
campaigns that aim at promoting the vector control strategies that have been in place in the
previous years. The methods that involved in the control of adult mosquitoes include indoor
residual spraying (IRS) and insecticide-treated bed nets (ITNS) (Bhattarai, 2007; Fegan et al.,
2007; Noor et al., 2009). Vector control mode that focuses on the elimination of the larvae
involves the use of biological control agents such as Bacillus thuringiensis israelensis (Bti)
(Fillinger et al., 2003).

2.10.1 Insecticides

Vector control strategies for malaria disease control is mainly focused on the reduction of
adult mosquitoes through the use of the two commonly used methods and these are insecticide-
treated bed nets (ITNs) and indoor residual spraying (IRS). These methods work to lower the
density of the mosquitoes and since the lifespan of the adult mosquitoes is reduced, it therefore
means that even the malaria disease transmission is reduced to a significant level since the
vectorial capacity is drastically reduced (Walker & Lynch, 2007). On the other hand, control of
the larvae population is achieved by the use of larvicides and this indirectly reduces the malaria
vector population level and consequently the malaria transmission capacity and in most cases
this method has been used to complement insecticide-treated bed nets (ITNs) and indoor residual
spraying (IRS) methods. Spraying on the space in the areas where mosquito density is high has
also been practiced for malaria control though it is not as effective as the use of IRS and ITNs
(WHO, 2011a).

The insecticides that have been allowed for the control malaria disease targeting the
adults are mainly pyrethroids and (DDT) (Nauen, 2007). The mode of action of these insecticides
is that they block the neuronal activity of the nerve membranes of the mosquitoes thereby

causing paralysis and death of the malaria vector by their neurotoxic acivities (Burt &
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Goodchild, 1974). In campaigns for the eradication of malaria in endemic areas,
dichlorodiphenyltrichloroethane has been used especially for indoor residual spraying and it has
been found to be effective even though there are public health and environmental risks that are
associated with it (Rogan & Chen, 2005). The safety of pyrethroids is higher compared to the use
of DDT and therefore pyrethroids have been extensively used in malaria disease control
strategies notably in the application on the bed nets for mosquito control (Zaim et al., 2000).
Despite the issues relating to environmental and public health, malaria control based on the use
of insecticides remains as one of the strategies due to the fact that mosquitoes of the Anopheles
species are still susceptible to these insecticides. However, with the increased use of insecticides
and pesticides on the targeted vectors, resistance to the insecticides has been reported in
mosquitoes and other insect populations (Corbel et al., 2007; Nauen, 2007; Oliver & Brooke,
2018; Protopopoff et al., 2008).

In the African continent the method that is commonly used for malaria disease control is
the use of bed nets that are treated with insecticides and they are also known as long-lasting
insecticidal nets (LLINS). The bed nets mode of action is that they provide a barrier between the
vectors and the humans so there is minimal contact between humans and mosquitoes. In addition,
the bed nets are treated with insecticides which have adverse effects on the mosquitoes since
they are neurotoxic. These treated nets have found application especially in African households
both for the adults and children and their use has led to significant reductions in malaria
incidences in many communities especially for the risk group that involves young children and
expectant mothers (Alonso et al., 1991; Magesa et al., 2005). The benefits that have been
achieved by this mode of control is that malaria vector population has reduced drastically and
therefore the malaria transmission rates have been minimized thus reducing the malaria disease
mobidities and mortalities especially in sub-Saharan Africa (Lengeler, 2004). This has also been
made possible because communities have also embraced and practised this mode of malaria
control. Studies have shown that in sub-Saharan Africa the use of insecticide treated bed nets
have increased tremendously as opposed to indoor residual spraying, with West Africa taking the
lead (WHO, 2011b). The only disadvantage to this strategy of malaria disease control is the
development of resistance in the malaria vector to the insecticides that are mainly used for

impregnation of the bed nets (Greenwood et al., 2008; Ringwald, 2007).
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The behavior of adult mosquitoes which comprises of landing and resting on the surfaces
in homes and buildings has been exploited for vector control through indoor residual spraying
which entails the use of chemicals that are long-acting to kill the resting mosquitoes (WHO,
2006). The chemicals are usually sprayed on the surfaces where the mosquitoes rest after feeding
on blood from human hosts. Exposure of the mosquitoes to the toxic chemicals usually Kills the
mosquitoes and the outcome is that the malaria vector populations are reduced and in additional
to that the transmission of the malaria disease is also reduced significantly (WHO, 2011b). There
are also chemicals used for IRS that bear an additional role of being mosquito repellents that
deter them from gaining access to rooms that are treated (WHO, 2006). In order for this method
to bear fruits, there are factors which are to be considered which relate to well planned and
executed spraying procedures putting in mind the chemicals to be used in the operation and also
the fact that spraying must be done at the right time (WHO, 2011b).

2.10.2 Repellents

Repellents that are applied topically have been used to repel mosquito vectors of malaria
thus preventing physical contact between the vector and humans who have undertaken a personal
responsibility of applying the repellents. This procedure then protects individuals from bites of
mosquitoes especially when outdoors and this ultimately leads to prevention of malaria disease
(Tangena et al., 2018). Repellents have double role of killing and repelling the mosquito vector
of malaria disease and therefore individuals whose work entails being out during the night or
working in areas that are forested where the mosquitoes are present should undertake topical
application of the repellents to keep mosquitoes at bay (Curtis, 1992; Rozendaal, 1997). The
repellent of choice that has been used since 1957 is referred to as DEET (Di-ethyl 3-methyl
benzamide) and it has been classified as the most effective form of repellent (Brown & Hebert,
1997; Coleman et al., 1993; Debboun et al., 2014; Yap, 1986). DEET is a long acting repellent
since it has the capacity to repel mosquito vectors for a period of about nine hours and this means
that application during the night can be done only once or at most twice (Tawatsin et al., 2006).
Despite the effectivity of DEET that has been recorded, there are disadvantages that are attached
to its use as a mosquito repellent. The disadvantages that come with DEET are firstly, the
concentration level has to be around 30% so that it can be considered effective. Secondly, DEET

produces a bad smell and it also has a feeling that is oily and therefore most people prefer to use
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other vector control methods as opposed to the use of repellents. Thirdly, this form of repellent
has negative effects on plastics and rubber by having the capacity of dissolving synthetic rubber
and also plastics (Debboun et al., 2014). This has led to the development of formulations like
picardin though it also has disadvantages that are related to DEET especially regarding the high
concentration level which is a requirement for picardin to be effective (Afify et al., 2019; Lo et
al., 2018).

Research trials and studies have shown that DEET as a repellent can be used in addition
to other vector control methods and this in regard to a study carried out in a small community in
India where it was reported that this mode of control offered protection to the people thereby
reducing the incidences of malaria disease (Dutta et al., 2011). A repellent soap having DEET
formulation was also tried in a population of refugees in Pakistan and it was also confirmed that
the repellent soap offered protection against the malaria vectors from the people (Rowland et al.,
2004). A study carried out in south Laos reported that the use of LLINSs in conjuction with DEET
lotion at a lower concentration level of 15% as opposed to a concentration of 30% provided
protection against the mosquito vector of malaria and thereby led to ultimate reduction of the
incidences of malaria disease in the region (Chen-Hussey et al., 2013). Another study carried out
in Malaysia and Thailand reported that the biting rate of mosquitoes was reduced by about 80%
when DEET repellent was used at a lower concentration of about 20% and consequently the

incidences of malaria disease were reduced (Lindsay et al., 1998; Yap et al., 2000).

2.10.3 Ethnobotanical plants with phytochemicals

The substances that are present in particular plants have been exploited and used against
mosquito vectors of malaria and they have also found application against other insects in
addition to mosquitoes (Caraballo & King, 2014; Curtis, 1992). Studies have therefore been
directed to determine specific extracts and active compounds or phytochemicals from plants of
different families that can be formulated as larvicides or insecticides to be used for the control of
malaria vectors (Kidane et al., 2013; Tiwary et al., 2007). It has been found that oil extracts from
particular plants that are non-toxic and are environmentally friendly have been used as repellents,
insecticides and in other cases as larvicides against various vectors of diseases (Caraballo &
King, 2014; Oljira, 2015). In the rural areas in Africa there are plants that have been used for

protection of the people from insect bites and in some cases oils have been extracted that contain
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essential phytochemicals and once applied on the body they function by repelling insects (Romi
et al., 2001; Weka et al., 2004). The plants have also been analyzed to determine their repellency
characteristics and also their toxicity level (de Boer et al., 2010; Gou et al., 2020). The use of
plants and their products or extracts have been accepted in a greater way in the rural areas and
the forms that are used range from leaves and wood that are burnt producing smoke and smell
that repels mosquitoes and other blood feeding insects (Bockarie et al., 1994; Gakuya et al.,
2013; Kweka et al., 2008; Maia & Moore, 2011). A Kenyan example is where ethnobotanical
plants leaves have been burnt using stoves or leaves placed around beds and they are used
against An. gambiae mosquito vectors of malaria disease (Seyoum et al., 2002a; Seyoum et al.,
2002b). However, as the lifestyles of people change and with increased urbanization, these
traditional methods of control of mosquitoes and other biting insects are slowly being sidelined
(Gonza'lez et al., 2011) and people are turning to products that are more modern in the form of
neem and pyrethrum (Debboun et al., 2006). Elaeis guineensis plant has been studied extensively
as an ethnobotanical plant and it has been found to contain repellent properties and therefore it
has been used to repel insects and mosquitoes when prepared in formulations oils and lotions
obtained from the plant extracts (Konan et al., 2003; Youmsi et al., 2017). The phytochemical
composition of this E. guineensis plant has been analyzed on the leaves and flowers and it has
been reported that it contains terpenoids, flavonoids and tannins among other compounds (Lajis
etal., 1985; Yin et al., 2013). The phytochemicals that are present in this plant are harmful to the
insects including mosquitoes and therefore the extracts from E. guineensis plant are feasible for
the control of mosquitoes contact with humans thereby reducing the malaria disease transmission
rates (Agaba et al., 2015; Carlsen & Fomsgaard, 2008; Christov et al., 1997; Golawska et al.,
2006; Khanam et al., 2006; Ohsugi et al., 1985; Simmonds, 2001; Simmonds, 2003).

2.11 Control of Anopheles larvae in Malaria Control Initiative

The larvae of Anopheles mosquitoes can be targeted in the quest for malaria control in
endemic regions. This can be done whereby the larval habitats are modified in such a way that
the survival and growth of the larvae is compromised (Kitron & Spielman, 1989). The rationale
of this approach is to interrupt the mosquito life cycle and prevent the progressive growth stages
up to adult stage from taking place. This is because the adults are responsible for biting people

and transmitting the Plasmodium parasites that cause malaria disease. The traditional method
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that has found application especially in the rural areas for killing mosquito larvae entails the use
of oil or paraffin that is applied on water collections containing mosquito larvae. Application of
paraffin or oils causes suffocation to the larvae through lack of oxygen. The drawback associated
with this mode of mosquito control is that suffocation will also occur to other aquatic organisms
and end up being killed (Wigglesworth, 1976).

2.11.1 Biological control

The use of insecticides for the control of mosquito vectors of malaria disease have greatly
been hampered by rise in insecticide resistance among the mosquitoes and also the fact that
insecticides have adverse side effects on the environment leading to elimination of even non-
target organisms. Therefore, alternative control of mosquitoes in the form of biological control
has been implemented. This is mainly the use of biological agents such as fishes or predators to
control the larvae of mosquitoes (Benelli et al., 2016). There are predators that have been
effective in feeding on the larvae and pupae of mosquitoes and they have found application in the
reduction of Culicidae populations thereby reducing the incidences of malaria disease menace
(Griffin & Knight, 2012; Kumar & Hwang, 2006; Louca et al., 2009). Larvivorous fishes are
fishes that feed on the mosquito larvae in their different instar stages and they have found
application as biological agents for the control of mosquitoes (Chandra et al., 2008;
Kamareddine, 2012; Subramaniam et al., 2015). The fishes that have been commonly used are in
the Genus Gambusia and Poecilia (Chandra et al., 2008; Chobu et al., 2015; Das & Prasad, 1991;
Kamareddine, 2012; Kweka et al., 2011; Moyle, 1976; Ohba et al., 2010; Walton, 2007) and they
have effectively reduced the populations of mosquito larvae which translates to a reduction in the
mosquito vector density and ultimately a reduction of malaria transmission rates (Chandra et al.,
2008; Kumar & Hwang, 2006; van Dam & Walton, 2007). The only draw back associated with
the use of larvivorous fishes is that they prey on other aquatic organisms such as amphibians
which are not part of the target group of biological control (Rupp, 1996; Kats & Ferrer, 2003).

Copepods have also been used as biological agents for the control of mosquito larvae
(Marten et al., 1989; Schaper, 1999; Vu et al., 1998). The rearing of copepods is cheap and the
maintenance of the colonies is not labour intensive and therefore they can be mass reared to be
used as biological agents for the control of mosquito larvae (Soumare & Cilek, 2011; Chitra et

al., 2013). Copepods have found application in Vietnam for the control of Ae. egypyti larvae and
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these biological agents have been effective in eradicating Ae. egypyti and the transmission of
dengue virus have totally been eliminated (Kay et al., 2010; Sinh et al., 2012; Vu et al., 2005).
The use of copepods as biological control agents of mosquitoes is limited by the fact that
different mosquito species harbour different habitats and copepods are not effective in all kinds
of habitats therefore their efficiency is achieved in specific habitats (Hales & van Panhuis, 2005).

There are Bacillus strains that produce toxins that have larvicidal properties and they
have been exploited as biological agents for the control of mosquito larvae (Lacey & Undeen,
1986). These species include Bacillus thuringiensis israelensis H-4 and B. sphaericus. In the
European countries Bacillus thuringiensis var. israelensis (Bti) has found application as a
larvicidal agent in the control of Ae. Aegypti populations (Armengol et al., 2006; Novak et al.,
1985) and also the control of Ae. Albopictus larvae (Lam et al., 2010). However, there is a
likelihood of development of resistance in Aedes mosquito to the toxins released by Bti
(Georghiou & Wirth, 1997). Other biological agents that have been used in the control of
mosquitoes include the use of amphibians (Bowatte et al., 2013; Brodman & Dorton, 2006) and
also juvenile stages of the odonate organisms and water bugs have also been used for biological
control (Bailey, 1989; Cloarec, 1990; Shaalan et al., 2007; Singh et al., 2003; Venkatesan &
Jeyachandra, 1985). In addition, there have been incidences where larvae of other species of
mosquitoes have been used as biological agents in the control of mosquito vectors of malaria
disease (Focks et al., 1985; Steffan & Evenhuis, 1981).

2.11.2 Chemical larvicides

The use insecticides that target the adult stage of mosquitoes in some cases have been
inffective or have been costly and therefore chemical larvicides have been used as an alternative.
The larvicide, paris green dust have been used in controlling mosquito larvae though its use
comes at a cost since copper level is high hence negatively affects the environment because of
the toxicity associated with copper metal (Service, 1986). The limitations that come along with
the use of larvicides are their toxicity that has adverse effects to aquatic organisms and also the
fact that they are resistant to degradation having the capacity to persist in the environment
thereby leading to environmental pollution (Charlese et al., 1995). Other chemicals that have

been used as larvicides include lindane, dieldrin and DDT (WHO, 1993), but in cases where

26



there are larvae strains that are resistant to the chemicals then an alternative chemical like

parathion can be applied (Metcalf et al., 1962).

2.12  Genetic control of mosquitoes

The high reproductive rates and the flexibility of the mosquito vectors genome have
hampered malaria vector control methods. In addition, there is also development of resistance to
the insecticide classes that have found application in the control of mosquito vectors of malaria
(Nicholson, 2007). The use of chemicals in vector control approaches also suffers draw backs in
terms of the toxicity to the environment associated with the chemicals and also mortalities of the
aquatic organisms that were not targeted in the control of mosquitoes (Knols et al., 2006).
Another compounding issue is that there are species that are closely related and they end up
forming cryptic species that undergo speciation inorder to adapt to the environment that is
progressively changing due to human activities (Benedict & Robinson, 2003). Therefore
alternative vector control approaches of genetic control of mosquito population have been
attempted. Several methods are applicable for genetic control strategies and these include the use
of the sterile insect technique, Wolbachia and gene drive approaches among others.

2.12.1 Sterile Insect Technique (SIT)

The concept of sterile insect technique (SIT) was developed against the screw worm in
the year 1950 and 1960 (Klassen & Curtis, 2005). This technique has proved successful in the
eradication of screw worms and tsetse flies from Ugunja Island in Zanzibar (Vreysen et al.,
2000). SIT is pest management method that has no adverse environmental effects which entails
production of large numbers of males of the insects of interest that are then irradiated so as to
form mutations that are lethal in their sperms. After irradiation the male insects that are now
sterile are allowed to mate with non-irradiated females present in that particular area and the end
result is that there are no progenies that are produced (Wilke & Marrelli, 2012). When this
process is repeated over a period of time there will be drastic reduction of the target insect
populations (Wilke et al., 2009). The advantages of this technique are that male insects are
species-specific in their search for their female counterparts therefore population reduction is
observed where this technique has been applied. In addition, this technique is species-specific

and does not introduce foreign genetic substances in the environment (Robinson et al., 2002) and
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also based on the fact that male mosquitoes are the ones that are released and not the female
mosquitoes, the biting rates of the mosquitoes are not increased in the area where this technique
is being applied (Wilke & Marrelli, 2012). The major draw back of this technique is that the
performance of the males that have been irradiated is normally reduced (Bellini et al., 2013b).
For the SIT to be effective, other vector control methods must be put in place to reduce the
population level of the target group and then later the irradiated males can be released. Another
disadvantage is that sex sorting must be done before implementation of the SITand this process
is tedious and there can be incidences where female insects can escape and they will be potential
vectors of malaria disease. Also the release of sterile males should be carried out repeatedily to
ensure that there are high numbers of sterile males in the wild available for mating with the wild
females and therefore SIT should aim producing irradiated males that are equally competitive
and fit in relation to the wild male population (Atyame et al., 2016; Bellini et al., 2013a).

2.12.2 Wolbachia

The endosymbiotic bacterium Wolbachia pipientis has been found to be infective to
almost half of all species of insects (Hilgenboecker et al., 2008; Zug & Hammerstein, 2012). The
transmission is usually vertical through the host egg and there is manipulation through the
induction of cytoplasmic incompatibility (CI) by the strains of Wolbachia of the reproductive
system of insects. This leads to reproduction being enhanced in the infected females as opposed
to the uninfected females. Females that are infected with Wolbachia strains spread Wolbachia in
the entire population because they are able to mate with males that are infected and those that are
not infected at all. When male mosquitoes infected with Wolbachia are released into wild that
has uninfected females, the females acquire the infection and they are all sterilized and this is
because Wolbachia has the capability of spreading in the entire population (Flores & O Neill,
2018). The rationale behind the use of Wolbachia strains in the control of vector-borne diseases
is that infected females lack the capability to spread the parasites to human beings and therefore
there is a reduction in the disease incidences and in the long run there total elimination of the
disease in the areas where this technique has been implemented (Dorigatti et al., 2017; Ferguson
et al., 2015). The advantages of Wolbachia-based mode of reduction of disease transmission in
mosquitoes include the number of infected mosquitoes released in the wild population are lower

as compared to other population suppression methods like SIT, the Wolbachia strains are usually

28



persistent in the population and they continue spreading across the population such that after a
period of time almost the entire population of both males and females are infected (Turelli,
2010). In addition, since the infected mosquitoes persists in the population, mosquito releases of
the infected mosquitoes is done once and hence its very cost effective as compared to other
techniques where releases have to be done regularly inorder to maintain the population of
infected mosquitoes. This method also has the advantage of eliminating the laborious process of
sex-sorting prior to the release of modified or infected mosquitoes that is usually performed
when implementing the sterile insect technique. This is because in Wolbachia-based technique
both male and female infected mosquitoes are released to the wild population (Dorigatti et al.,
2017).

2.12.3 Genetic modification of mosquitoes through gene drive

Mosquito populations can be genetically modified through gene drive method which
involves mosquito populations being interbred and in the process desirable genes are transferred
in the population though there is a fitness cost associated with the genetic procedure. This mode
of genetic modification has found application in mosquito vectors of malaria and as a way of
malaria control in that the transmission of malaria parasites in mosquitoes is significantly
reduced and also there is reduction of fertility in the female mosquitoes and consequently the
malaria vector population is minimized (Champer et al., 2016; Sinkins & Gould, 2006).

Gene drive procedures is whereby a transgene bearing desirable characteristics is passed
on to a target population and within a matter of time the insect population has been modified and
this is dependent on the number of the mosquitoes that are released, the cycle of reproduction of
the insects targeted and also the vector density in the wild by the time of release of the modified
population (Gantz et al., 2015). There are several genetic elements that can be applied in gene
drives but the use of clustered regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (Cas9) has received a lot of attention (Champer et al., 2016; Gantz et al.,
2015; Hammond et al., 2016). Being an endonuclease it has the ability to snip genes and thereby
allowing modification of the mosquito genome and this has been observed in female mosquitoes
of Anopheles gambiae where they have been effectively sterilized (Hammond et al., 2016).
Another example of their application is in Anopheles stephensi where the CRISPR-Cas9 system

has been used in spreading genes that have antimalarial properties and thereby conferring
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malaria immunity in the mosquito (Gantz et al., 2015). Since this system is promising it could be
experimented with vectors like An. aegypti and any other vector to prevent virus transmission
(Kistler et al., 2015). Despite the system being very appealing, there could be other issues that
are likely to arise for example, application of the system may lead to extinction of the vector
population or may be the gene drive system could extend beyond the area of application (Esvelt
et al., 2014; Webber et al., 2015).

2.13 Insecticide resistance

The World Health Organization defines insecticide resistance as a characteristic exhibited
by insects whereby they have the ability to withstand lethal doses of pesticides. Continued
application or use of pesticides or insectides leads to a selection pressure in the insects for the
particular chemical compound being used and in the long run the insecticide becomes ineffective
in the control of target organisms like mosquitoes. Once resistance has developed in insects and
it becomes difficult to get insecticide formulations that can be effective on the resistant
organisms (Brooke et al., 2001; Chandre et al., 1999; Diabate et al., 2002, Yadouleton et al.,
2009). The rate of reproduction in mosquitoes is high, giving rise to offsprings that have the
ability of adaptation to changes that occur in the environment like pollution and also agricultural
activities where there is increased use of insecticides or pesticides (Oliver & Brooke, 2018). One
of the ways resistances to insecticides develop in mosquitoes is through selection pressure that
takes place when there is exposure to minimal levels of pesticides over a period of time
especially when spraying is not done properly and the mosquitoes have the ability to adapt to the
doses and reproduce because they have developed resistance to the chemicals (Poupardin et al.,
2008). Southern Benin paints a good picture of pyrethroid resistance that came about because of
selection pressure that emanated from human wastes and oils pollution in the urban areas. This
greatly hampers the effective use of insecticides and pesticides in the community (Djouaka et al.,
2008). Behavioral plasticity and insecticides resistance have permitted mosquitoes to either resist
insecticides or circumvent them through avoidance. Therefore, this limits the effectiveness of
vector control tools such as long-lasting insecticides-treated nets (LLINS) or indoor residual
sprays (IRS), thus leading to malaria transmission (Rydzanicz et al., 2009). In order to combat
malaria transmission especially in urban settings, novel approaches will require to be applied in

malaria control toolbox (Rydzanicz et al., 2009; Zhu et al., 2017).
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2.14  Environmental pollution and ecology of malaria vector

The rate of urbanization is high in the third world countries with the African continent
recording the highest rate of urbanization (United Nations, 2004; Zeigler et al., 2003). It is very
interesting to note that at least half of the global population lives in the urban areas occupying an
area of approximately 3% of the entire land area (Angotti, 1993; UNPF, 1993). In the 19"
century the total number of people that were living in the urban areas was 5% but this number
has risen to 47% in the 21% century and the projection is that the population in the urban areas is
likely to shoot to 65% by the year 2030 (United Nations, 1990; United Nations, 1991; United
Nations, 2003). However, urbanization comes with its own fair share of challenges in developing
countries like Kenya because urban services in most cases do not keep up with the pace of
increasing rate of urban development. The most striking features with urbanization is that there is
inefficient treatment of sewages that has seen raw wastes being discharged in the environment,
there is improper waste disposal from industries, hospital placements and hotels just to mention
afew and in most cases wastes are thrown in open pits and dump sites (KNBS, 2017).

Industrial, agricultural and domestic activities usually release the highest amounts of
substances or compounds that pollute the environment and most of those effluents find their way
into rivers, streams and lakes (Biney et al., 1994). The high rate of pollution in the environment
have necessitated tolerance of mosquito vectors of malaria to polluted environment and it has
been observed that the vectors have undergone niche expansion to survive and reproduce in
polluted environments occasioned by the human activities especially following urbanization
(Awolola et al., 2007; Djouaka et al., 2007; Mireji et al., 2006). The ultimate fate of this niche
expansion to polluted habitats is that there will be selection pressure in the mosquito vectors such
that they will be less susceptible to the insecticides that are used for vector control approaches
(Billy et al., 2012; Oliver & Brooke, 2016).). In sub-Saharan Africa, most vectors have already
developed resistance to the pyrethroids that are used in treatment of mosquito bed nets and this
could therefore suggest that alternative vector control strategies need to be devised (Ranson et
al., 2009).

