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Abstract

Investigations were conducted to determine the influence of heavy metals on urban
mosquito populations spatial distribution and composition and dnopheles gambiae sensu
stricto fitness. Differential induction of proteins as well as expression of metallothionein,
alpha tubulin gene expressions in third instar An. gambiae s.s larvae in response to heavy
metals selection was also investigated. Heavy metal concentrations and mosquito larvae
species composition in larval habitats of urban Kisumu and Malindi, Kenya were
determined by atomic absorption spectroscopy (AAS) and taxonomic keys respectively.
A susceptible strain of An. gambiae s.s third intar larvae was separately placed under
selection pressure with cadmium, copper and lead at LCsy and control through five
generations. Egg hatchability, fecundity and survivorship of the larvae and adults were
monitored in the sixth generation in the absence of heavy metal selecting agent. First,
third and fifth generation selection survivors were screened for expression of the
metallothionein and alpha tubulin genes by semi quantitative RT PCR and for
differentially expression proteins by 2D gel electrophoresis. Manganese and iron were the
most prevalent heavy metals in larval habitats in urban Kisumu and Malindi respectively.
Concentrations of most were above WHO acceptable limits for drinking water. Copper
and lead concentrations significantly influenced presence of Ae. Aegypti, while presence
of An. gambiae was affected by lead concentrations. Resistance to cadmium, copper and
lead selection increased 13, 11 and 78 folds respectively between first and fifth
generation. There was significant reduction in egg viability, larvae survivorship,
pupation, magnitude of adult emergence, fecundity, and delay in pupation in the heavy
metals selected populations relative to control. The innate rate of increase and mean
generation time were significantly lower in heavy metal selected populations than
control. Instantaneous birth rate was also significantly lower in all but lead selected
populations, than control. Population doubling time was significantly higher in the heavy
metals selected than in the non-selected control populations.Expression  of
metallothionein was significantly higher in cadmium and copper selected than control
populations in third and fifth generations respectively. Expression of alpha tubulin was
significantly higher in cadmium selected than in control populations in fifth generation.
Most differentially expressed protein spots were acidic and of low molecular weight
among all metals and generations. Type of heavy metals and generation (selection
pressure) were main indicators of differential expression magnitude. Mosquitos that
traditionally exclusively proliferate in clean water like 4n. gambiae seems capable of
expanding their niche into polluted habitats and other hostile environments, but at a
considerable biological costs. Semi quantitative RT PCR was sufficiently sensitive to
detect heavy metals resistance/ adaptation in An. gambiae s.s larvae in a metal, gene and
selection pressure specific manner. Both genes display both qualitative and quantitative
potential application in monitoring both An. gambiae s.s adaptation status to heavy metals
selection as well as biomonitoring heavy metals pollution through larval habitat. 2D gel
electrophoresis also appears sufficiently sensitive to detect heavy-metals and generation
specific responsive genes in An. gambiae s.s larvae and can also be used to biomonitor
heavy metals environmental anopheles adaptation to pollution. This process would
greatly be facilitated by characterization of the spots by mass spectrometry and molecular
functional analysis of the spots against An. gambiae protein database.



Chapter 1

Introduction and Literature Review

1.1 Urbanization and Pollution in Africa

The last century has witnessed the emergence and growth of urban centers in Africa. The
urbanization has been accompanied by rapid population growth, expansion of industrial
activities and lack of environmental regulation, and associated with poorly planned and
drained cities, leading to environmental pollution levels in excess of natural loads (Biney et
al., 1994). Available information on heavy metal prevalence in cities and water bodies in
Africa indicate that enrichment of cadmium, cobalt, copper, chromium, iron, manganese,
nickel, lead and zinc in Lagos lagoon Nigeria, originate from land-based urban and
industrial anthropogenic sources (Okoye ef al., 1991). Additionally, higher levels of lead
in sediments than in water have been reported in Ibadan, Nigeria, with the highest levels
coinciding with the areas of high traffic density (Mombeshora ef al, 1983). Increased
lead levels in Lake Victoria, Kenya, have also been observed and attributed to increased
shipping traffic and associated problems, car washing and discharges from local
industries (Wandiga and Onyari 1987; Onyari and Wandiga 1989). Lake Victoria
receives domestic and industrial discharges from surrounding cities, including Kisumu.
High levels of arsenate, cadmium, copper, manganese, lead, zinc and mercury have also
been detected in Hartbeespoort dam which receives industrial and municipal waters from

Johannesburg, South Africa (Greichus ef al, 1977).

Chang and Cockerham