As a consequence of urbanization, malaria in the urban areas have been reported and it is
a matter of great public health concern in that the urban areas can no longer be overlooked in the
control of malaria and hence in the sub-Saharan Africa there is an initiative referred to as Rapid

Urban Malaria Appraisal (RUMA) that aims at controlling malaria disease especially in the
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urban areas (Wang et al., 2005). There is rise in pollution and creation of undesirable conditions
for mosquito larval development that goes hand in hand with urbanization but even when that is
the case, malaria disease transmission still occurs in the urban environments (Hay et al., 2000;
Robert et al., 2003). The pointers responsible for transmissions of urban malaria are issues to do
with expansion of the niche for the mosquito due to tolerance to pollution that is a product of
increased industrial, agricultural and domestic activities (Awolola et al., 2007; Matthys et al.,
2006; Omlin et al., 2007; Sattler et al., 2005).

Increased industrial activities have led to massive contamination of the environment
globaly due to improper disposal of wastes (Awolola et al.,, 2007). The gateway for
environmental pollution majorly arises from human activities and also from natural activities.
The human factor in the production of pollutants mainly involves industrial activities that release
air-borne substances polluting the air and also release of toxic compounds in form wastes that are
improperly disposed. Agricultural activities that are practiced by man also aid contaminating the
environment especially through the use of fertilizers to improve crop yields, herbicides and
pesticides have also been extensively used to control pests and all their wastes are released in the
environment. Other activities that bring about environmental pollution are activities like mining
that release heavy metals to the environment, improper solid waste disposal and sewage effluents
(Onyari & Wandiga, 1989). The natural ways through which the environment gets contaminated
is when rocks wither releasing minerals in the environment and this happens especially in areas
where a lot of volcanicity has taken place (Halim et al., 2003).

Research has been done extensively regarding the larvae habitats in the rural areas in sub-
Saharan Africa that are mostly characterized with clean habitats bearing minimal pollution
(Sattler et al., 2005). However, mosquito vectors have been observed to breed in diverse
environments which are polluted with industrial wastes, domestic wastes and agricultural
products like pesticides. This has been facilitated by the adaptation of the mosquito vector to
pollutants that comes about from expression of enzymes that detoxify the toxins present in the
polluted environment (Strode et al., 2006). A previous study has shown that An. gambiae
mosquito has the capability to tolerate cadmium and lead heavy metals and it does so by the
expression of cytochrome p450 genes and these genes are expressed at different levels between
the males and females mosquitoes (Musasia et al., 2013). When Aedes aegypti was exposed to

various xenobiotics and parasites of malaria, they responded through expressing different forms
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of enzymes involved in detoxification of the pollutants and pathogens (Felix et al., 2010;
Poupardin et al., 2008; Poupardin et al., 2010).

Heavy metals have the capacity to persist in the environment for prolonged periods of
time posing health related issues to both animals and humans (Gisbert et al., 2003; Halim et al.,
2003). Zinc, Copper and Cadmium heavy metals are common environmental contaminants in
urban and industrial settings (Mireji et al., 2008). Zinc, copper and iron are required in trace
levels for cellular and biological processes being crucial components in enzymatic reactions.
However, cadmium has no biological role in living organisms (van Straalen & Roelofs, 2005)
and it has a half life of approximately 18 years (Forstner, 1995). Cadmium heavy metal is more
toxic in comparison to other heavy metals and its exposure to insects has many adverse side
effects which involve effects on the signal transduction pathway and also effects that relate to
oxidative stress in the insects (van Straalen & Roelofs, 2005).

To determine the heavy metals composition in Africa, most studies have focused on
analysis of the sediments from dams, rivers, lakes and oceans (Biney et al., 1994). In Kenya,
focus has been on the sediments of Lake Victoria (Onyari & Wandiga, 1989; Urasa & Onyari,
1986; Wandiga & Onyari, 1987). Analysis of heavy metals at the Kenyan coast has also been
undertaken (Rees et al., 1996; Kamau, 2002). In the Rift valley region analysis of heavy metal
composition has been done in Lakes Nakuru, Elementaita, Naivasha, Baringo and Bogoria
(Ochieng’ et al., 2007). In most the studies carried out, researchers have found out that heavy
metals are present in the sediments analysed and in some cases there are heavy metals that have
been reported whose levels are higher than expected mainly being attributed to industrial and

agricultural activities (Ochieng’ et al., 2007; Onyari & Wandiga, 1989).

2.15 Heavy metal pollution in Kenya

Metals are termed as heavy when their specific density is about of 5g/cm3 (Ferguson,
1980). There are metallic elements like iron (Fe), copper (Cu) and Zinc (Zn) among others that
have important biological functions in plant and animal life by being crucial components in
enzymatic reactions (Bondy, 2016). However, heavy metals such as cadmium (Cd), mercury
(Hg), nickel (Ni) and tallium (TI) among others, although useful in industrial and agricultural
technology, can be potentially hazardous in combined or elemental forms to living organisms
(Southon et al., 2013; van Straalen & Roelofs, 2005).
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Heavy metals have a high solubility in water and the metals that raise a lot of concern
when present in the environment are mainly Pb, Cr, As, Cd, Cu and Zn (Martin & Coughtrey,
1982). Cadmium toxicity is felt even when low concentrations are present in the environment
because it leads to detrimental effects such as mutations in organisms that are in contact with this
heavy metal (Emre et al., 2013). The solubility of heavy metals in water makes their
concentration to be high in water bodies and also in aquatic organisms as they are readily taken
up. The major sources of heavy metal pollution are industrial processes that deal directly or
indirectly with heavy metals, agricultural activities are also responsible for high doses of heavy
metals mainly emanating from the use of insecticides, pesticides and herbicides that have heavy
metal components in them. Also the process of urbanization has compounded the issue of heavy
metal pollution and all the wastes find their way to water bodies and thereby leading to
detrimental effects on the environment and the aquatic organisms (Kinuthia et al., 2020; Qiao-
giao et al., 2007). A study on the population status of Masinga reservoir in Kenya whose
catchment comprises of three river subsystems, namely Tana River, Thiba River and Thika River
indicated the presence of heavy metals (Nzeve et al., 2015). The main sources of heavy metal
pollution being agro-based industries, agro-chemicals, urban effluent, car washing, soil erosion,
river bank encroachment and industry discharge (UN-Water, 2006).

2.16  Methods used in differential gene expression
2.16.1 Gene fishing technique
Gene fishing is a technique used for the identification of genes that are differentially
expressed in RNA or DNA samples that have been subjected to a particular treatment. This is
enhanced by the application of the Annealing Control Primer (ACP) technology which is a
sensitive technique applied in the amplification of nucleic acids and it ensures that only specific
products are amplified (Hwang et al., 2004). The advantages attached to this technology is that
only a small amount of sample is required and also the detection of the nucleic acid products is
cheap since it is normally done on agarose gels that have been stained with ethidium bromide.
The Gene Fishing Technology procedure involves reverse transcription step that is used
for the synthesis of the first strand of complementary DNA from total RNA samples extracted
from the organisms of interest by the application of dT-ACP1. The 3’-end of dTACP1 bears a

series of polyT sequences that form complexes with the complementary polyA tail on the mRNA

34



strand. The hybridization leads to the formation of the first strand of the complementary DNA
whose 5’ end carries the sequence of dT-ACP1. An arbitrary ACP and dT-ACP2 components are
placed in a PCR tube and then the cDNA which had been obtained in the previous step is diluted
and added into the same tube. The structure of the arbitrary ACP is that the 3’-end core portion
which has about ten nucleotides is complementary to a portion of the first strand of the cDNA.
At this point the first PCR reaction is carried out under stringent conditions allowing annealing
to take place specifically between the 3 end of the arbitrary ACP and the diluted cDNA and no
annealing takes place between the cDNA and dT-ACP2. A second stage polymerase chain
reaction is carried out on the components in the PCR tubes under high stringency ensuring that
annealing only happens between dT-ACP2 and the arbitrary ACP. These stringent annealing and
amplification procedures ensure that only the PCR products of interest are amplified. The gene
fishing technology has found application in different organisms facing various health issues and
also in organisms at different stages of growth and development (Cui et al., 2005; Hwang et al.,
2005).

2.16.2 Subtractive hybridization

This technique has found application in studies that deal with determination of genes that
are differentially expressed in particular cells or tissues after a particular treatment or genes
expressed in specific stages in the development of organisms like animals, plants, insects and
bacteria among others. When organisms are subjected to different treatments or raised in
different environment other than the ones they are normally found in, they respond by alteration
of the patterns of gene expression thereby eliciting the production of proteins that will enhance
their survival in the new conditions of treatment (Lin et al., 2007). This technique therefore helps
in the comparison of two mRNA samples that are obtained from a treated population and from an
untreated population and therefore it is possible to deduce genes expressed in one population
(treated) and not in the other (control) (Diatchenko et al., 1996). Through subtractive
hybridization technique many genes that are functional in different states in cells and tissues
have been identified (Chang et al., 1989; Kunkel et al., 1985; Lamar & Palmer, 1984; Littman et
al., 1985; Maddon et al., 1985 Nassbaum et al., 1987). After subtractive hybridization technique,
there are two scenerios that mostly arise and the first case is where the differential DNA

fragments of interest are of high quality and quantity and in such cases isolation and detection is
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straight forward but in the cases where the DNA quantity is low, PCR procedure is usually
undertaken to amplify the DNA so as to enhance other down stream processes (Cecchini et al.,
1993; Wang & Brown, 1991; Wieland et al., 1990). The procedure for this technique entails the
extraction of total RNA from both populations under study and then mRNA is prepared for the
two populations. The messanger RNAs through the process of reverse transcription form
complementary DNAs for both populations and they are referred to as the tester cONA and the
driver cDNA. Hybridization is then allowed between the driver and the tester cONAs. The draw
backs to this technique is that many hybridization reactions must be carried out for this technique
to be successful and also the fact that rare transcripts cannot be obtained through this technique
(Davis et al., 1984; Duguid & Dinauer, 1990; Hara et al., 1991; Hedrick et al., 1984; Sargent &
Dawid, 1983).

2.16.3 Bulk Segregant Analysis (BSA)

This technique is used in genomic analysis for the identification of particular markers of
interest (Michelmore et al., 1991). The procedure for this technique is that crosses are made
between segregating populations and then DNA is obtained from the two bulk populations is
compared. When two pools contrast for a particular trait, analysis is carried out to determine the
distinguishing markers between the individuals under study. The assumption made in this form
of analysis is that the only region that the two bulked DNA samples differ genetically is the
region of interest while the other regions are considered similar (Becker et al., 2011). Differences
in the bulked populations are identified using molecular techniques like Restriction Fragment
Length Polymorphisms (RFLP) (Dawson, 1990) or Amplified Fragment Length Polymorphism
(AFLP) (Vos et al., 1995).

Amplified Fragment Length Polymorphism (AFLP)

The AFLP technique is a strong and repeatable DNA fingerprinting process (\Vos et al.,
1995). The effectiveness of AFLP is focused on the molecular genetic differences that exist
among closely related organisms. The AFLP technology takes advantage of these variations in
DNA sequence to produce “fingerprints” of specific genotypes on a regular basis. Genomic DNA
is usually digested with a common and unusual site-cutter (Masiga et al., 2000; Vos et al., 1995).

These DNA fragments are ligated with ‘adapter’ oligonucleotide sequences, which are made up
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of two parts: a core sequence and an enzyme-specific sequence. The primers are made up of
three parts and are used in a PCR reaction with high-temperature annealing. These primers are
made up of an enzyme-specific sequence specific to adapter-sequences, a selective extension on
the 3' end of the primer that determines the adapter's specificity to the enzyme by one to three
arbitrary nucleotides and the primer's core sequence (Bachem et al., 1996). Autoradiography or
non-radioactive methods are used to visualize polymorphisms on polyacrylamide gels.

The presence or absence of restriction fragments, rather than length variations, is shown
by amplified fragment-length polymorphism (AFLP) markers, which are the most common.
When compared to other marker technologies such as randomly amplified polymorphic DNA
(RAPD), restriction fragment length polymorphism (RFLP) and microsatellites, the advantages
of AFLP are that it not only has a higher reproducibility, resolution and sensitivity at the whole
genome level, but it also has the ability to amplify multiple fragments at once (Mueller &
Wolfenbarger, 1999). Furthermore, AFLP needs no prior sequence knowledge for amplification,
making it extremely useful in the analysis of taxa such as bacteria, fungi and plants, where much

about the genomic makeup of different species is still unknown (Meudt & Clarke, 2007).

Restriction Fragment Length Polymorphism (RFLP)

RFLP is a technique for distinguishing species based on patterns produced by DNA
cleavage. When DNA is digested with a restriction enzyme, the length of the fragments formed
will differ if the distance between sites of cleavage of a specific restriction endonuclease differs
between two species. Restriction endonucleases are enzymes that, depending on the enzyme,
cleave DNA molecules at various nucleotide sequences.The length of enzyme recognition sites is
normally 4 to 6 base pairs. The number of fragments produced is usually proportional to the
length of the recognition sequence. If the nucleotide sequences of two molecules differ then
fragments of various sizes will result. Using gel electrophoresis, the fragments can be isolated.
Bacteria genera have been the source of restriction enzymes and these enzymes are thought to
play a role in the cell's protection against invading bacteria viruses (Narayanan, 1989).
Polymorphisms are hereditary anomalies that can be observed in more than 1% of the general
population. Restriction Fragment Length Polymorphism can be used in many different settings to
accomplish different objectives which include: They can be used for forensic applications such

as in paternity cases or criminal cases to determine the source of a DNA sample, RFLPs can be
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used determine the disease status of an individual for example it can be used in the detection of
mutations especially known mutations and they can be used to measure recombination rates
which can lead to a genetic map with the distance between RFLP loci being measured (Dawson,
1990). Some restriction enzymes, such as Hind Il from Hemophilus influenza, cleave at the
center of their recognition sites, resulting in fragments that do not bind together, whereas others,
such as EcoRI from E. coli, cleave away from the center of their recognition sites, resulting in
fragments with sticky ends (Narayanan, 1991). Restriction enzymes are used in a number of
different applications whereby the major benefit is that they digest DNA into manageable

fragments that can be cloned or subjected to various types of electrophoresis.

2.16.4 Microarrays

Microarrays are used in molecular Biology to determine expression profiles of genes and
proteins (Schena et al., 1995). Microarrays initially found application in the genome analysis of
S. cerevisiae (Lashkari et al., 1997). There have been improvements regarding the probes that are
currently used in that previously DNA probes were normally obtained from a library of prepared
clones but presently chemical oligonucleotides have become the probes of choice. Large
numbers of parallel analysis of either genes or proteins have been undertaken using very little
amounts of starting material (Sandoval et al., 2011). In addition to the high throughput of this
technology the quality of the data obtained has also increased tremendously with improved
labeling criteria and mode of production of the arrays (Karakach et al., 2010; Leung & Cavalieri,
2003; McCall et al., 2011; Priness et al., 2007; Thirwell et al., 2010). The microarray has a solid
support material that comprise of glass material whose surfaces bear aldehyde groups where
probes are usually immobilized. The modes of immobilization of the probes are by either the use
of spotters that are able to print the probes on the glass surface or alternatively by automated way
of synthesizing the probes. This is usually followed by the blocking procedure using non-reactive
substances and this is meant to prevent non-specific binding between the probes and the targets.
In most cases microarrays are easy to handle since their size is like that of a microscopic slide
and this enhances the processing of several samples in a given assay and thereby producing large
amounts of data (Howbrook et al., 2003; Karakach et al., 2010).

Microarray data is usually obtained by application of various strategies and biomolecules

but in all cases the procedures are similar. The principle behind this technique is that there is
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hybridization between the probes that are usually immobilized on a glass surface and the labeled
target molecule (Wheelan et al., 2008). For a microarray study to be undertaken, DNA or RNA
which are the most commonly used targets have to be extracted using the optimized extraction
methods, the nucleic acids are then bound onto silica membranes and later the DNA or RNA are
eluted using buffers with a lower salt concentration and this is followed by the labeling step. In
other cases labeling is often done with at the enzymatic stage where there is incorporation of
labeled nucleotides into the targets (Schaferling & Nagl, 2006). The fluorescent dyes that have
found application in microarrays are mainly Cy3 and Cy5 (Liang et al., 2003). The labeled
fragments are usually purified and then a buffer that has components for facilitation of the
hybridization process are mixed together and applied to microarrays and an overnight incubation
is carried out to enhance the hybridization process. After overnight incubation the molecules that
remain unbound are usually washed away and then detection with dyes of specific wavelengths
is carried out. The intensities of signals demonstated are dependent on the number of target
molecules that bind to the probes. Bioinformatics analysis is applied to analyse the microarray
data obtained (Pulverer et al., 2012). The advantages of microarray technology are that from a
single sample very many probes can be detected simultaneously and therefore this technology
has found application in genomic analysis of variations in different organisms and analysis of
single nucleotide polymorphisms (SNP) among others (Bier et al., 2008; Khelurkar et al., 2017).
In addition, the technology is cheap and only a small amount of sample is needed for the
reactions. Microarrays have also found application in the analysis of expression profiles
generated from mRNA. For example, MRNA can be extracted from a healthy tissue and also
from a diseased tissue then a complementary DNA is formed through the process of reverse
transcription using mRNA as the template. The two cDNA molecules from the healthy and the
diseased tissues are then labeled using the two commonly used fluorescent dyes which are Cy3
and Cy5. This is then followed by pooling the labeled cDNA and then hybridization onto the
arrays and later scanning of the microarrays takes place and the images can be analyzed (Duggan
etal., 1999; Schena et al., 1995).

2.16.5 RNA sequencing

Techniques such as northern blotting and quantitative polymerase chain reaction (QPCR)

were previously relied upon for the study of gene expression but these are low-throughput
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techniques especially in the determination of transcripts. Currently, more versatile techniques
like transcriptomics have come up that are effective for carrying out gene expression studies
(Kukurba & Montgomery, 2015). Microarray based studies that rely on hybridization between
the targets and the DNA probes were the first of a kind to undertake transcriptomics related
studies bearing the advantages of being cheap and high throughput technology (Schena et al.,
1995). At the same time, there are draw backs that are experienced with the microarray
technology and these mainly relate to the fact that the researcher that desires to use microarray
must have previous knowledge regarding the sequences being studied, again when dealing with
sequences that are very similar, there is a likelihood of development of artifacts during the
hybridization process. Another draw back is that quantification accuracy problems usually arise
when genes being interrogated are either expressed at very low levels or at very high levels
(Casneuf et al., 2007; Shendure, 2008). Due to the limitations that are experienced with
microarray technology and other hybridization approaches, there has been development of other
techniques such as RNA sequencing where transcriptome analysis is usually undertaken through
the determination of the sequences of the transcripts. The term ‘transcriptome’ can be defined as
the sum total of all the transcripts present in a cell at a particular physiological state or stage of
development in an organism. Transcriptomics studies are necessary for the elucidation of
transcripts expressed in cells during particular physiological processess like growth and
development of diseases among other conditions under study (Cloonan et al., 2008).
RNA-sequencing (RNA-seq) is a sequenced-based approach whose procedure involves
extraction of RNA from the organism or sample of interest and the RNA is used as the template
to prepare complementary DNA. This is then followed by construction of cDNA libraries which
are later sequenced on a platform of next generation sequencing (NGS) (Han et al., 2015;
Marguerat et al., 2008). This advanced technology of determining expression of genes has
circumvented the limitations that go hand in hand with technologies like the use of microarrays
and Sanger sequencing methods (Shendure, 2008). The advantages of RNA sequencing are that
it gives a better understanding of the organisms entire transcriptome and as such the positions of
the exons and the introns and the boundary between them can be identified and therefore it
becomes even easier to point out the transcription start sites (Morin et al., 2008; Nagalakshmi et
al., 2008; Tsuchihara et al., 2009; Wilhelm et al., 2008). Through this quantitative technology,
accurate determination of the expression levels of RNA is obtained as compared to the
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hybridization techniques like microarrays (Mortazavi et al., 2008). RNA sequencing is a
powerful technique such that the quantification of all transcripts in a cell can be determined
accurately as compared to other gene expression techniques (Han et al., 2015). However, the
draw backs associated with this technique are that it is expensive and a lot of Bioinformatics
knowledge is required for the analysis of data and also challenges that relate to library

construction (Wang et al., 2009).

2.17 Proteomics
2.17.1 History of proteomics

Proteomics first came about around 1955 and it refers to the characterization and analysis
of the complete set of proteins that are present in a cell, tissue or organism (Persidis, 1998;
Wasinger et al., 1995; Wilkins et al., 1996). Proteins that are contained either in cells or tissues
of an organism differ in their abundance and also different physiological activities or occurences
in their systems or environments trigger expression of particular proteins in response to the
stimulus that they are subjected to (Wang et al., 2008a). The physiological triggers could include
growth, development, disease condition, pollution in the environment among other activities and
therefore proteomic studies are used to determine not only the proteins present in a particular
stage or state in an organism but also to identify the expression patterns of proteins after a certain
physiological event or events (Wang et al., 2008a). Proteins are very important in the life of
organisms because they are involved in diverse functions like cell-cell communication, immune
response, cell motility, signal transduction, enzyme catalytic activity, mitosis and transport
among other processes (Fields, 2001). The proteomics technology has advanced research based
on proteins and studies are undertaken to determine the expression pattern of proteins in a
diseased tissue, the structure and functions of proteins can be elucidated and the interactions
between proteins can be interrogated with ease (Graves & Haystead, 2002; Fields, 2001). It is
important to understand that the genome does not change with changes in the environment or
physiological changes that take place in or around an organism but the proteome is ever
changing in response to the environment or physiological changes like growth and development,
disease development or tolerance to xenobiotics like heavy metals. Proteins involved in
particular events in an organism can be determined by comparison of two different cell states

such as treated versus untreated or control and healthy versus diseased cells. Proteomic studies

41



are carried out to determine proteins that are differentially expressed, in terms of up-regulation or
down-regulation after subjection of an organism to particular treatments (Kim et al., 2004b).
When the analysis of the genome is compared to that of the proteome it can be concluded that
proteome analysis is more detailed and generates huge data sets as compared to the analysis of
the genome The proteomics procedure mainly entails the extraction process of proteins followed
by the separation of the proteins then the proteins are quantified and lastly a suite of
Bioinformatics tools are used for data analysis (Claassen et al., 2012; Nesvizhskii & Aebersold,
2005). Separation of proteins and peptides is usually carried out by application of either
electrophoresis technique or chromatography. The chromatographic separation techniques that
have been commonly used in the separation of proteins are mainly gel filtration, affinity and ion
exchange chromatography. Even though these chromatographic techniques are selective, most
researchers prefer to use electrophoretic procedures for protein separation in the form of either
one dimensional polyacrylamide gel electrophoresis or two dimensional polyacrylamide gel
electrophoresis (PAGE) (Penque, 2009). The techniques used in the separation of proteins are
usually combined with mass spectrometry (MS) and these are powerful tools that are applied in
proteomic studies (Kolch et al., 2005). Mass spectrometry is a high throughput technology that is
specific, sensitive and its detection range is appealing and therefore it has been used to identify
and quantify proteins (Aebersold & Mann, 2003; Foster et al., 2006; Washburn et al., 2001).
Initially, mass spectrometry was not considered as a method of choice in protein studies and this
was dictated by the fact that proteins have a large size and they are also fragile and therefore they
would not undergo the ionization processes. However, the development of soft ionization
techniques that are able to generate ions from large molecules without significant fragmentation
have aided in overcoming these challenges and therefore enhanced a detailed study of proteins
(Chaurand et al., 1999; Koomen et al., 2005). These soft ionization techniques are electrospray
ionization mass spectrometry (ESI) and matrix assisted laser desorption ionization mass
spectrometry (MALDI). The two main ways of identying proteins in MS are bottom-up and top-
down approaches. ‘Bottom-up’ strategies involve the digestion of proteins and then peptide
detection and they are the most common for large-scale analysis of complex biological samples.
Methods like peptide mass fingerprinting (PMF) or further peptide fragmentation are used to
identify proteins. Intact proteins are studied by mass spectrometry methods in ‘top-down’
approaches (Aebersold & Mann, 2003).
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Application of mass spectrometry technology that is fast and sensitive has enhanced
proteins to be characterized and identified at a faster rate. This has been facilitated by the use of
a mass spectrometer which has the ability to determine the molecular weight of a particular
compound. This is possible because in the mass spectrometer ionization process takes place and
there is induction of either a positive or a negative charge then the ions are separated according
to their mass and the mass to charge ratio of the ions is later determined (Chaurand et al., 1999;
Koomen et al., 2005).

Proteomics sample preparation

Proteins are vital to organisms' survival because they are involved in a variety of
processes such as cell-to-cell contact, immune response, cell motility, signal transduction,
enzyme catalytic activity, mitosis and transport among many others (Fields, 2001). There are
various methods that are used for the extraction of proteins. The methods involves the use Kits
that have cost implications and also reagents like trizol which are cheaper compared to the
optimized kits for protein extraction. The protein yield differs depending on the extraction
method used and therefore optimization processes have to be undertaken inorder to maximize the
protein yield. Optimization reactions to improve the protein yields mainly puts into consideration
factors like the sample source which could be from a whole organism, tissue, fluids like serum or
plasma whereby the right sample amount has to be used. Also the levels of expression of the
proteins and their location and also the strategies to be used for protein analysis have to be put
into consideration (Bodzon-Kulakowska et al., 2007). The proteins have to be denatured and this
procedure transforms proteins from the three dimensional structure to a linear structure that
enhances analysis of the proteins. A lysis buffer comprising of chaotropic agents and detergents
is usually used to enhance the denaturation and solubilization of proteins (Zhang et al., 2013).
Dithiothreitol (DTT) which is a reducing agent is used to treat the linearized proteins to prevent
the formation of disulfide bonds and the solution is then alkylated using iodoacetamide (IAA)
that reacts with the free sulfhydryl groups from cysteine residues and hence work to prevent
further formation of the disulphide bonds in the proteins. This is then followed by overnight
digestion of proteins using proteases with trypsin being the protease that is commonly used in

most studies (Switzar et al., 2013).
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2.17.2 Separation of proteins and peptides

Extracted proteins are available in different concentrations and also in complex forms and
therefore various methods are available for the separation of the proteins and a researcher has to
choose the right separation technique for a successful proteomics study (Aebersold & Mann,
2016; Smith & Kelleher, 2013). There are two main separation techniques that are used in

proteomics research and these are gel-based and chromatography-based separation technigues.

One-Dimensional electrophoresis

One-Dimensional electrophoresis comprises of isoelectric focusing that is carried out in
the first dimension of a 2-dimensional electrophoresis. Separation through the isoelectric
focusing technique is where separation of the proteins is based on their isoelectric points. The
isoelectric point of protein is the pH at which a protein has equal number of negatively charged
ions and positively charged ion giving a protein a net charge of zero. Separation is by enhanced
by carrier ampholytes that are used to form a pH gradient (Klose, 1975; O Farrell, 1975). The
draw backs associated with isoelectric focusing technique are minimal reproducibility, low
resolution and challenges arise when separating proteins with extreme pH conditions (Weiss &
Gorg, 2009). The carrier ampholytes offer a pH gradient for the separation of proteins and they
bear the characteristics of high buffer capacity, their molecular weight is low and they have a
good range of pKa values that extend from pH 2-12 and they mainly comprises weakily acidic
and weakily alkaline mixtures. When the set up for separation of proteins is completed, it is then
connected to a power supply and the ampholytes migrate based on their charges to the positive or
negative electrodes. Proteins possess a negative charge when the pKa values are above the pH
and they migrate towards the anode and vice versa. Migration therefore takes place until the
point where the pH and the pKa are equal and at that point the net charge is zero and no further
migration takes place. There were draw backs like batch differences that were associated with
the use of carrier ampholytes in isoelectric focusing technique and this prompted the
development of immobilised pH gradients and they have since been modified to increase their
efficiency (Bjellgvist et al., 1982; Gorg et al., 1988). The immobilization procedure is achieved
by the use an acrylamide matrix where covalent binding of the pH gradient is done when casting
and this process leads to the formation of a pH gradient that is more stable than the gradient

formed by the carier ampholytes. This modified gradient ensures that IEF takes place in a more
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steady state and thus becomes very reproducible and the resolution of this technology has greatly
improved (Gorg et al., 1988; Gorg et al., 1991; Righetti & Bossi, 1997). The modified pH
gradients have a broad pH range of 2.5-12 and this range allows efficient separation of the
proteins (Gorg et al., 2004). The immobilised pH gradients have found application in separation

of proteins by isoelectric focusing for use in proteomic studies (Gorg et al., 2009).

2-Dimensional gel electrophoresis

The principle behind the 2-dimensional gel electrophoresis technique is that protein
separation takes place by the first dimension using isoelectric focusing that utilises isoelectric
points for separation. The second dimension of separation is usually by size which is done
perpendicular to the initial dimension and this makes use of sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The role of the anionic detergent referred to as
SDS is to disrupt hydrophobic interactions between the proteins that are meant to stabilize the
proteins and the anionic nature of SDS masks the native charges in the proteins such that all the
proteins in the sample are negatively charged and this serves to ensure that separation of the
proteins in the second dimension is purely based on their size. Thiols like 2-mercaptoethanol are
also used together with SDS and they play a major role of disruption of the disulphide bonds
present in the proteins thus unfolding the protein structure. The gel matrix for the separation of
proteins is offered by acrylamide and N, N’-methylenebisacrylamide which is cross linking
reagent and therefore forms a meshwork of different pore sizes since separation is based on the
molecular weights of the proteins (Raymond & Weintraub, 1959). SDS-PAGE is carried out in a
vertical system that allows many parallel runs to be done and it is very efficient especially when
undertaking analysis in large scale (Anderson & Anderson, 1996). When running this technique
a discontinuous buffer system is usually used (Laemmli, 1970) and different concentrations of
acrylamide solutions generate different pore sizes and therefore the right concentration must be
prepared to ensure efficient separation of the proteins in the polyacrylamide gel (Zimmy-Arndt et
al., 2009).

2.17.3 Chromatography-based separation methods
Separation of proteins based on chromatographic techniques have also found application

in proteomic research where techniques like affinity chromatography and size exclusion
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chromatography have been applied in the first dimension (Wolters et al., 2001) and in the second
dimension reversed phase liquid chromatography and is usually combined with mass

spectrometry.

lon exchange chromatography

Proteins are composed of different types of amino acids and they bear both positive and
negative charges and therefore these properties have been exploited to enhance the separation of
proteins based on charged ions (Gupta et al., 1983; Kopaciewicz & Regnier, 1983). For
proteomic analysis, ion exchange chromatography has been applied for separations of peptides as
opposed to crude protein separations and this has been done in conjuction with high performance
liquid chromatography. Strong cation exchange (SCX) which is a form of ion exchange
chromatography has been exploited for the separation of peptides in the first dimension based on
charge differences (Washburn et al., 2001; Weston & Brown, 1997; Zhou et al., 2007). The
mode of action is through electrostatic attractions whereby ions of like charges are able to
exchange with the analytes for binding to the matrix (McMaster, 2007). lon exchange
chromatography has two exchangers and these are a cation exchanger that exchanges positively
charged peptides with a compound of similar charge attached on a negatively charged matrix and
anion exchanger on the other hand exchanges negatively charged peptides with a compound that
is also negatively charged attached to a positively charged matrix. In both cases of cation and
anion exchangers there are both weak and strong forms of the ion exchangers (McMaster, 2007).
After the cationic or anionic peptides have been bound, the next step is eluting the peptides and
this is usually achieved by the application of solutions with varying ionic strength for the
peptides to migrate (Nakamura et al., 2008). Other elution modes include varying the pH of
mobile phase (Dai et al., 2005; Manadas et al., 2009), or increasing the concentration of the ions
that were displaced and these ions will again exchange with the peptides through competitive
mode of action. Strong cation exchanger has found application in most proteomics studies
whereby during elution process the peptides bearing the least net positive charge is eluted first
(Delmotte et al., 2007; Essader et al., 2005; Gilar et al., 2005a).
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Size-exclusion chromatography

Two-dimensional  liquid  chromatography  has  incorporated  size-exclusion
chromatography (SEC) as the first dimension in the separation of proteins and it exploits the
differences in sizes of the proteins. This separation technique has been sidelined in proteomics
yet it is stable and is faster in the analysis of samples (Lecchi & Abramson, 1998; Lecchi &
Abramson, 1999). There have been proteomic studies that have used this technique in conjuction
with reversed phase high performance liquid chromatography for the separation of peptides
(Opiteck et al., 1997; Opiteck et al., 1998a; Opiteck et al., 1998b). In most of the proteomic
studies, the size exclusion chromatography is connected with the soft ionization technique like
electro spray ionization with mass spectrometry to assist in the identification of peptides. There
are studies that have effectively applied this technology in proteomics studies (Gao et al., 2003;
Liu et al., 2002; Nemeth-Cawley et al., 2003; Whitelegge et al., 2002).

Immobilised Metal-lon Affinity Chromatography (IMAC)

This form of affinity chromatography is a separation technique that depends on the
association between analytes and metallic ions that have been immobilised on a matrix. The
matrix which acts as a solid support contains functional groups that make interactions with the
metallic ions leading to their immobilisation. This technology is mostly applicable to the
separation of phosphorylated proteins and peptides because their affinity to the metal ions is high
and they end up forming complexes that are stable. The metal ions that are commonly used in
this separation technique include zinc, chromium, ferric iron, aluminium, nickel and copper. The
multidenante ligand is usually immobilised onto the stationary phase and the ligand is used to
chelate the metallic ions. Proteins which are digested by proteases like trypsin are usually
directed to the affinity column that contains the chelated metal ions and binding take place. They
are later eluted in a selective way into a column of reversed phase and then separation is
undertaken using the nano separation column (Carrascal et al., 2008; Chien et al., 2011,
Engholm-Keller et al., 2011; Gan et al., 2008; Gonza'lez-Ortega et al., 2012; Novotna et al.,
2010; Wang & Li, 2010; Zhou et al., 2013). When titanium dioxide is used in this technology,
binding to the column occurs for the phosphopeptides and also for non-phosphopeptides that are
acidic in nature and this complicates the affinity technique (Ficarro et al., 2002). After binding of

the phosphopeptides, elution usually follows and this is done through the use of reversed phase
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trap column and the whole technology is online and automated. The elution modes that are
applicable in IMAC is displacement of compounds through competitive elution and also
changing the pH levels of the mobile phases and those changes lead to elution of the
phosphopeptides in columns for further downstream processes that will identify and quantify the
phosphoproteins. This technology has found application in proteomics studies for separation of
the peptides since there are minimal cost implications involved especially in the purchase of the
stationary phase. The association between the metal ions and the peptides is very high, specific
and the binding level is high. Therefore this technique has been applied in the isolation of
peptides and viral vectors (Jiang et al., 2004; Jiang et al., 2006; Kenig et al., 2006; Riggs et al.,
2001; Vijayalakshmi, 1996; Ye et al., 2004; Zachariou, 2004).

Reversed-phase chromatography

Reversed phase chromatography is a form of High performance liquid chromatography
that utilizes a stationary phase which is non-polar and a polar mobile phase that uses mostly
water. The stationary phase is usually made of silica support that contains modified long chain
hydrocarbons. The principle of separation using this technique is that samples make interactions
between the stationary phase and the mobile phases whereby components of the sample that bind
strongly to the stationary phase move slowly through the column as compared to the those that
bind weakily (Dong, 2006). The samples that bind weakily on the stationary phase travel faster
with the mobile phase and are eluted first and in essence separation takes place. The mode of
separation is the gradient technique whereby to start with the mobile phase has high water
content and then the organic component of the mobile phase is raised in a stepwise way and this
enhances the separation of compounds present in a sample. The advantages that are observed
because of varying the composition of the mobile phase are that the separation of components is
better since the resolution is improved and the peak broadening effect is lowered. Reversed
phase chromatography has found application in the separation of peptides awaiting analysis in
mass spectrometry platforms. In the separation procedure of peptides, the polar peptides usually
elute first because they make interactions with the polar mobile phase while the non-polar
peptides are retarded in the stationary phase and as such they are eluted last (Dong, 2006). The
separation of peptides has been undertaken using the reversed phase liquid chromography

because this technique is very compatible with compounds that are aqueous in nature, it works
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well with compounds that can be eluted in a stepwise method and this therefore enhances the
separation of substances through the application of varying pH and also varying the ionic
concentration of the eluting sustances (McCalley, 2010). Inorder to achieve better
chromatographic peaks with this technique there are various points to consider which mainly
revolve around the length of the column to be used in separation, the working temperature that
has been applied to enhance efficient separation of the compounds, the stationary phase
composition should be stable to enhance proper separation and also the mobile phase used should
allow the stepwise change in the composition thus ensuring that gradient elution can be
undertaken (Gilar et al., 2005a). For this chromatographic technique to be effective in separation
and quantification of substances, the reagent that is present on the silica support ensures that the
charged peptides are maintained as neutral compounds and this minimizes the repulsive effect
between the peptides and the silica solid support and therefore the retention is improved and this
ultimately leads to better peaks (Gilar et al.,, 2005b; Mccalley, 2005). Reversed-phase
chromatography has found application for separation of peptides in the first dimension and this is
because of its efficiency and the fact that it accommodates varying pH levels of the mobile phase
(Gilar et al., 2005a). Varying the pH levels coupled with the charged nature of peptides and the
stability of the stationary phase makes this technique selective in that the first dimension of
separation can utilise high pH level while the second dimension of separation can be done at a
lower pH level (Gilar et al., 2005a; Gilar et al., 2005b; Toll et al., 2005). The availability of
stationary phases that are made of silica that has the capacity to withstand high pH levels has
allowed the application of the reversed phase chromatography for the separation of peptides in
the first dimension and the high pH also leads broader elution capacity (Lasaosa et al., 2009;
Manadas et al., 2009; Murphy et al., 2008).

One-Dimensional and Two-Dimensional Liquid Chromatography

Liquid chromatography (LC) is a chromatographic technique for the separation of
substances prior to other down stream process like mass spectrometry. The principle behind this
separation technique is that the stationary phase is usually packed into a column and a solution of
mobile phase is available and therefore when a sample is introduced into the chromatographic set
up, it interacts with stationary phase and the mobile phase selectively (Scott, 1992). The

components in the sample interact differently with the stationary phase and the mobile phase and
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the substances that bind strongly with the stationary phase are retarded and they move slowly
compared to the compounds that have weak or no attraction to the stationary phase. For the
substances that have better interactions with the mobile phase they move faster within the
column and they are normally eluted first. Therefore, different compounds have different
retention times as they move through the column and this process of selective retardation through
the column ensures the separation of the sample under study into its different components. High
Performance Liquid Chromatography (HPLC) involves the use of high pressure to force the
samples through a column with the stationary phase. The column is long and coiled to enhance
better separations of the samples. One-dimensional liquid chromatography (1D-LC) is based on
the application of reversed-phase liquid chromatography. This form of chromatoghraphy entails
the use of stationary phase that is non-polar mainly consisting of alkyl chain like C18 that are
hydrophobic in nature and a polar mobile phase mainly consisting of water combined with
acetonitrile which is an organic solvent that enhances gradient elution for efficient separation of
substances using this technique. This technique is easy and cheap because the instruments
required are fewer as compared to the other orthogonal techniques (Davis, 1991; Dong, 1992).
When separation is being done awaiting down stream process such as mass spectrometry
analysis, the first dimension of chromatographic technique is usually done in conjunction with
orthogonal separation techniques that either comprises of two dimensional liquid
chromatography or multidimensional liquid chromatography (MD-LC). The advantages of two
dimensional LC are that a small amount of sample is needed and automation is also possible with
this technique. Further more this technique can be combined with mass spectrometry in an online
mode through ESI (Nagele et al., 2003; Washburn et al., 2001) or offline mode through matrix-
assisted laser desorption ionization (MALDI) (Machtejavas et al., 2004).

2.17.4 Visualization of proteins

Visualization of the proteins is the step that comes after proteins have been separated
through gel electrophoresis. The basis of proteomics study is to determine the expression level of
the various proteins expressed in response to a particular treatment, disease condition or any
other stimuli and therefore visualization techniques aid in observing the different proteins in a
gel. There are characteristics that any visualization technique is supposed to possess and these

include the technique must be sensitive and this means that it has the capacity to identify proteins
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even those with a low concentration and the technique must be compatible with all downstream
processes without compromising the results. However, no single staining methodology has the
ability to meet all the requirements (Gorg et al., 2004). The staining methods that are available
for molecular biology research are silver staining, reverse stain, fluorescent stain, coomassie
brilliant blue stain among others (Patton, 2002). The staining dye that has been commonly used
for staining of proteins especially after two dimensional electrophoresis is coomassie brilliant
blue. This dye has found a lot application especially in proteomics platforms because it is easy to
use, cheap and it is also compatible with the methods that are incorporated in the analysis of
protein after the visualization step. The draw back of this technique is that it is less sensitive and
therefore it is not applicable for staining less abundant proteins (Weiss & Gorg et al., 2009; Wu
et al., 2005).

Silver staining is another visualization method for proteins that have been separated using
two-dimensional electrophoresis. This staining method is more sensitive and it can effectively
stain low abundant proteins but its dynamic range of staining is lower than that of coomassie
brilliant blue staining method. Silver staining method is more demanding in that it involves
several steps in its procedure and the reaction must be stopped as per the protocol and this
technique also suffers the problem of poor reproducibility between gels (Wu et al., 2005). The
silver stains that are found to be very sensitive are not compatible with mass spectrometry
analysis. There has been development of other silver staining procedures that have been used to
stain proteins that are to be processed using mass spectrometry analysis though these modified
protocols are less sensitive (Patton, 2002; Shevchenko et al., 1996; Wu et al., 2005).

Fluorescence staining is also another staining technique for proteins and it bears the
characteristics of being easy to perform, sensitive and the dynamic range of visualization is
broad. However, the draw backs of this visualization technique are the cost implications
associated with it and this is due to the fact that the chemicals and the instrumentation that are
used for the staining procedure are costly. For fluorescence staining, fluorescent dyes are used
and these dyes have been in use for staining of proteins separated by SDS-PAGE and for protein
blotting strategies (Wu et al., 2005). This form of staining compares well with other staining
techniques like silver stain and coomassie brilliant blue staining methods in that it is sensitive
and has a good dynamic range of visualization. The staining procedure can even be performed

overnight without problems of over-development (Ahnert et al., 2004; Patton, 2002).
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2.17.5 Mass spectrometry ionization methods

The ionization methods that are applicable in mass spectrometric methods for production
of ions are mainly matrix assisted laser desorption ionization (MALDI) (Karas & Hillenkamp,
1988) and electro spray ionization (Fenn et al., 1989). The discovery of these two methods
brought a turn around event in proteomics studies in that the analysis of proteins was improved
owing to the techniques being sensitive and also the fact that they could allow analysis of large
protein molecules (Chaurand et al., 1999; Siuzdak, 2004). The principle working of a mass
spectrometer is that for analysis to be efficient the analytes need to be ionized or charged and
these ions are transmitted through electric fields or magnetic rods and they are later directed to

mass analyzers that are available in many forms.

Electrospray ionization (ESI)

Electrospray ionization is a soft ionization technique that is applicable in liquid
chromatography mass spectrometry and it has become valuable in studies relating to large
molecules like proteins. This technique has the ability to change solutions of analytes into
gaseous form and this enhances the subsequent down stream processes (Fenn et al., 1989). The
advantage of this ionization technigue in proteomics studies is that it is combined with a liquid
chromatography system and the proteins are transformed in such a way that the proteins possess
different charges. The charged solution is usually passed through an emitter that is connected to
an ion source whereby a spray is formed through the application of a huge potential difference

and the ions are transferred into the mass analyzer (Smith et al., 1991).

Matrix-assisted laser desorption ionization (MALDI)

The brains behind the development of this soft ionization technique are Franz Gillenkmap
and Michael Karas. They discovered that a sample mounted on a matrix which would later
absorb laser radiation got ionized (Karas & Hillenkamp, 1988). Therefore, MALDI mass
spectrometry is the process where peptides are laser-desorbed from a solid or liquid matrix
containing a highly UV absorbing substance. The advantages associated with MALDI are that it
is easy to use, sensitive and small amounts of sample are required. In addition, the matrix plays a

major role of protecting the biomolecules from destruction by the laser beam. The matrix also
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enhances vaporization and ionization of the peptides and therefore this technique has found
application in biological analysis (Baldwin, 2005; Wall et al., 2002; Zhen et al., 2004).

2.17.6 Types of mass analysers

Mass spectrometers make use of analysers because their main role is separate ions based
on their mass to charge ratio (m/z ratio). There are many analysers that are available for
proteomics studies and their differences are in terms of the range of separation of the ions, they
come in different sizes and sophistication, their efficiency also differs in that some give better
resolution and accuracy than others. Most of the proteomics platforms improve their throughput
and efficiency by carrying out the mass spectrometry analysis in conjuction with two analysers
(Yates et al., 2009).

Quadrupole analyser

As the name implicates in this type of analyser, a quadrupole is formed by a connection
of four parallel rods which are combined with a circular cross section. The parallel rods are then
sub-divided into two rods whereby one pair is supplied with direct current (DC) while the other
pair is usually supplied with alternating radio frequency (RF) and these potentials are meant to
control the behaviour of the ions in the quadrupole. Through the utilization of the electric field
the ions that are from the ionization chamber are able to reach the quadrupole. The
instrumentation of the quadrupole is such that it has both direct current and radio frequencies in
each of the rods pairs and this ensures that ions are trajected in a controlled manner. The
mechanism of operation is that the DC and RF potentials cause the ions to behave differently.
The posively charged ions are attaracted to the negatively charged ions but getting to the rods
with radio frequency potential, the environment changes causing oscillations of the ions and
therefore the ions that are able to withstand these effects are the ones that have a stable trajectory
and a narrow mass to charge ratio while the rest of the ions that are less stable find their way to
the rods. The combination of the different mechanisms of this kind of analyser ultimately ensures
that ions bearing different mass to charge ratio find their way to the detector for analysis
(Dawson, 1986; EI-Aneed et al., 2009).

The type of analysers that have found application in proteomics studies are triple

quadrupole analysers which are usually combined with ESI and the advantage of this set up is
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that the analysers have the capability to switch between the full scan mode and the tandem mass
spectrometry scan mode (McLafferty & Bockhoff, 1978; McLafferty, 1981). In essense, ions
travel through the first quadrupole then move to the second quadrupole and finally through the
third quadrupole to the detector. The first scan mode deals with ions that have broad range of
mass to charge ratio and these ions have the ability to pass through the first quadrupole. The ions
are then transmitted to the second quadrupole where the tandem mass spectrometry takes place
and this analyser deals with ions that have a narrow range of mass to charge ratio and here the
ions undergo fragmentation occasioned by an inert gas like nitrogen or helium. After the process
of collision to fragment the ions, these ions are then allowed to pass through the third quadrupole

where measurements are carried out by the detector that is connected to the set up.

Time of flight (TOF)

The principle behind this analyser is that it measures the time it takes for ions to pass
through a specified path of flight. The theory behind this is that when there are ions bearing the
same charge and they are passed through the analyser at the same time, they possess a similar
kinetic energy but in order for the ions to get to the detector, their rate of progression is
dependent on their mass to charge ratio. In the time of flight type of analysers, all the ions make
their way to the detector as opposed to the quadrupole analyser where two scan modes must be
carried out to filter the ions and only the fragmented ions get to the detector. The time flight
analysers have a high resolution and they have found a lot of application in mass spectrometry
technology (Andrews et al., 2011; Beck et al., 2015; EI-Aneed et al., 2009; Gelderman & Simak,
2008).

Orbitrap mass analyzer

The brain behind the orbitrap mass analyser is Alexander Makarov (Makarov, 2000).
This analyser has two electrodes and these are the central electrode and an outer electrode whose
role is to trap ions and this is based on the principle that trapping of ions oscillating in orbits can
exploited for various studies (Kingdon, 1923). As the ions keep rotating the central electrode
they get to a point where the oscillations are harmonious and the frequency of rotation is

proportional to the mass to charge ratio. The oscillations are then analysed in Fourier transform
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ion cyclotron resonance (FTICR) and this type of analyser has a high resolution and is applicable

in proteomics studies (Eliuk & Makarov, 2015).

lon-Trap Mass Spectrometer

This form of mass analyser came about when it was discovered that trapped ions can be
manipulated and these knowledge can be applied in proteomics studies. The theory behind this
analyser is that a Scientist by the name Stafford designed an instrument that enabled the trapping
of ions over a specified period of time bearing different mass to charge ratios and then these ions
were later released to a detector (Stafford, 1984). This technology of trapping ions for further
analysis was enhanced when ions of the same mass to charge ratio were clustered together in an
ion trap facilitated by helium inert gas and the ions were later ejected at a higher rate than ions
that were not clustered together. Therefore the ion trap analyser function by shuttling between
aspects of ion collection, storage of the trapped ions and then release of the trapped ions and in
the process peptide ions are fragmented (Cha et al., 2000). Fragmentation process only occurs to
the specific trapped ions and this is because the voltage is raised causing the ions to acquire
energy which allows them to vibrate and in the process the ions make collissions with helium
inert gas causing the peptide ions to fragment. These ions are later released from the ion trap in a
sequence depending on their mass to charge ratio. lon traps analyse proteins in conjuction with
tandem mass spectrometry whereby the full scan is used to identify certain abundant ions based
on their mass to charge ratio and these are set for the fragmentation process. There are also cases
where the fragmented ions are fragmented further especially proteins that have undergone post-
translational modifications (March, 1997; Schwartz et al., 2002).

Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FTICR)

The first instrument of Fourier transform ion cyclotron resonance (FT-ICR) was invented
in the 1970s (Comisarow & Marshall, 1974) and it has found application in mass spectrometry
technologies because it has a good resolution (Amster, 1996; Dienes et al., 1996; Marshall et al.,
1998; McLafferty, 1994). It involves the production of ions from a particular source that is
located outside the magnetic field and the ions are directed in the cell where they are maintained
by the magnetic field present in the cell (Marshall & Guan, 1996). These confined ions exhibit an

orbiting mode referred to as ion cyclotron frequency. FT-ICR MS is a powerful mass analyser
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providing the highest resolving power (Schaub et al.,, 2008), mass resolution, (Bossio &
Marshall, 2002; He et al., 2001) and mass measurement accuracy, (Savory et al., 2011; Schaub et
al., 2008) allowing for confident analysis of many large biomolecules including proteins
(Aebersold & Mann, 2003) and nucleotides (Benson et al., 2003; Wunschel et al., 2000). The
FT-ICR MS has high mass accuracy because its mode of action is to measure the frequency of
the ions and then determine the mass to charge values. There are also FT-ICR instruments that
have found application for commercial purposes where they work in conjunction with tandem
mass spectrometry making them very useful in the study of biological systems (Zubarev et al.,
1998).

Peptide fragmentation

In mass spectrometry analysis proteins and peptides have to be fragmented into ions for
further analysis like tandem mass spectrometry. The process involves the selection of intact
peptide ions and they are usually separated based on their mass to charge values and this usually
takes place in the first mass analyser (MS1). The next process is to select the abundant protein or
peptide ions and they are usually directed in a collision cell containing an inert gas like helium
and interaction with this gas leads to collision and fragmentation of the ions. The fragmentation
techniques that have found application in proteomics research include collision-induced
dissociation, (CID) where ions are collided with neutral gas molecules like nitrogen, argon or
helium and they break the ions into fragments (Cooks, 1995; Kim et al., 2010). Other ion
fragmentation methods that have found application in proteomics analysis are high-energy
collisional dissociation (HCD) which uses a higher voltage to collide the ions with the inert gas
(Olsen et al., 2007), electron capture dissociation (ECD) and electron transfer dissociation (ETD)
where a chemical reaction transfers an electron onto the ions to fragment them (Syka et al., 2004;
Zubarev et al., 1998).

2.17.7 Mass spectrometry-based quantitative proteomics

There has been great advances of technology in the field of quantitative proteomics and
this has ultimately led to high throughput mode of detection of analytes in mass
spectrometry.There are two quantitation methods and these are absolute and relative

quantification methods that are applicable in proteomics research. As the term suggests, absolute
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quantification deals with the actual concentration or quantity of proteins or peptides in the
analyte. On the other hand, relative quantification does more of a comparison of the proteins
present in different analytes (Elliott et al., 2009). The principle behind the operation of absolute
quantification is the introduction of labelled reference peptides that are of known concentration
to the sample solution and then liquid chromatography coupled with tandem mass spectrometry
is carried out. After the mass spectrometry analysis, the quantity of the target peptide is
determined by the comparison of the intensity of the peptide of interest and that of the reference
labelled peptide (Bronstrup, 2004). The draw backs associated with this mode of quantification is
that it is expensive and time consuming. Relative quantification has gained a lot of popularity
with most proteomics studies and it has been used to determine protein expression profiles
between samples subjected to different treatments and this form of quantification can either use
label free quantification methods or labelled quantification methods.

Label Free Relative Quantitation

Most the proteomics platforms make use of label free quantification as opposed to
labeled forms of quantification (Wienkoop et al., 2006). Label-free quantitative proteomics
(LFQP) is the most common method in proteomics because it is easier to perform especially
when dealing with large sample sizes (Kalra et al., 2013; Keiji & Takashi, 2008). The advantages
that go hand in hand with LFQP are that it is cheaper since the purchase of costly reagents does
not apply to this technique and it is also faster to perform because no labeling strategies are
undertaken (Abdalla et al., 2012). The principle behind the operation of this label free method for
quantification of proteins is that a comparison is usually made between the peptides that had
been initially digested by trypsin with identical peptides from different samples but whose
elution took the same retention time after MS analysis. The relative concentrations of the
proteins are usually determined by analysis of the peak intensities of the peptides of interest and
it is important to note that the intensities of the peaks have to be normalized so that errors are
minimized (OId et al., 2005; Silva et al., 2005). Therefore, label free quantitation proteomics has
received a lot of acceptance as compared to the labeled strategies and as such it has found
application in the analysis of many different types of biological samples (Megger et al., 2013;
Wang et al., 2008b; Yan & Chen, 2005).
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Stable isotope labelling techniques

The use of labelled isotopes in the quantification procedure of proteins in proteomics
studies is slowly being undertaken with the advancement of mass spectrometric techniques (Tabb
et al., 2016). Labelling of proteins is usually done using nitrogen, oxygen and carbon isotopes
whereby labels are incorporated in metabolic reactions or by the use of enzymes (de Bievre &
Taylor, 1993; Xie et al., 2011). The protein abundances are usually determined through the
comparison of the peak intensities of differentially labelled peptides. There are two major
labelling strategies and these are °N labelling and stable isotope labelling with amino acids in
cell culture (SILAC) (Everley et al., 2004; Oda et al., 1999; Ong et al., 2002). The mode of
operation of SILAC is that the basic amino acids, arginine and lysine are labelled with isotopes
and then they are added in the culture medium and as the growth progresses the labels are taken
up by the proteins and therefore this technique quantifies changes in proteins that occur in vivo.
This labelling technique has found application in other organisms (Doherty et al., 2005; Gouw et
al., 2010; Kruger et al., 2008; Westman-Brinkmalm et al., 2011).

The other labelling strategy is by the use of enzymes like trypsin which is used to
introduce oxygen isotope into the C-terminal side of cleaved peptides because trypsin cleaves
arginine and lysine amino acids at the C-terminal end (Krusemark et al., 2009; Reynolds et al.,
2002; Yao et al., 2001). The disadvantages of this technique is incomplete labelling that is
occasioned by the slow exchange of the two isotopes of oxygen and so peptides are labelled at
different rates (Johnson & Muddiman, 2004; Ramos-Fernandez et al., 2007; Ye et al., 2009).
Labelling using oxygen isotope has found application in proteomics research whereby proteins
are first cleaved into peptides and then the oxygen isotope label is incorporated (Yao et al., 2001;
Yates et al., 2009). There are also cases where labelling with oxygen isotope has been carried out
after the digestion process (Bantscheff et al., 2004). The instruments that can accommodate the
labelling strategy include the Fourier transform ion cyclotron resonance but research has shown
that even instruments like ion traps can also be used (Heller et al., 2003). Chemical reactions can
also be used to introduce labels comprising of tags to protein or peptides (Desiderio & Kali,
1983). For chemical labelling the strategy involves the use of isotopic and isobaric tags for
labelling, e.g. isotope coded protein labelling (ICPL) (Munchbach et al., 2000), isotope-coded
affinity tag (ICAT), isotope tags for relative and absolute quantification (iTRAQ), tandem mass
tags (TMT) and stable-isotope dimethyl labelling (DML).
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Isotope-Coded Affinity Tag (ICAT)

This is an in-vitro isotopic labelling method for proteins and it is used for the
quantification of proteins. The composition of the chemical reagent consists of an iodoacetamide,
a linker region containing the heavy or light label and a biotin residue for peptide enrichment
using affinity chromatography (Smolka et al., 2001). The procedure involves the incubation of
the samples with the ‘light’ or ‘heavy’ label and this enhances the binding of sulfhydryl groups
of cysteine resides through the iodoacetamide region of the ICAT molecule. After the samples
have been labelled, they are then mixed, digested and from there the peptides that specifically
contain cysteine are enriched using affinity chromatography through the binding of the biotin
label to avidin coated stationary phase. This technique is sensitive and specific and it has found

application in all sample types (Qu et al., 2006).

Isobaric Tags for Relative and Absolute Quantification (iTRAQ)

This quantification method uses tags that must have equal masses but during dissociation
they give rise to different ions (Thompson et al., 2003). The use of isobaric tags for labelling has
found application in comparative proteomics. One of the advantages of this technique is that it is
a high through-put technique and as many as eight samples can be analysed simultaneously in a
single experiment provided the tags of the reporter group are different from those of the balancer
group (Choe et al., 2007; Ross et al., 2004). Isobaric tags for relative and absolute quantification
(iITRAQ) have found application for comparison of protein expression levels in various
organisms (Moulder et al., 2018; Ross et al., 2004; Thompson et al., 2003).

2.17.8 Peptide Mass Fingerprinting (PMF)

Peptide mass fingerprinting (PMF) is a technique that is used for the identification of
proteins that have been separated using two-dimensional gel electrophoresis (Henzel et al.,
1993). Proteins are cleaved using specific enzymes like trypsin that cleaves the amino acids
lysine and arginine at the C-terminal end (Olsen et al., 2004; Wilkinson, 1986). The peptides are
analysed for mass determination and quantification through the mass spectrometry platform. To
identify the peptides, a suite of Bioinformatics tools are used to match the peptides in the

samples with those present in the data bases.
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CHAPTER THREE
MATERIALS AND METHODS

3.1  Establishment of cadmium tolerant and control untreated colony of An. gambiae s. s

Anopheles gambiae s. s mosquitoes were collected from a colony at the International
Centre of Insect Physiology and Ecology (ICIPE) in Nairobi, Kenya, in the animal rearing and
quarantine unit (ARQU). Anopheles gambiae s. s mosquitos were collected previously from
Mbita field station (00.025'S, 34.013'E) in Homa Bay County, Kenya. The mosquito colony was
raised in specially built, climate-controlled rooms. The temperature in the insectary was
constantly maintained at 28+2°C. The relative humidity was maintained at 75%-80%
especially for the adults and this was made possible by a mounted humidifier. Adult
mosquitoes are harmed by excessively high humidity, which must be avoided (Benedict,
1997; Gerberg et al., 1994). Lighting was set at 12:12 light: dark schedule and this is the
commonly applied lighting schedule in most insectaries (Mireji et al., 2010b). Selection of
cadmium tolerance in juvenile stages of An. gambiae s. s. was done in triplicates through
exposure to cadmium metal whose concentration had been empbhirically determined for the
mosquito. Mosquito’s first three stages of development were exposed to cadmium metal
solution at a concentration of 0.36ug/L. The larvae were reared in 1500mL of cadmium
metal solutions and in the same way, control population of An. gambiae s. s was reared in
triplicates in clean distilled water that was devoid of cadmium heavy metal. After every 24
hours, water was changed and clean distilled water for the control group was added while
clean cadmium metal solution was added for the cadmium treated group. This procedure
was repeated until pupae of the respective triplicate groups emerged. Pupae were collected
and put in cylindrical pans and sealed with a net to prevent mosquitoes from flying away.
The pupae were transferred to a separate room awaiting adult emergence. The colony was
held in good working order by observing the rules and regulations required for mosquitos
rearing. Pulverized tetramine fish food was fed to the larvae stages (Tetra GmbH, Melle,
Germany). The adults were fed a ten percent sucrose solution. Female mosquitos were fed
blood from anaesthetized mice in order to lay eggs (Ford & Green, 1972). The Kenya
National Ethical Review Board approved the feeding of mosquitoes to mice (protocol
number KEMRI/RES/7/3/1) and KEMRI’s Animal Care and Use Committee (ACUC)
reviewed the protocol. The colony was in the 90th filial generation at the time of this work,
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and by the time the research was finished, it had grown to the 120th filial generation. The
third instar larvae of the respective triplicate control and cadmium treated groups were used
in this study. Cadmium was used in this analysis as cadmium chloride (CdCl>), which was
99.99 percent pure (Fisher Scientific LLC, Fair Lawn, NJ, U.S.A.).

3.2  RNA extraction

The ZR Tissue and Insect RNA Microprep kit™ (ZR Tissue and Insect RNA
Microprep kit™) or the Trizol reagent (Invitrogen, Carlsbad, CA) is used to isolate total RNA
(Zymo Research Corporation, Irvine, CA, U.S.A.). Both methods of RNA extraction were
used at first, but when the kit ran out, the Trizol reagent became the primary mode of RNA

extraction in this analysis. However, both methods generated RNA of comparable quality.

3.2.1 RNA extraction using ZR tissue and insect microprep kit

Complete RNA was isolated from the third instar larvae of both the cadmium-treated
and control strains. The procedure was as described below: Thirty larvae samples were placed
in a BashingBead lysis tube, 800 pl RNA lysis buffer was applied, vortexed, and centrifuged
at 12,000 rpm for one minute. 400ul of the supernatant was centrifuged at 8,000 rpm for 30
seconds on a Zymo-spin HIC column in a collection tube. A total of 0.8 volume of ethanol
was applied to the flow through, which was thoroughly mixed before being moved to a Zymo-
spin IC column in a collection tube and centrifuged for 30 seconds at 12,000 r.p.m. The flow
through was thrown out. A 400ul RNA prep buffer was applied to the column and centrifuged
for 1 minute at 12, 000 r.p.m. The Zymo-spin IC column was replaced back into the collection
tube after the flow through was discarded. The column was washed with RNA wash buffer
(800pl) and centrifuged for 30 seconds at 12,000 rpm. The Zymo-spin IC column was
replaced back into the collection tube after the flow through was discarded. The wash cycle
was repeated with half the volume of RNA wash buffer, followed by 2 minutes of
centrifugation at 12,000 rpm. The Zymo-spin IC column was carefully removed from the
collection tube and inserted into a tube that was free of DNase and RNase. 6pl of
DNase/RNase-free water were poured directly into the column matrix and left to stand for 1
minute. To elute the RNA from the column, centrifugation at 12,000 rpm for 30 seconds was

used. Extracted RNA was either used right away or deposited in the deep freezer at -80°C.
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3.2.2 RNA extraction using the Trizol reagent

Using the Trizol RNA isolation reagent, total RNA was isolated from the third instar
larvae of cadmium heavy metal tolerant and control untreated An. gambiae s. s populations
(Invitrogen, Carlsbad, CA). In a nutshell, 30 larvae samples were transferred to 1.5mL RNase-
free microcentrifuge tube. Trizol™ reagent (750ul) was added, thoroughly mixed by hand
shaking, and incubated for 10 minutes at room temperature. The tubes were filled with 200ul of
chloroform and tightly capped before vortexing for 15 seconds. The tubes were incubated for 10
minutes at room temperature before being centrifuged for 10 minutes at 4°C at 12,000 r.p.m.
After phase separation with Trizol/chloroform, the upper colorless aqueous phase was transferred
to a new 1.5mL RNase-free micro-centrifuge tube containing 500uL isopropanol and 1pl of
50mg/mL glycoblue without interfering with the DNA interface. The samples were vortexed for
15 seconds and then incubated for 10 minutes at room temperature before being centrifuged at
12,000 rpm for 10 minutes at 4°C. Without losing the obvious blue RNA pellet, the supernatant
was pipetted out. The RNA pellet was washed on ice with 500l of 75 percent ethanol, vortexing
to mix and centrifugation at 12,000 rpm for 2 minutes at 4°C. The supernatant was removed and
the RNA pellet was dried for a few minutes. After that, the RNA pellet was dissolved in 20ul of
nuclease-free water. The RNA samples were immediately quantified by reading the absorbance
at 260/280 nm. Glycoblue is an inert co-precipitant made up of a blue dye covalently linked to
glycogen that is free of nucleic acids, DNases, and RNases pollutants. GlycoBlue™ increases
RNA isolation yield while having no impact on the efficiency of isolated RNA or 260/280
reading quantitation. It also doesn't interact with or compete with enzymatic reactions that

follow.

3.3  DNase I digestion

To extract the residual DNA from the isolated total RNA, DNase | (RNase free;
TaKaRa) was used. The reaction buffer, DNase | and RNase inhibitor were mixed with the
RNA and incubation was performed at 37°C for 30 minutes. Then 1uL 50Mm EDTA was
added and incubation was performed at 65°C for 10 minutes. The purified RNA obtained
was quantified and then storage was at -80°C in a deep freezer or in liquid nitrogen until

use.
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3.4  RNA Quantification

The concentrations of the total RNA were determined using either a micro-
spectrophotometer Genequant pro (Amersham Pharmacia Ltd., Bucks, UK) or a NanoDrop®
(Thermo Scientific) depending on their availability.

3.5 Gene Fishing™ Reverse Transcription

The Annealing Control Primer (ACP) technology was chosen for this study because it
enhances the precision and sensitivity of PCR amplification and produces only specific PCR
products. In addition, PCR products can be detected on regular ethidium bromide-stained agarose
gels and ACP needs only a small amount of starting content (Hwang et al., 2004). However, this
technology has lower throughput than other competing technologies such RNA sequencing.
Complete RNA was extracted from both the cadmium heavy metal tolerant population and the
control An. gambiae s. s. population, standardized to equivalent concentrations and used directly
for reverse transcriptase-mediated synthesis of first strand cDNA (Hwang et al., 2003). In a final
reaction volume of 20 pL, reverse transcription was conducted for one and a half hours at 42°C
with 2ug of RNA, 4pul of 5X reaction buffer (Promega, Madison, W1, USA), and 5ul of dNTPs
(2mM each of dATP, dCTP, dGTP, dTTP), 2 pl of 10 pmol cDNA synthesis primer dT-ACPI
(5-CGTGAATGCTGCGACTACGATL1INI(T)1-3"), Moloney murine leukemia virus reverse
transcriptase (200 U/L, Promega) and 0.5 L of RNasin® RNase Inhibitor (40 U/L, Promega). For
the Gene Fishing PCR, the synthesized first-strand cDNA was diluted with 80ul ultra-purified

water and processed at -20°C before use.

3.6 Annealing Control Primer-based gene fishing™ PCR

The Gene Fishing DEG kits were used to screen differentially expressed genes (DEGS)
using the Annealing Control Primer (ACP)-based PCR process (Seegene, Seoul, South Korea)
(Kim et al., 2004a). In a single tube, second-strand cDNA synthesis and subsequent PCR
amplification were carried out. Second-strand cDNA was synthesized in a final reaction
volume of 20ul containing 3-5ul (about 50ng) of diluted first-strand cDNA during one step of
first-stage PCR at 50°C, | ul of dT-ACP2 (10mM, reverse  primer)
(5'-CTGTGAATGCTGCGACTACGATIII (T) 45-3', I pL of 10 puM forward primer and 10ul

of 2x master mix. For second strand synthesis, the PCR protocol consisted of one cycle at

63



94°C for 1 minute, followed by 50°C for 3 minutes, and 72°C for 1 minute. The second-stage
PCR amplification protocol was 40 cycles of 94°C for 40 seconds, followed by 65°C for 40
seconds, 72°C for 40 seconds and 10 minutes final extension at 72°C after second-strand
DNA synthesis was completed. The PCR products were isolated on a 2% agarose gel in Tris-

Borate EDTA buffer for one hour at 80 volts and stained with ethidium bromide.

3.7 Gel extraction

The QIAquick® Gel extraction kit was used to remove the gels (QIAGEN Inc.,
Valencia, CA). Using a scalpel, differentially expressed bands were excised from the agarose
gel between the control and the cadmium heavy metal tolerant populations and UV light was
used. Three volumes of buffer QX1 were applied to one volume of the gel slice after it was
weighed. For 10 minutes at 50°C, the mixture was incubated until the gel slice was fully
dissolved. Vortexing was performed every 3 minutes during the incubation period to help
dissolve the gel. One volume of isopropanol was applied to the sample and combined after the
gel slice was fully dissolved as was shown by the yellow hue. In a 2 mL collection tube, the
QIAquick spin column was mounted. The sample was added to the QIlAquick column and
centrifuged for 1 minute to bind DNA. The flow through was thrown away and the QlAquick
column was reinserted into the same collection channel. 0.75mL of buffer PE was applied to the
QIAquick column and centrifuged for 1 minute to complete the washing process. The flow
through was discarded and the QIlAquick column was centrifuged at 13,000 rpm for another
minute. In a clean 1.5 mL microfuge tube, the QIAquick column was put. 30ul of elution buffer
was applied to the centre of the column for DNA elution, the set up was allowed to stand for 1

minute and then centrifuged for 1 minute at 13,000 r.p.m.

3.8 Cloning

The gel filtered products were directly cloned into Invitrogen’s pGEM-T Easy vector
(Carlsbad, CA, USA) and transformed into JM109 competent cells. For blue/white colony
selection, colonies from competent cells were grown for 18 hours at 37°C on Luria broth agar
plates containing ampicillin, X-gal (5-bromo4-chloro 3-indoyl-D-galactopyranoside) and
isopropyl-D-thiogalactopyranoside (IPTG). The GeneJET™ plasmid Miniprep kit was used to

purify the transformed plasmids (Fermentus, Thermo Fisher Scientific Inc). In a nutshell, cells
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were suspended in 250ul of resuspension solution then 250l of lysis solution were applied and
mixed by inverting the tube about five times until the solution was viscous and partially clear.
Then 350 ul of neutralization solution was applied and thoroughly combined by inverting the
tube for about five times. To pellet debris and chromosomal DNA, centrifugation at 6,800 rpm
for 5 minutes was used. The supernatant was moved to the GeneJet spin column, but the white
precipitate was not transferred. The flow through was discarded and the column was returned to
the same collection tube after centrifugation at 6,800 rpm for 1 minute. The wash solution
(500ul) was applied to the column and centrifuged for 1 minute at 6,800xg, the flow through was
discarded and the wash phase was repeated once more.The flow through was discarded and the
residual wash solution was removed by centrifugation for an additional minute. To elute the
plasmid DNA, the column was moved to a new 1.5mL microfuge tube and 50ul Elution buffer
was applied to the middle of the Genelet column. After 2 minutes of incubation at room
temperature, the samples were centrifuged for 2 minutes at 6,800 r.p.m. The filtered plasmid

DNA was deposited at -20°C before shipping and the column was discarded.

3.9  Sequencing

For sequencing, the purified plasmid DNA samples were sent to Macrogen in Korea. M13
Primers were used for sequencing on an ABI PRISM® 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). The raw sequences obtained were subjected to JustBio
software to clean the sequences and remove any gaps present before pasting the sequences to
VecScreen to get the positions that are contaminated on the vector and that serves as the insert
sequence or the sequence of interest. The sequences of interest were then edited using BioEdit
software. Using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) search
software, complete sequences were compared in VectorBase against Anopheles gambiae PEST

strain transcript sequences, AgamP4.6 geneset.

3.10 Protein expression studies
3.10.1 Test insects

The insects used for proteomics work were raised in triplicates in cadmium metal and the
controls were not subjected to heavy metal treatment. Mosquito propagation and tolerance

experiments were done as previously explained.
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3.10.2 Protein extraction

Proteins were extracted from triplicate samples (n=50) using the Trizol reagent. In a
nutshell, the flow through mixture containing proteins and other mosquito tissues was
precipitated using 1 mL of isopropanol per 750uL sample, incubated for 10 minutes at room
temperature and centrifuged for 10 minutes at 12,000 rpm at 4°C. The recovered pellet was
washed three times in 0.3M guanidine hydrochloride in 100 percent ethanol, with each wash
taking 20 minutes and the pellet recovery being undertaken by centrifugation at 12,000 rpm for
10 minutes. After the final wash the pellet was allowed to dry and it was then re-suspended in
100 uL of SUBT buffer (4.5 M urea in 0.5% SDS, 25 mM Tris/HCI, pH 7.5) (Bai and Laiho,
2012) and protease inhibitors were incorporated. Protein quantification was performed using
Bradford assay (Bradford, 1976).

3.10.3 Liquid chromatography and MS/MS of An. gambiae s. s larvae proteome

LC-MS/MS analysis was carried out following the protocols designed by Njunge et al.,
(2017). Briefly, equal amounts of the sample proteins were diluted in Laemmle sample buffer
(60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01% Bromophenol
blue), the resultant solution was boiled and the inherent protein was separated on a 12%
acrylamide sodium dodecylsulphate-polyacrylamide gel electrophoresis (NUPAGE 4-12% Bis-
Tris Gel, Life Technology) in triplicates. Methanol/acetic acid were used to fix the gel and then
Coomassie brilliant blue (Sigma-Aldrich Laborchemikalien GmbH, Seelze, Germany) was used
for staining. The gel was destained in methanol as previously described (Njunge et al., 2017).
Each gel lane was cut into six parts and destained in a 50 mM ammonium bicarbonate/50 percent
CH3CN solution. The gel fragments were digested overnight at 37°C using the trypsin enzyme
(Thermo Fisher Scientific). The peptides were then extracted in 0.5 percent formic acid (FA)/50
percent CH3CN and dried in a SpeedVac (Thermo Fisher Scientific). Just before the LC-MS/MS
review, the peptides were resuspended in 20ul of 0.5 percent FA. Peptides (5uL) were loaded
onto a 75 m x 2 cm C18 trap column (Thermo Scientific) and separated on a 75 pmx 25 cm C18
reverse-phase analytical column (Thermo Scientific) using a Dionex Ultimate 3000 nano-flow
ultra-high-pressure liquid chromatography system (Thermo Scientific). Over 120 minutes,
elution was carried out with mobile phase B (80 percent acetonitrile with 0.1 percent formic

acid) gradient (5-35%). An Exactive Orbitrap mass spectrometer (Thermo Scientific) was used to
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calculate peptides, which was connected to the chromatography device through a nano-
electrospray ion source (Thermo Scientific). Resolution: 70,000; AGC target: 3e6; scan range:
400-1800 m/z for msl; Resolution: 17,500; AGC: 5e4; isolation window: 1.6 m/z for ms2. For
ms2, the top 15 most intense ions were chosen and they were then omitted for the next 30
seconds.

For both the peptide-spectrum match level calculated by the target-decoy approach and
the protein FDR, the false discovery rate was set at (FDR=0.01) 1%. MaxQuant (\Version
1.5.3.30, www.MaxQuant.org) was used to process the raw files and search them against a
combined database of Anopheles gambiae proteins (Agamp4, from Vectorbase) and a
contaminate database provided by MaxQuant. With the dataset identifier PXD010707, the mass
spectrometry proteomics data has been deposited in the ProteomeXchange Consortium through
the PRIDE (Deutsch et al., 2017; Vizcaino et al., 2014) collaborator repository.

3.10.4 Differential protein abundance analysis

Label free quantification (LFQ) of proteins was performed using MaxQuant software
(Versionl.5.3.30, www.MaxQuant.org) to classify differentially expressed proteins. LFQ values
were normalized for all replicates (Cox & Mann, 2008; Kaur et al., 2017) and used for analysis.
The mean protein expression values per group for each protein were obtained and used to
determine differential protein abundance. The changes in protein abundance were computed
from the difference in log2 values in (replicate-mean). Unpaired student t-test was performed on
the mean protein abundance between the cadmium-tolerant and the control groups to identify
proteins whose abundance were significantly altered. After applying the Benjamini Hochberg
(BH) correction to the p-values, proteins with a modified p value of p < 0.05 were deemed
important for further study. Principal Component Analysis (PCA) was used to examine patterns
of variation among samples. The global changes involving biological processes were
investigated using STRING database (Szklarczyk et al., 2011) to identify known protein-protein
interactions (PPIs) among the differentially expressed peptides using orthologs of the An.
gambiae proteins in Drosophila melanogaster.
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CHAPTER FOUR
RESULTS
4.1 Establishment and maintenance of cadmium tolerant and control colony
A colony of cadmium tolerant and control non-exposed mosquitoes was generated in
triplicates in the insectary at ICIPE following the standard protocols of colony establishment and

maintenance. The third instar larval stage of both populations was used for this study.

4.2  RNA Quantification

Total RNA was extracted from the third instar larvae of cadmium heavy metal
tolerant and control An. gambiae s. s populations in triplicates using Trizol reagent
(Invitrogen) or the ZR Insect and Tissue RNA kit™ (Zymo Research Corporation,
Irvine, CA, USA) depending on the reagent availability. The micro-spectrophotometer
Genequant pro (Amersham Pharmacia Ltd, Bucks, UK) was used to quantify the
extracted RNA and a few samples were quantified using the NanoDrop® (Thermo-
Scientific) (Table 1 and 2). When the micro-spectrophotometer developed a
mechanical problem, the NanoDrop® was used only once for quantification.

Table 1: RNA Quantification using the micro-spectrophotometer of cadmium and control

samples extracted using either Trizol reagent or ZR Insect and Tissue RNA Kit.

Sample Name A260/A280 Conc (pg/ml) Extraction method
CTI 1.953 351.51 Trizol Reagent
CT2 1.972 341.21 Trizol Reagent
CT3 1.96 2115.2 ZR Insect and Tissue RNA kit
CT4 2 3189.2 ZR Insect and Tissue RNA kit
CDI 1.923 298.63 Trizol Reagent
CD2 1.962 300.34 Trizol Reagent
CD3 2 1824.2 ZR Insect and Tissue RNA kit
CDh4 2 3061.2 ZR Insect and Tissue RNA kit
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Table 2: RNA Quantification of the control samples (CT) and cadmium tolerant

samples (CD)

Technique Sample ID  A260/A280 RNA Conc pg/mL)

CTl 1.96 211,52

NanoDrop® cT 2.00 318.92
CD1 2.00 182.42

CD2 2.00 3061.20

CT10 1.89 236.04

CT11 1.84 180.96

CT12 1.86 153.52

CT13 1.90 264.65

CT14 1.85 189.21

CT15 18.49 241.36

CTi6 1.87 230.27

CT17 1.88 158.25

CT18 1.84 188.18
Micro-spectrophotometer CT19 187 190.38
CT10 1.93 296.83

CT11 1.90 240.82

CT12 1.91 236.82

CT13 1.93 225.05

CT14 1.93 283.98

CT15 1.85 187.16

CTi6 1.85 244.09

CT17 1.92 252.15

CT18 1.96 322.71

CT19 1.90 389.50
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Since the package could not handle many samples and eventually became depleted, the
majority of the RNA extractions in this study were done with the Trizol reagent (Invitrogen). The
extracted RNAs were found to be appropriate for downstream use in GeneFishing Technology
because the content of the RNA obtained from both methods met the purity criteria.

4.3  Differentially expressed gene transcripts in An. gambiae s. s

To identify genes that were differentially expressed in cadmium tolerant An. gambiae s. s
larvae, MRNA expression profiles of cadmium-treated larvae were compared with those of the
control (untreated larvae) by the application of the GeneFishing technique with ACP system
(Kim et al., 2004a). Through the ACP system, fourteen (14) differentially expressed genes
(DEGs) were identified. The DEGs were detected on the agarose gel (Fig. 4) using randomly
chosen arbitrary ACP primers. BLAST searches of DEG sequences against Anopheles gambiae
PEST strain transcript sequences, AgamP4.6 geneset, were performed in VectorBase. Table 3

lists some genes that were found to be differentially expressed in response to heavy metal

exposures.

Figure 4: Differential banding patterns in mosquito larvae from cadmium-treated and control
populations. DEGs were detected using the ACP 75, ACP 76 and ACP 78 primer sets, as shown
by the arrows. The number 1 denotes a cadmium-treated population, while the number 2 denotes

a control population. M is a molecular size marker of 50 bp.
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Table 3: Gene transcripts obtained through BLAST searches from vector Base.

Gene ID Gene name Description of gene product E-Value % ID Expression pattern
AGAP002638 ABCH1 ATP-binding cassette transporter (ABC 3 77.5 Up
transporter) family H member 1
AGAP001249 Eupolytin 3e-31 98.7 Up
AGAP028915 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 8e-79 98.2 Up
AGAP004750 Translation initiation factor 4G 6.4 87 Up
AGAP028915 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 8e-78 99.4 Up
AGAP006187 Protein G12 6.8 100 Down
AGAP003078 Endoplasmic reticulum metallopeptidase 1 1.5 80.6 Down
AGAP028391 Isu rRNA 3e-103 100 Up
AGAP028915 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 4e-49 96.6 Up
AGAP028915 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 5e-81 98.8 Up
AGAP003870 Thoc7 THO complex subunit 7 6.4 87 Up
AGAP008584 lysosomal alpha-mannosidase 3.4 90.5 Up
AGAP010252 RpL23 60S ribosomal protein L23 4e-12 100 Up
AGAP028907 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 3e-06 91.2 Up
5 8S_rRNA 5.8S ribosomal RNA 3e-37 98.9 Up
AGAP02818 5.8S ribosomal RNA
AGAP028899 SSU_rRNA eukaryotic Eukaryotic small subunit ribosomal RNA 2e-08 100 Up
AGAP009563 myotubularin related protein 2 0.74 91.3 Up
AGAP002262 adenylate cyclase 8 9.6 100 Down
AGAP012302 Sodium-independent sulfate anion transporter 0.36 88.9 Up
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Over 70% of genes that were identified using the ACP system were up-regulated and
these included ATP-binding cassette transporter, Eupolytin, Eukaryotic small subunit ribosomal
RNA, Translation initiation factor 4G, THO complex subunit 7, Isu rRNA, lysosomal alpha-
mannosidase, 60S ribosomal protein L23, 5.8S ribosomal RNA, myotubularin related protein 2
and Sodium-independent sulfate anion transporter. The down regulated genes that were detected

included adenylate cyclase 8, Protein G12 and Endoplasmic reticulum metallopeptidase 1.

4.4  Protein Expression in An. gambiae s.s larvae

A total of 1067 distinct mosquito proteins were found in both the cadmium and control
mosquito groups (FDRO0.01). This accounts for about 8% of the predicted proteins in the An.
gambiae genome. 745 proteins were found in both groups, while 322 proteins were found either
in the cadmium (31 proteins) or control groups (291proteins) (Fig. 5).

Control Cadmium

Figure 5: Mosquito L3 larvae proteins found in both cadmium and control populations, as well
as those specific to each, are depicted in the Venn diagram
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Principal Component Analysis on the replicate samples distinguished the cadmium tolerant

larvae from the control population (Fig. 6).

Cadmium 1

Cadmum 2

Cagmum “J

Figure 6: Principal Component Analysis (PCA) of the replicate samples for Cadmium tolerant
versus Control group.

To determine protein signatures associated with Cadmium tolerance, diff erential protein
abundance analysis was performed based on the LFQ values and revealed 63 proteins that were
differentially expressed (Table 4). The proteins that were up-regulated were 18 and they included
oligosaccharyltransferase complex subunit, ribose 5-phosphate isomerase A, 40S ribosomal
protein S23, eupolytin and initiation factor among others. There were 45 down-regulated proteins
which consisted of glucosyl/glucuronosyl transferases, clip-domain serine protease, paramyosin,
NADH dehydrogenase (ubiquinone) 1 alpha and 5-methylthioadenosine phosphorylase among
others. There were also hypothetical proteins that were differentially expressed.

Log2 value of protein expression (replicate-mean) for each protein was calculated and 2-
tailed student t-test calculated in cadmium tolerant versus control population. Proteins with BH
corrected p value < 0.01 were used for generating heatmap in R Bioconductor heatmap.2

package (Figure 7).
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Table 4: Differentially expressed An. gambiae s. s larval proteins after exposure to cadmium heavy metal

BH. Corrected

Protein_ID Gene.name Description 12 fold P value
Glucosyl/glucuronosyl

AGAP005163-PA transferases <-7.9 2.34E-04

AGAP028204-PA hypothetical protein 2.56 4.69E-04

AGAP000315-PA CLIPC6 Clip-domain serine protease —6.38 7.03E-04

AGAP004877-PB paramyosin <-7.8 9.37E-04
oligosaccharyltransferase

AGAP010174-PA complex subunit 2.37 1.17E-03

AGAP000399-PA squid -1.24 1.41E-03

AGAP013112-PA MRNA binding protein -0.5 1.64E-03
nuclear GTP-binding

AGAP004514-PA protein <-7.7 1.87E-03
Mitochondrial transcription

AGAP008499-PA factor A 1.74 2.11E-03

AGAP004395-PA nucleophosmin 3 <-7.6 2.34E-03

AGAP013365-PA hypothetical protein —-0.88 2.58E-03

AGAP004895-PA carbonic anhydrase <-75 2.81E-03
26S proteasome regulatory

AGAP003216-PA subunit T2 <-7.4 3.05E-03

AGAP013036-PA hypothetical protein 1.58 3.28E-03

AGAP011802-PA RpL39 60S ribosomal protein L39 -1.99 3.51E-03

AGAP012317-PA hypothetical protein -1.84 3.75E-03
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AGAP007250-PA

AGAP028178-PA

AGAP007507-PA

AGAP005129-PA

AGAP011298-PA

AGAP004606-PA

AGAP004719-PA

AGAP011457-PA

AGAP007393-PC

AGAP010730-PA

AGAP012504-PA

AGAP004618-PA

AGAP004015-PA

AGAP012407-PA

AGAP011476-PA
AGAP013347-PA

CPLCP13

mRpL48

RpL10a

CLIPC9

SP21408

hypothetical protein

cuticular protein (putative)

CPLCP13

Mitochondrial ribosomal

protein L48

5-methylthioadenosine

phosphorylase

60S ribosomal protein L10a

HYPK

Clip-Domain Serine

Protease
ribose 5-phosphate
isomerase A

protein disulfide isomerase

family A, me
Prophenoloxidase
activating factor
hypothetical protein
hypothetical protein

prolylcarboxypeptidase
protein disulfide-isomerase

Al
hypothetical protein
hypothetical protein

—2.85

—0.74

—7.35

<-7.3

—0.18
<-7.2

1.82

—0.69

—-0.7
0.36
<-7.0
<-7.1

2.09
—2.7
—0.74

3.98E-03

4.22E-03

4.45E-03

4.69E-03

4.92E-03

5.15E-03

5.39E-03

5.62E-03

5.86E-03

6.09E-03

6.33E-03

6.56E-03

6.79E-03

7.03E-03

7.26E-03
7.50E-03



AGAP007060-PA
AGAP009216-PA
AGAP007249-PB
AGAP010392-PA
AGAP011276-PA
AGAP011477-PA
AGAP007666-PA

AGAP009652-PA
AGAP010181-PA

AGAP004443-PB
AGAP012990-PA
AGAP008440-PA
AGAP010404-PB

AGAP009863-PA
AGAP010613-PA

AGAP010100-PA

AGAP009271-PA

AGAP012823-PA

Flightin

RpS23

GSTS1

CPR84

Prosbetal

hypothetical protein
Clip-domain serine protease
Flightin

Calumenin

hypothetical protein
Eupolytin
Calcyphosin-like protein
NADH dehydrogenase
(ubiquinone) 1 alpha
obelix

glycogen synthase kinase 3
beta

40S ribosomal protein S23
urate oxidase

glutathione S-transferase
Eukaryotic translation
initiation factor

elongation factor 1-beta
cuticular protein 84 RR-2
family

20S proteasome subunit
beta 1

NADH dehydrogenase 1
alpha subcomplex su

77

-3.32
—2.52
-1.6

—-1.02
—-0.17
1.02

-1.21

—2.13
—2.42

<-7.2
0.22
—5.33
1.54

0.99
-1.16

1.06

1.8

7.73E-03
7.97E-03
8.20E-03
8.43E-03
8.67E-03
8.90E-03
9.14E-03

9.37E-03
9.61E-03

9.84E-03
1.01E-02
1.03E-02
1.05E-02

1.08E-02
1.12E-02

1.15E-02

1.17E-02

1.19E-02



AGAP012056-PA

AGAP006469-PA

AGAP013185-PA

AGAP010477-PB

AGAP005559-PA

AGAP012425-PA

AGAP012837-PA

AGAP005696-PA

AGAP007172-PB

AGAP010731-PA

AGAP003360-PA

AGAP011098-PA
AGAP006117-PA

mRpL43

CPTC1

CLIPAS

cofilin

cell growth-regulating

nucleolar protein
hypothetical protein
phosducin-like 3

26S proteasome regulatory

subunit N10
hypothetical protein

39S ribosomal protein L43
cuticular protein from two-

cysteine fami

translation initiation factor

4E

Clip-Domain Serine

Protease
dynein light chain
roadblock-type

beta-aspartyl-peptidase

(threonine type)
hypothetical protein

0.3

—2.51

1.62

—-4.57

0.04

191

—-1.67

—7.04

—2.43

2.15
<-74

1.22E-02

1.24E-02

1.27E-02

1.29E-02

1.31E-02

1.34E-02

1.36E-02

1.38E-02

1.41E-02

1.43E-02

1.45E-02

1.48E-02
1.50E-02




4.4.1 Functional enrichment and network analysis

Functional enrichment was performed by STRING online database using KEGG
pathways and 14 down-regulated pathways were identified. Among them were pathways linked
to oxidative phosphorylation, glycolysis and nitrogen (arginine and proline) metabolism. The y-
axis shows biological pathways that were significantly altered based on the —log 10 FDR values

plotted in the x-axis (Figure 8). Enrichment was only observed in down-regulated proteins.
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Figure 8: Functional enrichment of differentially regulated proteins.
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Analysis based on protein families (Pfam) identified the CLIP protease, proteasome sub unit A and insect cuticle proteins

being down-regulated (Table 5).

Table 5: Biological pathways down-regulated in An. gambiae s. s larvae after exposure to cadmium heavy metal.

Observed
Pathway  Pathway ID Pathway description gene count  False discovery rate Regulation
Pfam PF00089 Trypsin 30 1.89E-03 down
Pfam PF00227 Proteasome subunit 7 1.89E-03 down
Pfam PF10584 Proteasome subunit A N-terminal signature 5 3.37E-03 down
Pfam PF12032 Regulatory CLIP domain of proteinases 7 7.71E-03 down
Pfam PF00379 Insect cuticle protein 20 1.44E-02 down
Pfam PF01105 emp24/gp25 L/p24 family/GOLD 4 2.78E-02 down
KEGG 190 Oxidative phosphorylation 21 2.00E-08 down
KEGG 1100 Metabolic pathways 58 3.32E-05 down
KEGG 910 Nitrogen metabolism 6 1.63E-04 down
KEGG 3050 Proteasome 9 7.43E-04 down
KEGG 1200 Carbon metabolism 12 1.72E-03 down
KEGG 10 Glycolysis / Gluconeogenesis 7 2.57E-03 down
Microbial metabolism in diverse
KEGG 1120 environments 14 2.57E-03 down
KEGG 4145 Phagosome 9 2.57E-03 down
KEGG 1230 Biosynthesis of amino acids 9 2.77E-03 down
KEGG 3013 RNA transport 14 5.22E-03 down
KEGG 330 Arginine and proline metabolism 7 6.79E-03 down
KEGG 640 Propanoate metabolism 5 7.76E-03 down
KEGG 280 Valine, leucine and isoleucine degradation 6 1.43E-02 down
KEGG 270 Cysteine and methionine metabolism 5 1.45E-02 down
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4.4.2 Down regulated proteins in cadmium treated mosquito larvae

The down-regulated proteins were by far the largest group (45) and these were
functionally associated with glucose and carbohydrate metabolism, metal binding and immunity
(Table 4 and Appendix 2). The most down-regulated was AGAPOO5163-PA, a UDP-
glucuronosyl/UDP-glucosyltransferase. From the immune group were proteins from the Class 1l-
associated invariant chain peptide (CLIP) family (AGAP000315-PA, AGAP004719-PA,
AGAP009216-PA and AGAP010731-PA, AGAPO011783-PA), prophenoloxidase
(AGAP010730-PA) and GNBPI (AGAP004455-PA). Other proteins down-regulated were
cuticular proteins (CPLCP13, CPTC1), UDP-galactose-4-epimerase, enzymes associated with
redox pathway and free radical detoxification (AGAP004378 and AGAP005749), a protein
involved with proteolysis (AGAP004015-PA), a ribosomal protein associated with oogenesis
(RS3A_ANOGA), a cell growth regulator protein (AGAP006469-PA) and proton transport

molecules.

4.4.3 Proteins induced by cadmium exposure in An. gambiae s. s. larvae

There was an induction of nine proteins with catalytic activity in the cadmium tolerant
strain (Fig. 7 and Table 4). Three of these proteins were functionally associated with the redox
pathway (AGAP010404-PB, AGAP001325 and AGAP002170) and actin dynamics
(AGAP012056-PA). Two signaling molecules of the small GTPase family (AGAP001902 and
AGAP002219), and several hypothetical proteins including two most abundant proteins
(AGAP028204-PA and AGAP028068-PA) were up-regulated. Similarly, there was an induction
of transcription factors, ribosomal proteins, enzyme from glutathione S transferase family
(AGAP010404-PB) and proteins that function in the degradation pathway. Alpha tubulin
(AGAP001219), previously demonstrated to be up-regulated in response to cadmium tolerance

was also among the proteins that were found to be up-regulated.
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CHAPTER FIVE
DISCUSSION
51  An.gambiae s. s colony establishment and maintenance
This study led to the establishment of a colony of cadmium heavy metal tolerant
population and a control untreated population An. gambiae s. s strain. This strain can be used for
further research work as stated in the recommendations or any heavy metal interrogative studies

in An. gambiae s. s mosquitoes.

5.2 RNA Quantification

The presence of RNases in the environment makes RNA vulnerable to degradation.
For downstream applications, high-quality RNA is needed, so RNA must be quantified to
ensure its integrity. The ratio of RNA Absorbance to the Absorbance of the contaminants is
used to estimate RNA purity. A260/A280 ratios of 1.8-2.2 are suitable for purity. From the
RNA Quantification data, it was deduced that the extractions using the ZR Insect and Tissue
RNA kit™ (Zymo Research Corporation, Irvine, CA, U.S.A.) yielded high quantities of
RNA as compared to the use of the Trizol reagent (Invitrogen). However, it is quite clear
that the quality of the RNA was not compromised. The quality of the RNA obtained met the
purity criteria and therefore the extracted RNAs were considered suitable for downstream

processes.

5.3  Differential transcript profiles in An. gambiae s. s

From the BLAST searches, over 70% of the identified genes were up-regulated as a result
of cadmium heavy metal exposure while the rest were down regulated. The up-regulated genes
were clustered into three biological functions which encompassed metabolism (AGAP008584,
AGAP001249 and AGAP009563), transport (AGAP012302 and AGAP002638) and protein
synthesis (AGAP028915, AGAP004750, AGAP028391, AGAP003870, AGAP028907,
AGAP02818 and AGAP028899).

The ATP-binding cassette (ABC) transporters discovered in this study belong to the super
family of membrane proteins that are present in all living organisms, including humans (Dean &
Annilo, 2005). Inorganic ions, sugars, lipids lipopolysaccharides, metals, xenobiotics and drugs

are all transported by ABC transporters across biological membranes (Dawson & Locher, 2006:
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Hollenstein et al., 2007). Previous research on insects has found that since ABC transporters are
involved in the movement of various substances across membranes, biological functions such as
metabolism are harmed, especially when important components of metabolic reactions are
transported and thus unavailable for efficient metabolic reactions in the organism. Production
and insecticide tolerance are two other biological roles that have been harmed (Borycz et al.,
2008; Dow & Davies, 2006; Ricardo & Lehmann, 2009; Vache et al., 2007). In addition,
silencing an ABCH1 gene causes insects to die in their juvenile stages (Guo et al., 2015). The
upregulation of these genes indicates that they are involved in cadmium transport across
membranes for excretion, which reduces cadmium metal toxicity and thus aids larvae survival in
the heavy metal environment. The up-regulation of the eupolytin gene may have a role in the
activation of defense molecules in the mosquito larvae. The eupoltin-1 gene, which encodes a
protease, was found to hydrolyze fibrinogen and activate plasminogen in a study involving the
ground beetle Eupolyphaga sinensis and these defense molecules play a role in the bettle's
immunity response (Yang et al., 2011). Ribosomal genes are involved in protein synthesis and
the up-regulation of ribosomal RNAs in this study indicates that they play a role in enhancing
An. gambiae survival in a heavy metal contaminated environment through transcription and
translation of genes involved in the larvae's adaptation to heavy metals. In all species, the THO
complex, which is a strongly conserved enzyme, is primarily responsible for maintaining proper
gene expression and stability (Gewartowski et al., 2012; Kohler & Hurt, 2007). The THO
complex’s expression in this study suggests that it plays a role in expressing defense molecules
that help larvae survive in a cadmium-polluted environment.

The down-regulated genes in this study were protein G12, endoplasmic reticulum
metallopeptidase 1 and adenylate cyclase 8. G-proteins are surface receptors that couple
receptors to adenylyl cyclase, controlling its activities such as raising CAMP levels and other
events that make up the signal transduction pathway, which is essential for enhancing cellular
responses. Endopeptidases and exopeptidases are enzymes that catalyze different activities in the
cell, but all of their catalytic activities require a co-factor in the form of a metallic ion, which was
discovered to be down-regulated in this research (Rawlings & Salvesen, 2013). The
downregulation of these essential genes involved in signal transduction and proteolytic activity
could explain the high rates of larval mortality seen in larvae raised in cadmium heavy metal

environments. Through differential expression of complex transcripts, the data obtained in this
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study sheds light on the transcriptional basis of An. gambiae s. s mosquito adaptation to
cadmium metal. The expression of metallothionein in insects has been identified as a candidate
gene for use as a biomarker for environmental pollution assessment (Hare, 1992; Klerks & Weis,
1987; Roesijadi, 1994). Alpha-tubulin has also been indicated as a heavy metal responsive gene
in insects (Mattingly et al., 2001). Metallothionein was tested as a metal sensitive gene for Cd,
Zn and Cu heavy metals using Culex quinquefasciatus mosquito larvae (Sarkar et al., 2004). As a
result, the differentially expressed genes discovered in this research may be used to establish

biomarkers to determine environmental stress or pollution in An. gambiae s. s mosquitoes.

5.4  Differential protein profiles in An. gambiae s. s

Previous studies had shown that cadmium tolerance leads to increased expression of
alpha tubulin and metallothionein transcripts (Mireji et al., 2010a). This study has expanded the
understanding on cadmium tolerance in mosquito by using an unbiased and more sensitive
approach of combining the strength of 1-dimensional gel and a sensitive mass spectrometry
analysis. From the proteomics work carried out in this study, 322 proteins have been identified to
be differentially expressed in both the cadmium tolerant populations and the control populations.
This was a marked improvement in the number of proteins established in a study undertaken
previously (Mireji et al., 2006).

Results from this work indicate that there was a down regulation of various proteins and
pathways that relate to immunity and stress responses in Anopheles gambiae s. s larvae. The
relationship between heavy metal tolerance and mosquito immunity has previously not been well
established. In this study, several immune molecules were down-regulated in cadmium exposed
larvae. The importance of CLIPB9 and CLIPAS for the activation of prophenoloxidase cascade
and melanization of Plasmodium and bacteria has been demonstrated (An et al., 2011). GNBP1
(AGAP004455-PA) plays a vital role by acting as a pattern recognition receptor (PRR) with a
broad repertoire for pathogen surveillance (Dimopoulos, 2003; Whitten et al., 2004). The TOLL
and IMD pathways are activated by the pattern recognition receptor, causing mosquito immunity
genes to be expressed. In the absence of effective immune surveillance, heavy metal tolerant
mosquitoes may be more prone to bacterial pathogens frequently found in aquatic habitats. Also,
immune priming occurs at larval stages and shapes anti-plasmodia responses in adult stages

(Moreno-Garcia et al., 2015). However, the immune system development is a complex process
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and may be different in laboratory settings as compared to a natural environment where other
abiotic factors may come into play. Other immune molecules in this cluster were SRPN11,
SRPN12, APOII, CTL4, CTL8, GALE 8 and LRIM26 (Appendix 2). Serpins (AGAP001375-PA
and AGAP001377-PA) are irreversible inhibitors of serine proteases which are involved in a
wide range of physiological and pathological reactions in humans and insects especially innate
immune responses (Janciauskiene, 2001). Insect genomes have been shown to contain serpin
genes and they are thought to protect insect from pathogen attack by inhibiting proteases
produced by fungi and parasites among other functions (Kanost et al., 1990; Zou et al., 2009).
The down regulation of serpin genes observed in this study supports the reduced immunity in the
larvae due to heavy metal exposure and hence the high mortality rates of larvae (Mireji et al.,
2010b). The down regulation of these proteins would also point to the reduction of the larvae
numbers previously reported due to lack of proper body mechanisms of encountering the sting of
heavy metal pollution (Mireji et al., 2010b). Heat-shock proteins (HSP) were also found to be
down regulated (AGAP002076-PA, AGAP004192-PA, AGAP001424-PA) in this study. Insects
have been discovered to have high levels of heat shock proteins, which function as survival
modulators. They are a group of functionally linked proteins that help other proteins fold and
unfold. In response to environmental inputs such as heat shock, ultraviolet radiation, chemical
pesticides and biotic stress such as viruses, bacteria, fungi and other insects, the expression of
different HSP genes is induced and modulated in insects (Zhao & Jones, 2012). In the sleeping
chironomid Polypedilum vanderplanki, heat shock proteins were discovered to be critical up-
regulated genes for anhydrobiosis (Cornette et al., 2010). Heat shock proteins (HSP70, HSP90)
were the most sensitive to changes in hydration state in all genes examined in a study to
determine the molecular responses of dehydration, rehydration and over hydration in larvae of
the Antarctic midge B. Antarctica (Lopez-Martinez et al., 2009). HSPs are caused by viruses,
bacteria, fungi and insects to provide defense against stressors, according to numerous studies
(Hong et al., 2010; Lyupina et al., 2010; Rungrassamee et al., 2010; Ying & Feng, 2011). Results
from this research work demonstrate a down regulation of HSP70 and HSP90 and this acts as an
indicator of reduced larvae numbers that are usually observed during the transition from one
instar stage to the next in the cadmium treated larvae.

Results from this study demonstrated a down regulation of the entire signal transduction

mechanism. Signaling mechanisms are crucial not only for general cellular processes but also for
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sensing danger in form of pathogen infection. The mosquito deploys several strategies to prevent
or respond to invading pathogens. The insect exoskeleton which is largely composed of chitin
provides a physical barrier against invading pathogens, with the second level of barrier that
targets pathogens that have made it through into the system being provided by antimicrobial
peptides, immune genes and hemocytes. Low expression of cuticular proteins was observed in
this study suggesting reduced capacity to respond to heavy metals and a compromised
exoskeleton which can partly explain the reduced survival rates in larvae, pupa and adults
emergence as previously reported (Mireji et al., 2010b).

There was a down regulation of genes that decode enzymes involved in the metabolism
of carbohydrates. The most significant change observed in this study was that of AGAP005163-
PA, a UDP-glucuronosy1/UDP-glucosyltransferase that was consistently not identified in heavy
metal tolerant mosquitoes. This was not surprising given that UDP-glucuronosyl catalyzes the
transfer of glucose from UDP-glucose to ecdysteroids and the vital role ecdysteroids play in
regulating insect growth and transitions between stages. Low levels of ecdysteroids are linked to
a disruption in mosquito development. Heavy metal tolerance is known to induce delays in
pupation and reduced adult size. Thus, AGAP005163-PA abundance can be associated with the
fitness cost incurred for heavy metal adaptation. Other down-regulated enzymes in this study
included, Pyrophosphatase, Lactate/malate Dehydrogenase and Triose Phosphate Isomerase
among others (Appendix 2). These metabolic enzymes are necessary for glycolysis, which is
required for efficient energy production (Jung et al., 2002). Interestingly, vulnerability to
pathogen infections is a feature of triose phosphate isomerase deficiency, a rare glycolytic
enzymopathy that affects humans and other mammals (Schneider, 2000). The low expression of
metabolic enzymes observed in this study would translate to inefficient energy production
required for normal growth and development thereby attributing to the high mortality rates
observed in cadmium exposed larvae.

Proteasome protein was found to be down regulated in the larvae after cadmium
exposure. The proteasome is involved in both the ATP-dependent degradation of naturally
occurring unstable regulatory proteins and the uncontrolled destruction of constitutively long-
lived proteins in the non-lysosomal pathway. Furthermore, it appears to be essential for
maintaining cell viability to rapidly remove proteins with abnormal structures that may be

produced in cells as a result of mutations or various environmental stresses such as oxidation and
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heavy metal exposure, implying that proteolysis may act as a self-protective mechanism to
protect cells from such stresses (Tanaka, 1998). The Ubiquinone-proteasome pathway is
responsible for the selective degradation of certain harmful proteins. Actually, the poly-
ubiquinone gene, which belongs to the heat shock gene family, encodes ubiquinone, implying
that under stress, cells must generate a large number of ubiquinone molecules to promote the
rapid degradation of abnormal proteins caused by the stress (Hochstrasser, 1997; Varshavsky,
1997). Furthermore, the ribosomal protein RS3A (AGAP003532-PA), which has been shown to
play a role in exogenesis, was down regulated, which is consistent with the observed decrease in
fecundity.

Although there was a general down-regulation of the oxidative phosphorylation pathway
in this study, it was observed that enzymes from the GST family were significantly up-regulated.
GSTs function by catalyzing the conjugation of glutathione (GSH) (Xu et al., 2014) to various
electrophonic compounds, including reactive oxygen species (ROS) These molecules are
induced as a result of oxidative stress caused by the accumulation of reactive oxygen species (Li
et al., 2003). Deleterious effects of oxidative stress are not only associated with tissue, DNA and
protein damage, but reports indicate this may include insecticides resistance mechanisms in
mosquitoes (Jones et al., 2012; Oliver & Brooke, 2018; Ramirez & Gimenez, 2003). High levels
of metabolic enzymes such as GSTs and cytochrome oxidase are strongly associated with this
phenotype (Oliver & Brooke, 2016). As insects become more accustomed to heavy metal
polluted habitats, there is an excellent potential for increased risk of high-level insecticides
resistance and increased odds of disease transmission. There was an up regulation of nine
proteins with catalytic activity in the cadmium stressed larvae (Appendix 3). Three of these serve
in the redox pathway (AGAP001711, AGAP001325 and AGAP002170) and three are involved
in hydrolysis (AGAP000862, AGAP000573 and AGAP002055). Two signaling molecules of the
small GTPase family (AGAP001902 and AGAP002219) were also up-regulated. It was also
observed that alpha tubulin (AGAP001219) that had previously been demonstrated to be up-
regulated in response to cadmium tolerance was among the proteins reported in this group
(Mireji et al., 2010a). Other proteins induced included transcription factor, ribosomal proteins
and those in the protein degradation pathway involving ubiquitination. The induction of these
proteins is a response to cadmium heavy metal and they are responsible for the observed

adaptation of the Anopheles gambiae s. s larvae to heavy metal polluted environment. However,
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the main limitations for this study includes 1) a single focus on An. gambiae s. s. among other
Afro-tropical mosquito vectors of malaria, 2) limitation to cadmium tolerance among other
heavy that are also present in An. gambiae habitats (Mireji et al., 2008) and 3) the study only
focused on one developmental stage (larvae) and yet all other developmental stages are

important in mosquito survivorship and associated vectorial capacity.
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CHAPTER SIX
CONCLUSIONS AND RECOMMMENDATIONS

6.1  Conclusions

Data presented in this study illustrated the use of Trizol reagent and ZR Tissue and Insect
RNA Microprep kit (Zymo Research Corporation, Irvine, CA, U.S.A.). The ZR Tissue and Insect
RNA Microprep kit generated a higher quantity of extracted RNA as compared to the use of
Trizol reagent. However, the RNA generated in both cases was of similar quality and was
considered suitable for all down stream processes. In addition, the data suggests that there are
tradeoffs between cadmium tolerance and insect capacity to undergo normal development and
mount an effective immune response to cadmium metal.
This study has advanced the existing field of knowledge in the following ways:-
I An. gambiae s. s established colony has the potential capacity to survive and reproduce in

a cadmium heavy metal polluted environment.
ii. An. gambiae s. s mosquitoes express repertoire of genes in response to cadmium heavy

metal tolerance.
iii. An. gambiae s. s mosquitoes express protein profiles specific to cadmium heavy metal

exposure.

6.2  Recommendations

Based on the results obtained from this study, the following recommendations are made;

i Further work should be carried out with An. gambiae s. s larvae from naturally polluted
environments to find out how the larvae in these settings compare with those in
laboratory settings and also for validation of the present findings.

ii. The function of differentially expressed genes (DEGS) in An. gambiae s. s health and
reproductive success should be investigated further.

iii. The current study identified AGAP005163-PA candidate protein that deserves further
interrogation for potential application in development of biomarkers for assessment of

cadmium heavy metal environmental contamination.
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APPENDICES

Appendix A. Total proteins identified from An. gambiae s. s L3 larvae

Total proteins in Cadmium group

Total proteins in control group

AGAPO000005-PA
AGAP000044-PA
AGAP000167-PA
AGAPO000170-PA
AGAP000180-PA
AGAP000235-PC
AGAP000260-PC
AGAP000261-PA
AGAP000270-PA
AGAP000272-PA
AGAP000278-PA
AGAP000291-PA
AGAPO000297-PA
AGAP000305-PA
AGAP000306-PA
AGAPO000308-PA
AGAPO000315-PA
AGAP000344-PB
AGAP000352-PA
AGAP000359-PA
AGAP000375-PA
AGAP000399-PA
AGAP000403-PA
AGAP000415-PA
AGAP000416-PC
AGAP000437-PA

AGAP002355-PB
AGAP002363-PA
AGAP002374-PA
AGAP002387-PA
AGAP002390-PA
AGAP002395-PA
AGAP002399-PA
AGAP002401-PA
AGAP002407-PA
AGAP002413-PD
AGAP002414-PA
AGAP002422-PA
AGAP002437-PA
AGAP002440-PC
AGAP002456-PA
AGAP002457-PA
AGAP002464-PA
AGAP002465-PA
AGAP002468-PA
AGAP002470-PA
AGAP002473-PA
AGAP002477-PA
AGAP002491-PA
AGAP002499-PA
AGAP002500-PA
AGAP002521-PB
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AGAP000462-PB
AGAPO000508-PA
AGAP000526-PA
AGAP000536-PA
AGAPO000538-PA
AGAP000541-PB
AGAP000550-PA
AGAP000572-PA
AGAPO000573-PB
AGAP000615-PA
AGAP000622-PB
AGAP000625-PA
AGAP000626-PA
AGAP000651-PC
AGAP000654-PA
AGAP000655-PA
AGAP000672-PB
AGAP002440-PC
AGAP002684-PB
AGAP002777-PA
AGAP002788-PA
AGAP003154-PB
AGAP003168-PA
AGAP003200-PA
AGAP003219-PA
AGAP003331-PB
AGAP003334-PA
AGAP003476-PA
AGAP003582-PA
AGAP003686-PA
AGAP003719-PA

AGAP002534-PB
AGAP002557-PA
AGAP002559-PB
AGAP002564-PE
AGAP002568-PA
AGAP002592-PA
AGAP002593-PA
AGAP002596-PA
AGAP002612-PA
AGAP002613-PA
AGAP002619-PA
AGAP002645-PA
AGAP002654-PA
AGAP002661-PA
AGAP002667-PA
AGAP002684-PB
AGAP002726-PA
AGAP002728-PA
AGAP002739-PA
AGAP002743-PA
AGAPQ002754-PA
AGAPQ002777-PA
AGAP002782-PA
AGAP002788-PA
AGAP002812-PA
AGAP002813-PA
AGAP002849-PA
AGAP002850-PA
AGAP002878-PA
AGAP002879-PA
AGAP002889-PA
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AGAP003834-PA
AGAPO003883-PA
AGAP003937-PA
AGAP004002-PA
AGAP004031-PA
AGAP004093-PA
AGAP004110-PA
AGAP004146-PA
AGAP004212-PA
AGAP004321-PA
AGAP004362-PB
AGAP004407-PA
AGAP004455-PA
AGAP004462-PA
AGAP004484-PA
AGAP004533-PA
AGAP004566-PA
AGAP004625-PB
AGAP004638-PA
AGAP004723-PA
AGAP004743-PA
AGAP004845-PB
AGAP004886-PB
AGAP004919-PA
AGAPO004975-PA
AGAP004996-PA
AGAP005003-PA
AGAP005015-PA
AGAP005032-PB
AGAP005076-PC
AGAP005081-PA

AGAP002892-PA
AGAP002919-PA
AGAP002921-PB
AGAP002925-PC
AGAP002948-PA
AGAPQ003007-PA
AGAP003008-PB
AGAP003016-PA
AGAP003025-PC
AGAP003043-PB
AGAP003048-PA
AGAP003052-PA
AGAPQ003057-PA
AGAP003069-PA
AGAP003091-PA
AGAP003095-PA
AGAP003119-PA
AGAP003134-PA
AGAP003136-PA
AGAP003141-PB
AGAPQ003154-PB
AGAP003168-PA
AGAP003173-PA
AGAP003178-PA
AGAP003200-PA
AGAP003212-PA
AGAP003216-PA
AGAP003219-PA
AGAP003229-PA
AGAP003238-PC
AGAP003246-PA
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AGAP005095-PA
AGAPO005134-PA
AGAP005197-PA
AGAP005234-PB
AGAP005316-PA
AGAP005327-PA
AGAP005402-PA
AGAP005427-PA
AGAP005462-PA
AGAP005486-PA
AGAP005559-PA
AGAP005569-PA
AGAP005581-PA
AGAP005603-PA
AGAP005609-PB
AGAP005615-PA
AGAP005618-PA
AGAP005627-PD
AGAP005641-PA
AGAP005644-PA
AGAP005663-PA
AGAPO005671-PA
AGAP005685-PA
AGAP005693-PA
AGAP005695-PA
AGAP005696-PA
AGAP005723-PA
AGAP005739-PA
AGAP005766-PA
AGAP005813-PA
AGAP005838-PA

AGAP003250-PA
AGAPQ03277-PD
AGAP003289-PA
AGAP003308-PA
AGAP003331-PB
AGAP003334-PA
AGAP003337-PA
AGAP003360-PA
AGAP003390-PA
AGAP003398-PF
AGAP003414-PB
AGAP003462-PA
AGAP003476-PA
AGAP003486-PA
AGAP003507-PA
AGAP003521-PA
AGAP003532-PA
AGAPQ003538-PA
AGAP003541-PC
AGAP003553-PA
AGAP003556-PA
AGAPQ003578-PA
AGAP003581-PA
AGAP003582-PA
AGAP003592-PB
AGAP003598-PA
AGAP003612-PA
AGAP003625-PA
AGAP003626-PA
AGAP003640-PA
AGAP003663-PA
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AGAP005858-PA
AGAPO005861-PB
AGAP005914-PA
AGAP005947-PA
AGAPO005960-PA
AGAPO005979-PA
AGAP005981-PA
AGAP005991-PA
AGAP005996-PA
AGAP005997-PA
AGAP005998-PA
AGAP006009-PA
AGAP006012-PA
AGAP006037-PA
AGAP006070-PA
AGAP006090-PA
AGAP006095-PA
AGAP006102-PA
AGAP006103-PA
AGAP006145-PA
AGAP006146-PA
AGAP006208-PA
AGAP006209-PA
AGAP006275-PA
AGAP006278-PA
AGAP006283-PB
AGAP006327-PA
AGAP006348-PA
AGAP006353-PA
AGAP006400-PA
AGAP006430-PB

AGAP003686-PA
AGAP003689-PA
AGAP003701-PA
AGAP003719-PA
AGAPQ003742-PB
AGAP003768-PB
AGAP003770-PA
AGAP003790-PC
AGAPQ003807-PA
AGAP003816-PA
AGAP003834-PA
AGAP003870-PA
AGAPQ003878-PA
AGAPQ003879-PA
AGAP003883-PA
AGAP003919-PA
AGAP003935-PA
AGAPQ003937-PA
AGAP003968-PA
AGAP003971-PA
AGAPQ003987-PA
AGAP004002-PA
AGAP004015-PA
AGAP004031-PA
AGAP004064-PB
AGAP004065-PA
AGAP004093-PA
AGAP004094-PA
AGAP004108-PB
AGAP004110-PA
AGAP004146-PA
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AGAP006459-PA
AGAP006469-PA
AGAP006478-PA
AGAP006485-PA
AGAP006487-PA
AGAP006497-PA
AGAP006502-PA
AGAP006548-PA
AGAP006607-PB
AGAP006614-PA
AGAP006615-PA
AGAP006660-PC
AGAP006670-PA
AGAP006674-PA
AGAP006676-PA
AGAP006684-PA
AGAP006733-PA
AGAPO006766-PA
AGAP006782-PA
AGAP006804-PA
AGAP006828-PA
AGAPO006830-PA
AGAP006847-PA
AGAP006848-PA
AGAPO006859-PA
AGAP006863-PA
AGAP006871-PA
AGAP006884-PA
AGAP006895-PA
AGAP006918-PA
AGAP006935-PC

AGAP004148-PA
AGAP004161-PA
AGAP004164-PA
AGAP004192-PA
AGAPQ004212-PA
AGAP004235-PA
AGAP004237-PA
AGAP004247-PA
AGAPQ004247-PB
AGAP004286-PA
AGAP004318-PA
AGAP004321-PA
AGAP004324-PA
AGAP004349-PA
AGAP004362-PB
AGAP004378-PA
AGAP004395-PA
AGAP004407-PA
AGAP004418-PA
AGAP004422-PA
AGAP004441-PA
AGAP004443-PB
AGAP004455-PA
AGAP004462-PA
AGAP004481-PA
AGAP004484-PA
AGAP004514-PA
AGAP004520-PA
AGAP004533-PA
AGAP004551-PA
AGAP004556-PA

148



AGAP006936-PB
AGAP006937-PC
AGAP006946-PA
AGAP006996-PA
AGAPO007024-PA
AGAPO007033-PA
AGAP007036-PA
AGAP007059-PA
AGAPO007060-PA
AGAP007082-PA
AGAP007088-PA
AGAP007103-PD
AGAP007120-PA
AGAP007121-PA
AGAP007125-PA
AGAP007157-PA
AGAP007162-PB
AGAP007202-PA
AGAP007203-PB
AGAP007208-PA
AGAPO007218-PA
AGAPQ07247-PC
AGAP007249-PB
AGAP007250-PA
AGAPO007252-PA
AGAP007263-PA
AGAP007297-PA
AGAP007304-PA
AGAP007339-PA
AGAP007345-PA
AGAP007380-PA

AGAP004566-PA
AGAP004606-PA
AGAP004609-PA
AGAP004611-PA
AGAP004618-PA
AGAP004625-PB
AGAP004631-PA
AGAP004638-PA
AGAP004641-PA
AGAP004645-PA
AGAP004653-PA
AGAP004674-PA
AGAPQ004677-PB
AGAP004689-PC
AGAP004719-PA
AGAP004723-PA
AGAP004739-PA
AGAPQ004743-PA
AGAP004744-PA
AGAP004758-PB
AGAPQ004773-PA
AGAPQ004794-PA
AGAP004802-PA
AGAP004807-PA
AGAP004809-PA
AGAP004811-PA
AGAP004832-PA
AGAP004845-PB
AGAP004849-PA
AGAP004855-PA
AGAP004864-PA
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AGAP007393-PC
AGAPO007400-PA
AGAP007406-PA
AGAP007411-PA
AGAP007460-PB
AGAPO007473-PA
AGAP007475-PA
AGAP007505-PA
AGAPO007507-PA
AGAP007529-PA
AGAP007543-PA
AGAP007565-PA
AGAP007574-PA
AGAP007575-PA
AGAP007580-PB
AGAP007613-PA
AGAP007625-PA
AGAPO007643-PB
AGAP007643-PD
AGAP007644-PA
AGAPO007665-PA
AGAPO007666-PA
AGAP007668-PA
AGAP007684-PB
AGAP007699-PC
AGAPQ007705-PA
AGAP007722-PA
AGAP007724-PC
AGAPQ007790-PD
AGAP007791-PA
AGAP007791-PE

AGAP004867-PA
AGAP004868-PA
AGAP004877-PB
AGAP004880-PC
AGAP004886-PB
AGAP004887-PA
AGAP004895-PA
AGAP004919-PA
AGAP004940-PA
AGAP004960-PA
AGAP004975-PA
AGAP004990-PA
AGAP004991-PA
AGAP004996-PA
AGAP004997-PA
AGAP005003-PA
AGAP005015-PA
AGAP005032-PB
AGAP005046-PB
AGAP005061-PB
AGAP005076-PC
AGAPQ005081-PA
AGAP005095-PA
AGAP005108-PA
AGAP005109-PA
AGAP005118-PA
AGAP005122-PA
AGAP005129-PA
AGAP005131-PA
AGAP005134-PA
AGAP005160-PE
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AGAPO007806-PA
AGAPO007827-PA
AGAP007864-PC
AGAP007867-PA
AGAP007942-PB
AGAPO007963-PA
AGAP008006-PA
AGAP008051-PA
AGAP008052-PA
AGAP008054-PD
AGAP008061-PA
AGAP008073-PA
AGAP008096-PA
AGAP(008113-PB
AGAP008138-PA
AGAP008140-PA
AGAP008176-PA
AGAP008225-PA
AGAP008241-PA
AGAP008265-PA
AGAP008327-PA
AGAP008329-PC
AGAP008339-PA
AGAP008345-PA
AGAPO008370-PA
AGAP008374-PA
AGAP008398-PA
AGAP008403-PA
AGAP008405-PB
AGAP008408-PF
AGAP008425-PA

AGAP005163-PA
AGAP005197-PA
AGAP005234-PB
AGAP005265-PA
AGAP005306-PA
AGAP005316-PA
AGAP005327-PA
AGAP005335-PA
AGAP005350-PA
AGAP005365-PA
AGAP005376-PA
AGAP005381-PC
AGAP005386-PA
AGAP005402-PA
AGAP005410-PC
AGAP005423-PA
AGAP005427-PA
AGAP005451-PA
AGAP005459-PA
AGAP005462-PA
AGAP005486-PA
AGAP005540-PA
AGAP005558-PA
AGAP005559-PA
AGAP005569-PA
AGAP005581-PA
AGAP005597-PA
AGAP005603-PA
AGAP005609-PB
AGAP005613-PB
AGAP005615-PA
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AGAP008432-PD
AGAP008440-PA
AGAP008465-PA
AGAP008495-PA
AGAP008499-PA
AGAP008503-PB
AGAP008548-PA
AGAP008582-PA
AGAP008584-PA
AGAP008615-PA
AGAP008634-PA
AGAP008653-PA
AGAP008667-PB
AGAP008719-PA
AGAP008724-PA
AGAP008727-PF
AGAP008783-PA
AGAPO008802-PA
AGAP008816-PA
AGAP008817-PA
AGAP008822-PA
AGAP008835-PA
AGAP008838-PA
AGAP008867-PA
AGAPO008878-PA
AGAP008883-PA
AGAP008893-PA
AGAP008895-PA
AGAP008898-PA
AGAP008909-PA
AGAP008952-PA

AGAP005618-PA
AGAP005627-PD
AGAP005641-PA
AGAP005642-PA
AGAP005644-PA
AGAP005662-PA
AGAP005663-PA
AGAP005670-PA
AGAP005671-PA
AGAP005674-PA
AGAP005685-PA
AGAP005686-PA
AGAP005690-PA
AGAP005693-PA
AGAP005695-PA
AGAP005696-PA
AGAP005723-PA
AGAP005739-PA
AGAP005744-PA
AGAP005749-PA
AGAP005766-PA
AGAP005802-PA
AGAP005813-PA
AGAP005838-PA
AGAP005845-PA
AGAP005858-PA
AGAP005861-PB
AGAP005914-PA
AGAP005947-PA
AGAP005960-PA
AGAP005979-PA

152



AGAP008955-PA
AGAP008988-PA
AGAP009031-PA
AGAP009035-PA
AGAPO009072-PA
AGAP009119-PA
AGAP009121-PA
AGAP009122-PA
AGAP009142-PA
AGAP009145-PA
AGAP009146-PA
AGAP009154-PA
AGAP009173-PA
AGAP009179-PA
AGAP009184-PA
AGAP009193-PA
AGAP009194-PA
AGAP009214-PA
AGAP009216-PA
AGAP009234-PA
AGAP009264-PB
AGAP009271-PA
AGAP009305-PA
AGAP009310-PA
AGAP009317-PA
AGAP009324-PA
AGAP009330-PA
AGAP009336-PA
AGAP009347-PB
AGAP009348-PA
AGAP009379-PA

AGAP005981-PA
AGAP005991-PA
AGAP005996-PA
AGAP005997-PA
AGAP005998-PA
AGAP006000-PA
AGAP006009-PA
AGAP006010-PA
AGAP006011-PA
AGAP006012-PA
AGAP006037-PA
AGAP006070-PA
AGAP006090-PA
AGAP006095-PA
AGAP006099-PA
AGAP006102-PA
AGAP006103-PA
AGAP006108-PA
AGAP006117-PA
AGAP006141-PB
AGAP006145-PA
AGAP006146-PA
AGAP006160-PA
AGAP006161-PA
AGAP006179-PB
AGAP006186-PA
AGAP006208-PA
AGAP006209-PA
AGAP006260-PD
AGAP006275-PA
AGAP006278-PA
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AGAPO009380-PA
AGAP009405-PA
AGAP009431-PB
AGAP009441-PB
AGAP009447-PJ

AGAPO009507-PA
AGAP009508-PA
AGAP009510-PA
AGAPO009537-PA
AGAP009584-PA
AGAP009587-PA
AGAP009595-PA
AGAP009621-PA
AGAP009623-PA
AGAP009633-PA
AGAP009644-PA
AGAP009652-PA
AGAP009660-PA
AGAP009667-PA
AGAP009670-PA
AGAP009670-PB
AGAPO009672-PA
AGAP009685-PA
AGAP009691-PA
AGAP009692-PA
AGAP009738-PA
AGAP009751-PA
AGAP009752-PA
AGAP009753-PA
AGAP009754-PA
AGAP009755-PA

AGAP006283-PB
AGAP006327-PA
AGAP006342-PA
AGAP006343-PA
AGAP006348-PA
AGAP006353-PA
AGAP006365-PA
AGAP006398-PA
AGAP006400-PA
AGAP006424-PA
AGAP006430-PB
AGAP006456-PA
AGAP006459-PA
AGAP006468-PA
AGAP006469-PA
AGAP006478-PA
AGAP006485-PA
AGAP006487-PA
AGAP006489-PA
AGAP006497-PA
AGAP006502-PA
AGAP006518-PA
AGAP006548-PA
AGAP006607-PB
AGAP006613-PB
AGAP006614-PA
AGAP006615-PA
AGAP006660-PC
AGAP006668-PA
AGAP006670-PA
AGAP006674-PA
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AGAP009783-PA
AGAP009788-PA
AGAP009790-PA
AGAP009823-PA
AGAPO009833-PA
AGAP009842-PA
AGAP009844-PA
AGAP009859-PA
AGAP009861-PA
AGAP009863-PA
AGAP009865-PA
AGAP009873-PA
AGAP009875-PA
AGAP009901-PA
AGAP009920-PA
AGAP009968-PA
AGAP009998-PA
AGAPO010007-PA
AGAP010025-PA
AGAP010047-PA
AGAP010056-PA
AGAP010065-PA
AGAP010095-PA
AGAP010097-PA
AGAP010100-PA
AGAP010121-PA
AGAP010123-PA
AGAP010133-PA
AGAP010142-PB
AGAP010145-PA
AGAP010147-PE

AGAP006675-PA
AGAP006676-PA
AGAP006684-PA
AGAP006733-PA
AGAP006766-PA
AGAP006782-PA
AGAP006804-PA
AGAP006808-PA
AGAP006828-PA
AGAP006829-PA
AGAP006830-PA
AGAP006847-PA
AGAP006848-PA
AGAP006859-PA
AGAP006863-PA
AGAP006871-PA
AGAP006884-PA
AGAP006895-PA
AGAP006911-PA
AGAP006918-PA
AGAP006935-PC
AGAP006936-PB
AGAP006937-PC
AGAP006946-PA
AGAP006958-PA
AGAP006962-PA
AGAP006996-PA
AGAP007024-PA
AGAPO007033-PA
AGAP007036-PA
AGAP007039-PA
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AGAPO010159-PA
AGAP010173-PA
AGAP010174-PA
AGAP010175-PD
AGAPO010177-PA
AGAP010181-PA
AGAP010188-PA
AGAP010191-PA
AGAP010193-PA
AGAP010212-PA
AGAP010216-PA
AGAP010220-PA
AGAP010240-PA
AGAP010252-PA
AGAP010253-PA
AGAP010257-PA
AGAP010268-PA
AGAP010278-PA
AGAP010280-PA
AGAP010298-PA
AGAP010307-PA
AGAP010337-PD
AGAP010338-PA
AGAP010347-PA
AGAP010362-PA
AGAP010375-PA
AGAP010392-PA
AGAP010404-PB
AGAP010421-PA
AGAP010477-PB
AGAP010479-PA

AGAP007059-PA
AGAP007060-PA
AGAP007082-PA
AGAP007088-PA
AGAP007103-PD
AGAP007112-PA
AGAP007120-PA
AGAP007121-PA
AGAP007125-PA
AGAPQ007157-PA
AGAP007162-PB
AGAP007172-PB
AGAP007202-PA
AGAP007203-PB
AGAP007208-PA
AGAP007218-PA
AGAPQ007247-PC
AGAP007249-PB
AGAP007250-PA
AGAP007252-PA
AGAP007263-PA
AGAPQ007297-PA
AGAP007304-PA
AGAP007309-PA
AGAP007325-PB
AGAP007339-PA
AGAP007345-PA
AGAP007362-PB
AGAPO007380-PA
AGAP007393-PC
AGAP007400-PA
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AGAP010496-PB
AGAP010514-PA
AGAP010517-PB
AGAP010557-PA
AGAP010564-PA
AGAP010586-PA
AGAP010591-PA
AGAP010592-PA
AGAP010608-PA
AGAP010613-PA
AGAP010640-PA
AGAP010657-PA
AGAP010661-PA
AGAP010675-PA
AGAP010682-PA
AGAP010718-PA
AGAP010730-PA
AGAP010731-PA
AGAP010733-PA
AGAP010755-PA
AGAP010764-PA
AGAP010815-PA
AGAP010822-PA
AGAP010823-PA
AGAP010848-PA
AGAP010876-PA
AGAP010900-PA
AGAP010902-PA
AGAP010929-PA
AGAP011039-PA
AGAP011048-PA

AGAP007406-PA
AGAPQ007407-PA
AGAP007411-PA
AGAP007460-PB
AGAPQ007473-PA
AGAPQ007475-PA
AGAP007505-PA
AGAP007507-PA
AGAP007529-PA
AGAP007541-PA
AGAP007543-PA
AGAP007565-PA
AGAPQ007574-PA
AGAPQO07575-PA
AGAP007580-PB
AGAP007613-PA
AGAP007625-PA
AGAP007643-PB
AGAP007643-PD
AGAP007644-PA
AGAP007663-PA
AGAP007665-PA
AGAP007666-PA
AGAP007668-PA
AGAP007684-PB
AGAP007699-PC
AGAP007705-PA
AGAP007722-PA
AGAPO007724-PC
AGAPOQ007740-PA
AGAPO07777-PA

157



AGAP011050-PA
AGAPO011051-PA
AGAP011054-PA
AGAP011062-PA
AGAP011076-PA
AGAPO011077-PA
AGAP011084-PA
AGAP011092-PA
AGAP011098-PA
AGAP011105-PA
AGAP011107-PA
AGAP011115-PA
AGAP011119-PA
AGAP011130-PA
AGAP011131-PA
AGAP011140-PA
AGAP011150-PA
AGAPO011157-PA
AGAP011159-PA
AGAP011165-PA
AGAP011166-PA
AGAPO011173-PA
AGAP011183-PA
AGAP011190-PA
AGAP011193-PA
AGAP011197-PA
AGAP011203-PA
AGAP011225-PA
AGAP011226-PA
AGAP011239-PA
AGAP011276-PA

AGAPQ007780-PB
AGAPQ07790-PD
AGAP007791-PA
AGAP007791-PE
AGAP007806-PA
AGAPQ007827-PA
AGAP007841-PA
AGAP007864-PC
AGAPQ007867-PA
AGAP007921-PA
AGAP007942-PB
AGAP007963-PA
AGAP007966-PC
AGAP008006-PA
AGAP008013-PA
AGAP008043-PA
AGAPQ008051-PA
AGAPQ008052-PA
AGAP008054-PD
AGAP008060-PA
AGAP008061-PA
AGAPQ008073-PA
AGAP008075-PC
AGAP008096-PA
AGAP008113-PB
AGAP008138-PA
AGAP008140-PA
AGAP008176-PA
AGAP008225-PA
AGAP008241-PA
AGAP008265-PA
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AGAPO011277-PA
AGAP011284-PA
AGAP011298-PA
AGAP011302-PA
AGAP011309-PA
AGAP011319-PA
AGAP011325-PA
AGAP011329-PA
AGAP011334-PA
AGAP011346-PA
AGAP011354-PA
AGAP011367-PA
AGAP011383-PA
AGAP011423-PA
AGAP011424-PA
AGAP011438-PA
AGAP011442-PA
AGAP011446-PA
AGAP011453-PA
AGAP011457-PA
AGAP011476-PA
AGAPO011477-PA
AGAPO011478-PA
AGAP011503-PA
AGAP011504-PA
AGAP011505-PA
AGAP011514-PA
AGAP011521-PA
AGAP011532-PA
AGAP011581-PA
AGAP011590-PA

AGAP008327-PA
AGAP008329-PC
AGAP008332-PA
AGAP008339-PA
AGAP008345-PA
AGAP008364-PA
AGAP008370-PA
AGAP008374-PA
AGAP008398-PA
AGAP008403-PA
AGAP008405-PB
AGAP008408-PF
AGAP008425-PA
AGAP008432-PD
AGAP008440-PA
AGAP008465-PA
AGAP008495-PA
AGAP008499-PA
AGAP008503-PB
AGAP008548-PA
AGAPQ008582-PA
AGAP008584-PA
AGAP008615-PA
AGAP008634-PA
AGAP008653-PA
AGAP008667-PB
AGAP008719-PA
AGAP008724-PA
AGAP008727-PF
AGAPQ008774-PA
AGAP008783-PA
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AGAP011604-PA
AGAP011608-PA
AGAP011634-PA
AGAP011635-PA
AGAP011682-PA
AGAP011683-PA
AGAP011685-PA
AGAP011687-PA
AGAP011700-PA
AGAP011706-PA
AGAP011765-PA
AGAP011768-PA
AGAPO011777-PA
AGAP011780-PA
AGAP011781-PA
AGAP011783-PA
AGAP011788-PA
AGAP011789-PA
AGAP011790-PB
AGAP011791-PA
AGAP011792-PA
AGAP011802-PA
AGAP011824-PA
AGAP011828-PA
AGAP011829-PA
AGAP011832-PA
AGAP011833-PA
AGAP011842-PA
AGAP011884-PA
AGAP011896-PA
AGAP011919-PA

AGAP008802-PA
AGAP008816-PA
AGAP008817-PA
AGAP008822-PA
AGAP008835-PA
AGAPQ008837-PA
AGAP008838-PA
AGAP008867-PA
AGAPQ008878-PA
AGAP008883-PA
AGAP008885-PA
AGAP008893-PA
AGAP008895-PA
AGAP008898-PA
AGAP008909-PA
AGAP008916-PA
AGAP008952-PA
AGAP008955-PA
AGAP008963-PA
AGAP008988-PA
AGAP009031-PA
AGAP009035-PA
AGAP009072-PA
AGAP009119-PA
AGAP009121-PA
AGAP009122-PA
AGAP009142-PA
AGAP009145-PA
AGAP009146-PA
AGAP009154-PA
AGAP009173-PA
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AGAP011920-PA
AGAP011931-PA
AGAP011936-PA
AGAP011937-PA
AGAP012008-PA
AGAP012041-PA
AGAP012048-PA
AGAP012056-PA
AGAP012071-PA
AGAP012081-PA
AGAP012100-PA
AGAP012108-PA
AGAP012126-PA
AGAP012135-PA
AGAP012136-PA
AGAP012138-PA
AGAP012144-PA
AGAP012165-PA
AGAP012168-PA
AGAP012184-PA
AGAP012188-PA
AGAP012204-PA
AGAP012284-PA
AGAP012304-PA
AGAP012305-PA
AGAP012317-PA
AGAP012325-PA
AGAP012334-PA
AGAP012339-PA
AGAP012352-PA
AGAP012356-PA

AGAP009179-PA
AGAP009184-PA
AGAP009193-PA
AGAP009194-PA
AGAP009214-PA
AGAP009216-PA
AGAP009234-PA
AGAP009264-PB
AGAP009271-PA
AGAP009305-PA
AGAP009310-PA
AGAP009317-PA
AGAP009324-PA
AGAP009330-PA
AGAP009336-PA
AGAP009347-PB
AGAP009348-PA
AGAPQ009379-PA
AGAP009380-PA
AGAP009388-PB
AGAP009405-PA
AGAP009431-PB
AGAP009441-PB
AGAP009447-PJ

AGAP009507-PA
AGAP009508-PA
AGAP009510-PA
AGAP009537-PA
AGAP009584-PA
AGAP009587-PA
AGAP009595-PA
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AGAP012364-PA
AGAP012374-PA
AGAP012380-PA
AGAP012395-PA
AGAP012407-PA
AGAP012425-PA
AGAP012504-PA
AGAP012515-PA
AGAP012529-PA
AGAP012560-PA
AGAP012577-PA
AGAP012608-PA
AGAP012614-PA
AGAP012650-PA
AGAP012656-PA
AGAP012666-PA
AGAP012703-PA
AGAP012750-PA
AGAP012823-PA
AGAP012837-PA
AGAP012895-PA
AGAP012990-PA
AGAP013036-PA
AGAP013066-PA
AGAP013078-PA
AGAP013090-PA
AGAP013092-PA
AGAP013105-PA
AGAP013106-PA
AGAP013112-PA
AGAP013114-PA

AGAP009604-PA
AGAP009621-PA
AGAP009623-PA
AGAP009633-PA
AGAP009644-PA
AGAP009652-PA
AGAP009660-PA
AGAP009667-PA
AGAP009670-PA
AGAP009670-PB
AGAP009672-PA
AGAP009685-PA
AGAP009691-PA
AGAP009692-PA
AGAP009738-PA
AGAP009751-PA
AGAP009752-PA
AGAPQ009753-PA
AGAP009754-PA
AGAP009755-PA
AGAP009783-PA
AGAPQ009788-PA
AGAP009790-PA
AGAP009823-PA
AGAP009833-PA
AGAP009842-PA
AGAP009844-PA
AGAP009859-PA
AGAP009861-PA
AGAP009863-PA
AGAP009865-PA
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AGAP013153-PA
AGAP013164-PA
AGAP013185-PA
AGAP013221-PA
AGAP013228-PA
AGAP013229-PA
AGAP013231-PA
AGAP013272-PA
AGAP013286-PC
AGAP013296-PA
AGAP013308-PA
AGAP013313-PA
AGAP013318-PA
AGAP013319-PA
AGAP013336-PA
AGAP013347-PA
AGAP013365-PA
AGAP013375-PA
AGAP013376-PA
AGAP013398-PA
AGAP013400-PA
AGAP013442-PB
AGAP013451-PA
AGAP013471-PA
AGAP013481-PB
AGAP013481-PC
AGAP013481-PD
AGAP013481-PE
AGAP013742-PA
AGAP013769-PA
AGAP028011-PA

AGAP009873-PA
AGAP009875-PA
AGAP009901-PA
AGAP009920-PA
AGAP009968-PA
AGAP009998-PA
AGAP010007-PA
AGAP010025-PA
AGAP010047-PA
AGAP010052-PA
AGAP010056-PA
AGAP010065-PA
AGAP010095-PA
AGAP010097-PA
AGAP010100-PA
AGAP010121-PA
AGAP010123-PA
AGAP010130-PB
AGAP010133-PA
AGAP010142-PB
AGAP010145-PA
AGAP010147-PE
AGAP010159-PA
AGAP010173-PA
AGAP010174-PA
AGAPO010175-PD
AGAP010177-PA
AGAP010181-PA
AGAP010188-PA
AGAP010191-PA
AGAP010193-PA
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AGAP028042-PA
AGAP028064-PA
AGAP028068-PA
AGAP028143-PA
AGAP028149-PA
AGAP028178-PA
AGAP028194-PA
AGAP028196-PA
AGAP028200-PA
AGAP028204-PA
AGAP028208-PA
AGAP028366-PA
AGAP028400-PA
AGAP028413-PA
AGAP000862-PA
AGAP001325-PA
AGAP001438-PB
AGAP001545-PA
AGAP001657-PA
AGAP001675-PA
AGAPO001721-PA
AGAP001760-PA
AGAP001797-PJ

AGAP001805-PA
AGAP001823-PA
AGAP001825-PA
AGAP001827-PA
AGAP001902-PA
AGAP001995-PA
AGAP002049-PA
AGAP002055-PA

AGAP010212-PA
AGAP010216-PA
AGAP010220-PA
AGAP010240-PA
AGAP010252-PA
AGAP010253-PA
AGAP010257-PA
AGAP010268-PA
AGAP010278-PA
AGAP010280-PA
AGAP010298-PA
AGAP010307-PA
AGAP010337-PD
AGAP010338-PA
AGAP010347-PA
AGAP010362-PA
AGAP010375-PA
AGAP010392-PA
AGAP010404-PB
AGAP010421-PA
AGAP010477-PB
AGAP010479-PA
AGAP010496-PB
AGAP010514-PA
AGAP010517-PB
AGAP010557-PA
AGAP010564-PA
AGAP010586-PA
AGAP010590-PA
AGAP010591-PA
AGAP010592-PA
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AGAP002170-PA
AGAP002198-PA
AGAP002350-PA
AGAP002491-PA
AGAP002499-PA
AGAP002919-PA
AGAP003592-PB
AGAP003598-PA
AGAPO003807-PA
AGAP003935-PA
AGAP004481-PA
AGAP004758-PB
AGAP004811-PA
AGAP004868-PA
AGAP005122-PA
AGAP005131-PA
AGAP005160-PE
AGAP005265-PA
AGAP005365-PA
AGAP005690-PA
AGAPO006099-PA
AGAP006161-PA
AGAP006260-PD
AGAP006343-PA
AGAP006456-PA
AGAP006468-PA
AGAP006518-PA
AGAP006668-PA
AGAP006675-PA
AGAP006808-PA
AGAP006911-PA

AGAP010608-PA
AGAP010613-PA
AGAP010640-PA
AGAP010657-PA
AGAP010661-PA
AGAP010675-PA
AGAP010682-PA
AGAP010718-PA
AGAP010730-PA
AGAP010731-PA
AGAP010733-PA
AGAP010755-PA
AGAP010764-PA
AGAP010815-PA
AGAP010822-PA
AGAP010823-PA
AGAP010848-PA
AGAP010876-PA
AGAP010900-PA
AGAP010902-PA
AGAP010929-PA
AGAP010933-PA
AGAP010957-PA
AGAP011039-PA
AGAP011048-PA
AGAP011050-PA
AGAP011051-PA
AGAP011054-PA
AGAP011062-PA
AGAP011076-PA
AGAP011077-PA
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AGAP006962-PA
AGAPO007362-PB
AGAP007407-PA
AGAP007841-PA
AGAPO007921-PA
AGAP007966-PC
AGAP008364-PA
AGAP008837-PA
AGAP008885-PA
AGAP008963-PA
AGAP009388-PB
AGAP010130-PB
AGAP010590-PA
AGAP010933-PA
AGAP000767-PA
AGAP001056-PA
AGAP001082-PA
AGAP001127-PA
AGAP001219-PA
AGAP001274-PA
AGAP001321-PA
AGAP001613-PA
AGAP001621-PB
AGAP001711-PA
AGAPO001746-PA
AGAP001799-PB
AGAP001957-PB
AGAP001989-PA
AGAP002078-PA
AGAP002122-PA
AGAP002171-PA

AGAP011084-PA
AGAP011092-PA
AGAP011098-PA
AGAP011105-PA
AGAP011107-PA
AGAP011115-PA
AGAP011119-PA
AGAP011130-PA
AGAP011131-PA
AGAP011140-PA
AGAP011150-PA
AGAP011157-PA
AGAP011159-PA
AGAP011165-PA
AGAP011166-PA
AGAP011173-PA
AGAP011183-PA
AGAP011190-PA
AGAP011193-PA
AGAP011197-PA
AGAP011203-PA
AGAP011225-PA
AGAP011226-PA
AGAP011239-PA
AGAP011276-PA
AGAP011277-PA
AGAP011284-PA
AGAP011298-PA
AGAP011302-PA
AGAP011309-PA
AGAP011319-PA
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AGAP002218-PA
AGAP002219-PA
AGAP002468-PA
AGAP003069-PA
AGAPO003136-PA
AGAPO003178-PA
AGAP003289-PA
AGAP003308-PA
AGAP003541-PC
AGAP003556-PA
AGAP003878-PA
AGAP003971-PA
AGAP004148-PA
AGAP004247-PA
AGAP004247-PB
AGAP004739-PA
AGAP004864-PA
AGAPO004990-PA
AGAP005306-PA
AGAP005350-PA
AGAP005386-PA
AGAP005410-PC
AGAP005597-PA
AGAP005613-PB
AGAPO005670-PA
AGAP005802-PA
AGAP006141-PB
AGAP006342-PA
AGAP006489-PA
AGAP006829-PA
AGAP006958-PA

AGAP011325-PA
AGAP011329-PA
AGAP011334-PA
AGAP011346-PA
AGAP011354-PA
AGAP011367-PA
AGAP011369-PA
AGAP011383-PA
AGAP011423-PA
AGAP011424-PA
AGAP011438-PA
AGAP011442-PA
AGAP011446-PA
AGAP011453-PA
AGAP011457-PA
AGAP011476-PA
AGAP011477-PA
AGAP011478-PA
AGAP011503-PA
AGAP011504-PA
AGAP011505-PA
AGAP011514-PA
AGAP011521-PA
AGAP011532-PA
AGAP011581-PA
AGAP011590-PA
AGAP011604-PA
AGAP011608-PA
AGAP011634-PA
AGAP011635-PA
AGAP011682-PA
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AGAPO007039-PA
AGAPO007172-PB
AGAP007325-PB
AGAP008332-PA
AGAP008916-PA
AGAPO010052-PA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP011683-PA
AGAP011685-PA
AGAP011687-PA
AGAP011700-PA
AGAP011706-PA
AGAP011765-PA
AGAP011768-PA
AGAPO011777-PA
AGAP011780-PA
AGAP011781-PA
AGAP011783-PA
AGAP011788-PA
AGAP011789-PA
AGAP011790-PB
AGAP011791-PA
AGAP011792-PA
AGAP011802-PA
AGAP011824-PA
AGAP011828-PA
AGAP011829-PA
AGAP011832-PA
AGAP011833-PA
AGAP011842-PA
AGAP011884-PA
AGAP011896-PA
AGAP011919-PA
AGAP011920-PA
AGAP011931-PA
AGAP011936-PA
AGAP011937-PA
AGAP012008-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP012041-PA
AGAP012048-PA
AGAP012056-PA
AGAP012071-PA
AGAP012081-PA
AGAP012100-PA
AGAP012108-PA
AGAP012126-PA
AGAP012135-PA
AGAP012136-PA
AGAP012138-PA
AGAP012144-PA
AGAP012165-PA
AGAP012168-PA
AGAP012184-PA
AGAP012188-PA
AGAP012204-PA
AGAP012284-PA
AGAP012304-PA
AGAP012305-PA
AGAP012317-PA
AGAP012325-PA
AGAP012334-PA
AGAP012339-PA
AGAP012352-PA
AGAP012356-PA
AGAP012364-PA
AGAP012374-PA
AGAP012380-PA
AGAP012395-PA
AGAP012407-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP012425-PA
AGAP012504-PA
AGAP012515-PA
AGAP012529-PA
AGAP012560-PA
AGAP012577-PA
AGAP012608-PA
AGAP012614-PA
AGAP012650-PA
AGAP012656-PA
AGAP012666-PA
AGAP012703-PA
AGAP012750-PA
AGAP012823-PA
AGAP012837-PA
AGAP012895-PA
AGAP012990-PA
AGAP013036-PA
AGAP013066-PA
AGAP013078-PA
AGAP013090-PA
AGAP013092-PA
AGAP013105-PA
AGAP013106-PA
AGAP013112-PA
AGAP013114-PA
AGAP013153-PA
AGAP013164-PA
AGAP013185-PA
AGAP013221-PA
AGAP013228-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP013229-PA
AGAP013231-PA
AGAP013272-PA
AGAP013286-PC
AGAP013296-PA
AGAP013308-PA
AGAP013313-PA
AGAP013318-PA
AGAP013319-PA
AGAP013336-PA
AGAP013347-PA
AGAP013365-PA
AGAP013375-PA
AGAP013376-PA
AGAP013398-PA
AGAP013400-PA
AGAP013442-PB
AGAP013451-PA
AGAP013471-PA
AGAP013481-PB
AGAP013481-PC
AGAP013481-PD
AGAP013481-PE
AGAP013742-PA
AGAP013769-PA
AGAP028011-PA
AGAP028042-PA
AGAP028064-PA
AGAP028068-PA
AGAP028143-PA
AGAP028149-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP028178-PA
AGAP028194-PA
AGAP028196-PA
AGAP028200-PA
AGAP028204-PA
AGAP028208-PA
AGAP028366-PA
AGAP028400-PA
AGAP028413-PA
AGAPQ000005-PA
AGAP000044-PA
AGAP000167-PA
AGAP000180-PA
AGAP000260-PC
AGAP000261-PA
AGAP000270-PA
AGAP000278-PA
AGAP000291-PA
AGAP000297-PA
AGAP000305-PA
AGAP000306-PA
AGAPQ000352-PA
AGAP000359-PA
AGAP000403-PA
AGAP000415-PA
AGAP000416-PC
AGAP000462-PB
AGAP000526-PA
AGAP000536-PA
AGAP000538-PA
AGAP000541-PB
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAPQ000572-PA
AGAP000615-PA
AGAP000622-PB
AGAP000625-PA
AGAP000654-PA
AGAPQ000739-PA
AGAP000749-PA
AGAP000755-PA
AGAP000820-PA
AGAP000883-PA
AGAP000927-PB
AGAP000949-PA
AGAP000950-PA
AGAP000952-PA
AGAP001023-PF
AGAP001053-PG
AGAP001127-PA
AGAP001138-PA
AGAP001177-PA
AGAP001194-PA
AGAP001245-PA
AGAPQ001274-PA
AGAP001313-PA
AGAP001346-PA
AGAPQ001375-PA
AGAP001380-PA
AGAP001408-PA
AGAP001424-PA
AGAP001438-PB
AGAP001545-PA
AGAP001613-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP001630-PA
AGAP001645-PA
AGAP001657-PA
AGAP001668-PA
AGAPQ001717-PA
AGAP001721-PA
AGAP001768-PB
AGAP001799-PA
AGAP001810-PA
AGAP001825-PA
AGAP001826-PA
AGAP001827-PA
AGAP001903-PA
AGAP001910-PA
AGAP001914-PA
AGAP001919-PA
AGAP001928-PA
AGAP001956-PA
AGAP002020-PA
AGAP002063-PA
AGAP002076-PA
AGAP002078-PA
AGAP002171-PA
AGAP002198-PA
AGAP002218-PA
AGAP002251-PA
AGAP002341-PA
AGAP002346-PA
AGAP002350-PA
AGAP002350-PB
AGAP000315-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAP000437-PA
AGAPQ000508-PA
AGAP000651-PC
AGAP000672-PB
AGAP000720-PA
AGAP000756-PB
AGAP000897-PA
AGAP000941-PA
AGAPQ000970-PA
AGAP000988-PA
AGAP000989-PA
AGAP000994-PA
AGAP001007-PA
AGAP001053-PB
AGAP001053-PE
AGAP001064-PA
AGAP001151-PA
AGAP001246-PA
AGAP001249-PA
AGAP001345-PA
AGAP001356-PA
AGAPQ001372-PA
AGAP001377-PA
AGAP001420-PA
AGAP001459-PC
AGAP001502-PA
AGAP001617-PB
AGAP001621-PB
AGAP001622-PA
AGAP001624-PA
AGAP001659-PA
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AGAPQ001701-PA
AGAP001718-PA
AGAP001749-PA
AGAP001760-PA
AGAP001791-PA
AGAPQ001797-PD
AGAP001797-PI

AGAP001911-PA
AGAP001930-PB
AGAP001973-PA
AGAP001995-PA
AGAP002005-PA
AGAP002049-PA
AGAP002085-PC
AGAP002122-PA
AGAP002227-PA
AGAP002298-PA
AGAP002306-PA
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Appendix B. Proteins down regulated in cadmium treated mosquitoes

Protein stable ID
AGAP001151-PA
AGAP003212-PA
AGAPO007309-PA
AGAP003095-PA
AGAP004065-PA
AGAP004324-PA
AGAPO001911-PA
AGAP003216-PA
AGAP005662-PA
AGAP003968-PA
AGAP003581-PA
AGAP003578-PA
AGAP000941-PA
AGAP003790-PC
AGAP003462-PA
AGAP003277-PD
AGAPQ004641-PA
AGAP001138-PA
AGAP005845-PA
AGAP002473-PA
AGAP001624-PA
AGAP003879-PA
AGAP002401-PA
AGAP001194-PA
AGAP003337-PA
AGAPQ007112-PA
AGAP003048-PA
AGAP004556-PA
AGAP003625-PA

Gene name

Adrenodoxin

RpL6

ANXB9

VATF

CTL8

InterPro short description
14-3-3
2Fe-2S_ferredoxin-type
2Fe-2S_ferredoxin-type
6-blade_b-propeller_TolB-like
6-blade_b-propeller_TolB-like
6-blade_b-propeller_TolB-like
60S_ribosomal_L6E

AAA+_ ATPase
Acyl-CoA_DH_CS
Adenylat/UMP-CMP_Kin
ADH_SF_Zn-type
Aldehyde DH_dom
Alpha-crystallin/HSP

Annexin

Arg_MeTrfase
Aspartic_peptidase

ATP11
ATPase_B_chain/sub_B/MI25
ATPase_V1-cplx_csu
ATPase_V1-cplx_fsu_euk
ATPase_V1-cplx_slsu
ATPase_V1-cplx_slsu
ATPase_V1/Al-cplx_esu
Beta-lactamas-like
Beta-lactamas-like
BRCT_dom

Brix

Brix

C-type_lectin
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AGAP005335-PA
AGAPO000749-PA
AGAP001313-PA
AGAP004895-PA
AGAP001914-PA
AGAP003612-PA
AGAP000897-PA
AGAP000988-PA
AGAPO000989-PA
AGAP001356-PA
AGAP003008-PB
AGAP004940-PA
AGAP002559-PB
AGAP002661-PA
AGAP006117-PA
AGAP006108-PA
AGAP004773-PA
AGAP002521-PB
AGAP002534-PB
AGAP003414-PB
AGAP001919-PA
AGAPO006398-PA
AGAP009604-PA
AGAP000970-PA
AGAP001810-PA
AGAP004849-PA
AGAP007663-PA
AGAP001346-PA
AGAP003919-PA
AGAP003360-PA
AGAP000927-PB

CTL4

CPAP3-Alc
CPAP3-Ala
ACE1l

C-type_lectin
Calponin_repeat
Calponin_repeat
Carbonic_anhydrase_a
Cdc37

CDV3

CHCH
Chitin-bd_dom
Chitin-bd_dom
Cholinesterase
ClpA/B
cNMP-bd_dom
CRAL-bd _toc _tran
Crotonase_core_superfam
CS_dom
CSP_DNA-hd
DH_E1
DH_sc/Rdtase_SDR
DH_sc/Rdtase_ SDR
DH_sc/Rdtase_ SDR
Disulphide_isomerase
DM9_repeat
DM9_repeat
DnaJ_domain
DnaJ_domain
DnaJ_domain
DUF1397

DUF753
DUF866_euk
Dynein_light-rel
EF_hand_dom
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AGAPO001177-PA EF_hand_dom

AGAP001622-PA EF_hand_dom
AGAP004645-PA EF_hand_dom
AGAP006179-PB EF _hand_dom
AGAP010957-PA EF_hand_dom
AGAP004631-PA EF-hand-dom_pair
AGAP002739-PA EGF-type_Asp/Asn_hydroxyl_site
AGAP006613-PB  elF3j elF3j

AGAP001380-PA elF6

AGAP002925-PC Endoribonuclease_XendoU
AGAP004653-PA ET-Flavoprotein_bsu_CS
AGAP002564-PE FBA |

AGAP002464-PA Ferritin

AGAP002465-PA Ferritin

AGAP002005-PA Fibrinogen_a/b/g_C_dom
AGAP004997-PA Fibrinogen_a/b/g_C_dom
AGAP004807-PA  GALE7Y Galectin_CRD
AGAP002355-PB GIn_synth_cat_dom
AGAP002500-PA Glutaredoxin
AGAP004164-PA  GSTD1 Glutathione_S-Trfase N
AGAP004378-PA  GSTD11 Glutathione_S-Trfase N
AGAP005749-PA  GSTO1 Glutathione_S-Trfase N
AGAP004802-PA Glyas_Fos-R_dOase_dom
AGAP006424-PA Glyco_hydro_1
AGAPQ005381-PC Glyco_hydro_catalytic_dom
AGAP002457-PA Glyco_hydrol8cat
AGAP008060-PA  BR2 Glyco_hydrol8cat
AGAP002557-PA GMC_OxRdtase N
AGAP002568-PA GNAT _dom
AGAP000949-PA GOLD

AGAP001064-PA GOLD
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AGAP003553-PA
AGAP001502-PA
AGAP004514-PA
AGAP002341-PA
AGAP001345-PA
AGAP001659-PA
AGAP002387-PA

GOLD

GroES-like

GTP_binding_domain
Haemolymph_juvenile_hormone-bd
Hemocyanin/hexamerin_mid_dom
Hemocyanin/hexamerin_mid_dom

His_Pase_superF_clade-2

AGAP002076-PA Hsp_70_fam
AGAP004192-PA Hsp_70_fam
AGAP001424-PA Hsp90_fam
AGAP000720-PA Ig_sub2
AGAP003141-PB Ig_sub2
AGAP004108-PB Ig_sub2

AGAP000820-PA  CPR125
AGAP001668-PA  CPR5
AGAP002612-PA  CPR7
AGAP002613-PA  CPRS8
AGAP002726-PA  CPR9

Insect_cuticle
Insect_cuticle
Insect_cuticle
Insect_cuticle

Insect_cuticle

AGAP003390-PA  CPR124 Insect_cuticle
AGAP005451-PA  CPR11 Insect_cuticle
AGAP005459-PA  CPR16 Insect_cuticle
AGAP006000-PA  CPR25 Insect_cuticle
AGAP006010-PA  CPR105 Insect_cuticle
AGAP006011-PA  CPR31 Insect_cuticle

AGAPO001768-PB
AGAP004551-PA
AGAP002728-PA
AGAP004349-PA
AGAP001903-PA
AGAP004880-PC
AGAP004609-PA

Interferon-induced_GILT
Interferon-induced GILT
Isocitrate/isopropylmalate_ DH
KH_dom

Lactate/malate. DH_N
Lactate/malate DH_N
LDrepeatLR_classA_rpt
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AGAP004832-PA Leu-rich_rpt

AGAP005744-PA  LRIM26 Leu-rich_rpt
AGAP001826-PA  Lp Lipid_transpt_N
AGAP002592-PA Lipocln_cytosolic_FA-bd_dom
AGAP002593-PA Lipocln_cytosolic_FA-bd_dom
AGAP003987-PA MAM33

AGAP003521-PA MG_RAP_rcpt_1
AGAP001749-PA MIR_motif

AGAP001956-PA ML_dom

AGAP002849-PA ML_dom

AGAP002850-PA ML_dom

AGAP002667-PA Mss4-like

AGAP004877-PB Myosin_tail

AGAP005118-PA mRpS17 NA-bd_OB-fold
AGAP007780-PB NADH_UbQ_OxRdtase_sul0
AGAP002889-PA NADH-UbQ_OxRdtase_b14.5b_su
AGAP001928-PA NAP_family
AGAP003238-PC NDRG

AGAP002020-PA NDUFBS8

AGAP004064-PB NOB1 Zn-bd
AGAP002063-PA Nop_dom

AGAP004395-PA Nucleoplasmin
AGAP005129-PA Nucleoside_phosphorylase d
AGAP006160-PA OTU

AGAP004611-PA Oxoglu/Fe-dep_dioxygenase
AGAP006186-PA P_typ_ATPase
AGAP002456-PA P-loop_NTPase
AGAP002879-PA Pept_cys_AS
AGAP005108-PA Pept_M24_structural-domain
AGAP005540-PA Peptidase_C12_UCH
AGAP004809-PA Peptidase_M1
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AGAP002596-PA
AGAPO001791-PA
AGAP000756-PB
AGAP002414-PA
AGAP005558-PA
AGAP001245-PA
AGAP001246-PA
AGAP001249-PA
AGAP002422-PA
AGAP002813-PA
AGAP003057-PA
AGAP003246-PA
AGAP003250-PA
AGAP003626-PA
AGAP003689-PA
AGAP004318-PA
AGAP004719-PA
AGAPO004855-PA
AGAP005642-PA
AGAP005686-PA
AGAPO000994-PA
AGAP003640-PA
AGAP004015-PA
AGAP001420-PA
AGAP004689-PC
AGAP003134-PA
AGAP002477-PA
AGAP004443-PB
AGAP001973-PA
AGAP004960-PA
AGAP005423-PA

CLIPD1
CLIPDG6
CLIPB8
CLIPB2
CLIPB4

CLIPCY
CLIPC3
CLIPC9
CLIPB13

SP8905
SP21408

Peptidase_ M12A
Peptidase_M13
Peptidase_M14
Peptidase_M14
Peptidase_M16_C
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S1
Peptidase_S28
Peptidase_S28
Peptidase_S28

PG/BPGM_mutase_AS

Plexin_repeat
PPlase_FKBP_dom
Primosome_PriB/ssb
Prot_kinase_dom
Proteasome_asu_N
Proteasome_asu_N

Proteasome_asu_N
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AGAP004991-PA Proteasome_sua/b

AGAP005674-PA PTN/MK_C_dom
AGAP002227-PA Pyridox_Oxase
AGAP003398-PF Pyrophosphatase
AGAP005109-PA QIL1
AGAP004520-PA Ran_bind_dom
AGAP003742-PB Reg_chr_condens
AGAP002395-PA  RpL10-2 Ribosomal_L10e
AGAP003025-PC  RpLp2 Ribosomal_L12
AGAP004422-PA  RpL19 Ribosomal_L19/L19e_dom
AGAP001459-PC RpL17 Ribosomal_L22
AGAP005046-PB RpL22 Ribosomal_L22e
AGAP002470-PA Ribosomal_L27
AGAP001408-PA  RpL35 Ribosomal_L29
AGAP003816-PA  RpL30 Ribosomal_L30e
AGAP002754-PA  RpL35a Ribosomal_L35A
AGAP002921-PB  RpL36 Ribosomal_L36e
AGAP000952-PA  RpL37 Ribosomal_L37e
AGAP002306-PA  RpL4 Ribosomal_L4/L1e
AGAP003538-PA  RpL36a Ribosomal_L44e
AGAP003770-PA mRpL51 Ribosomal L51 mit
AGAP000950-PA Ribosomal_L9
AGAP002346-PA  RpS14-2 Ribosomal_S11
AGAP004887-PA  RpS17 Ribosomal_S17e
AGAP002407-PA Ribosomal_S18
AGAP008043-PA  mRpS18 Ribosomal_S18
AGAP001910-PA  RpS3 Ribosomal _S3 C
AGAP003532-PA  RpS3a Ribosomal_S3Ae
AGAP005061-PB  RpS9 Ribosomal_S4/S9 N
AGAPQ003768-PB ~ RpS2 Ribosomal_S5
AGAP002437-PA  RpS8 Ribosomal_S8e
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AGAP004441-PA
AGAP003663-PA
AGAP001645-PA
AGAP001930-PB
AGAP002374-PA
AGAP002390-PA
AGAP002654-PA
AGAP002892-PA
AGAPO003173-PA
AGAP006365-PA
AGAP000739-PA
AGAP001007-PA
AGAP007541-PA
AGAP003229-PA
AGAP003016-PA
AGAP008774-PA
AGAP003091-PA
AGAP004094-PA
AGAP002645-PA
AGAP001375-PA
AGAPO001377-PA
AGAP001617-PB
AGAP002812-PA
AGAP003507-PA
AGAP004744-PA
AGAP003007-PA
AGAP002085-PC
AGAP007740-PA
AGAP004794-PA
AGAP004677-PB
AGAP002363-PA

RpS10

SRPN12
SRPN11

RpLpl

Ribosome_biogenesis_Nopl6
RNA-helicase_ DEAD-box_CS
RRM_dom

RRM_dom

RRM_dom

RRM_dom

RRM_dom

RRM_dom

RRM_dom

RRM_dom

S10 plectin_N
S4_RNA-bd

SANT/Myb

SAP_dom

Saposin-like
SCO1/SenC
SCP2_sterol-bd_dom
SCP2_sterol-bd_dom
Septin2

Serpin_fam

Serpin_fam
Small_GTPase
Small_GTPase
Snf7_fam

Succ_CoA synthase _bsu
SURF6

SVWC_dom
T.cruzi_P2-like
TAG_lipase
THF_DH/CycHdrlase

Thioredoxin-like_fold
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AGAP003870-PA
AGAP002948-PA TIF elF_4E
AGAP003119-PA TIF elF-1A
AGAP003052-PA TPR 1

AGAP002782-PA TPR-like_helical_dom
AGAP000883-PA Transl_elong EF1 G_con
AGAP004235-PA Transl_elong EF1B B/D_CS
AGAP001630-PA  Tpi Triosephosphate_isomerase

THOC7/Mftl

AGAPO001797-PD
AGAP001797-PI

AGAP001799-PA
AGAP001053-PB
AGAP001053-PE
AGAP001053-PG
AGAP002350-PB
AGAP001701-PA
AGAP002251-PA
AGAP005163-PA
AGAP004867-PA
AGAP011369-PA
AGAP002413-PD
AGAP004418-PA
AGAP008075-PC
AGAP000755-PA
AGAPO003701-PA
AGAP001023-PF
AGAP001372-PA
AGAP001717-PA
AGAP001718-PA
AGAP002298-PA
AGAP002399-PA

Tropomyosin
Tropomyosin
Tropomyosin
Troponin
Troponin
Troponin
Troponin
Ubiquitin-like
UBQ-conjugat_E2
UDP_glucos_trans
V-ATPase G
Villin/Gelsolin
W2_domain
WD40_repeat

Znf CCHC
Znf_LIM

Znf U1
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AGAP002619-PA
AGAP002743-PA
AGAP002878-PA
AGAP003043-PB
AGAP003486-PA
AGAP004161-PA
AGAP004237-PA
AGAP004286-PA
AGAP004606-PA
AGAP004618-PA
AGAP004674-PA
AGAP005376-PA
AGAPQOO7777-PA
AGAP008013-PA
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Appendix C. Proteins induced after cadmium treatment

Protein stable ID Gene name InterPro short description
AGAPO001711-PA 4Fe4S-bd_dom
AGAP000272-PA Adenyl kinase  AK6
AGAP000235-PC Beta-thymosin
AGAP000375-PA Cys_alpha_HP_mot_SF
AGAP000767-PA Cyt_Bb5-like_heme/steroid-bd
AGAP001746-PA FATE/Miff/Tango-11
AGAP000862-PA Glyco_hydro_31
AGAP002055-PA Glycoside_Hdrlase 35
AGAP000344-PB CPR127 Insect_cuticle
AGAP000626-PA MSP_dom
AGAP001321-PA NAD(P)-bd_dom
AGAP000170-PA NADH_UbQ_OxRdtase-like_20kDa
AGAP002170-PA NuoE-like
AGAP000573-PB CLIPC4 Peptidase_S1
AGAP001957-PB Pl_transfer
AGAP000308-PA Proteasome_activ_pa28 N
AGAP001805-PA RpL13 Ribosomal_L13e
AGAP000655-PA RpS14-1 Ribosomal_S11
AGAP000399-PA RRM_dom
AGAP001082-PA SapA

AGAP001902-PA Small_GTPase
AGAP002219-PA Small_GTPase
AGAP000550-PA Sushi_SCR_CCP_dom
AGAP001325-PA Thioredoxin-like_fold
AGAP001797-PJ Tropomyosin
AGAP001799-PB Tropomyosin
AGAP001219-PA TUB4A Tubulin

AGAP001056-PA UBQ-conjugat_E2
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AGAP001823-PA VATG V-ATPase_G
AGAP001675-PA
AGAP001989-PA
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Appendix D: Publications
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s /aolorg 10 12688M000rasaq ran 13062 2

Reviewer Status 7 + X

Abstract Invited Reviewers
Background: Anopheles gambiae larvae traditionally thrive in non-polluted 1 2 3
environments, We previously documented the presence of the larvae in

heavy metal polluted urban aquatic environments and the associated version 2 & X
biological cost. The goal of this study was to unravel the molecular
dynamics involved in the adaptation of the mosquitoes to the heavy metals.
Methods: Total RNA was extracted from third instar larvae of both
cadmium treated populations and untreated control populations. The RNA
concenirations were normalized and compiementary DNAs were prepared. version 1 ? ?
Then annealing control primer (ACP) technology was applied to establish Z Use ANy report repan
transcriptional responses in An. gambias larvae following several
generational (n=90) chronic exposures to cadmium. Differentially
expressed genes were determined by their differential banding patterns on
an agarose gel. Gel extraction and purfication was then carried out on the
DEGs and these were later cloned and sequenced to establish the specific Cape Coast, Ghana

transcripts. .

Results: We identified 14 differentially expressed transcripts in response to i g piwiceas efEuion fos.

the cadmium exposure in the larvae. Most (11) of the transcripts were Communicable Diseases. Johannesburg. South
up-regulated in response to the cadmium exposure and were putatively Africa
functionally associated with metabolism, transport and protein synthesis "
processes. The transcripts included ATP-binding cassette transporter, 3 Dick Roelofs |, Vrile Universiteit Amsierdam,
eupolytin, ribosomal RNA, translation initiation factor, THO complex. Amsterdam, The Nethedands

lysosomal alpha-mannosidase, sodium-independent sulfate anion X
t)r,:nsporler and myotubularin related protein 2. The down-regulated A1 Saporte i i ihke
transcripts were functionally associated with signal transduction and anticle can be found al the end of the article.
proteolytic activity and included Protein G12, adenylate cyclase and

(revision)
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Cadmium tolerance pathway in Anopheles gambiae senso stricto
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ARTICLEINFO ABSTRACT

Keywords: Cadmium is ane of the widely wsed heavy metak (HM) in commercial and industrial products and contributes to
Anophees gambiae environmental contamination in an urban setting. In our previowus studies, we established that An. genbiae sansu
Cadmium mlerance stricto, a vector of malaria, had adapted 10 HM pollmamslnmnnedespl(e their pmdlvly for unpolluted aquatic
Larvae habitats. We further dem 1 that heavy metal tol 4 biologieal eost to the
::::’B fitness of the quito and § tally invelves the indueti of specific HM req;mslveum::rlptxand proteins.

Here we interrogated differential protesmic profiles of the cadmivm tolerint vs. naive strains of An genbiae to
shed light on proteomic processes that underpinned biclogical cost to fitness. We identified atotal of 1067 larval
proteins and observed significant down-regulation of proteins involved in larval immune responses, energy
metabolism, antioxidant enzymes, protein synthesis, and proton transport. Our results suggest that mosquitoes
can adjust their biological program through p hanges to counter HM pollution. Since our study was
done in controlled laboratory settings, we acknowledge this may not wholly represent the conditions HM pol-
luted environments. Nevertheless, mosjuitoes deploying this strategy have the potential of creating an urban
enclave for breeding and thrive and b agents of sporadic malaris epidemi

1. Introduction

Anopheline mosquitos are the only known vectors of malaria in-
duding the most-deadly form caused by Plasmodium fakiparum. Apart
from malaria, some species of Anopheles contribute to the transmission
of other tropical diseases induding; lymphatic filariasis, canine heart-
worm and O'nyongnyong fever (Cancrini et al., 2006; Nchoutpouen
et zl, 2019). Their success in disease transmission is primarily due to
the capacity for mosquitoes to exploit different kinds of habitats created
by humans, adaptive flexibility that has permitted the mosquito to ex-
ploit different larval habitats and colonize a variety of micro and macro
environmentzl conditions throughout the Tropics (Lanzaro et al, 1998§;
Budiansky, 2002; Roberts et al., 2002; Rozendaal, 1992). Urbanization
of Sub-Saharan Africa cities has favored adaptation of anopheline to

et al., 2007; Mukhtar et al., 2003; Sattler et al., 2005; Sibomana, 2002;
Mimji et l, 2008). This is contrary to the long-held dogma that An.
gambiae sl exclusively thrive in clean water devoid of pollutants, a
common scenario in rural settings (Mireji ot sl., 2010z). Behavioral
plasticity and insecticide resistance have permitted mosquito to either
resist insecticides or circumvent them through avoidance. Therefore,
limiting the effectiveness of vector control tools such as long-lasting
insecticide-treated nets (LLINs) or indoor residual sprays (IRS), thus
leading to residual malaria transmission (Rydzanicz et sl., 2009; Zhu
et zl., 2017). To combat malaria transmission especially in urban set-
tings will require novel approaches to be incduded in the malaria con-
trol toolbox (Rydzanicz et al, 2009; Zhu et al., 2017). Understanding
the biology of the vectors thriving in polluted urban environments
forms the first steps towards designing more effective tools to match the

various xenobiotics and expansion of their niche to habitats polluted by

ch in vector dynamics.

HMs and organic matter contaminants (Awolola et al., 2007; Djounks

Previowly, our work demonstrated through multigenerational
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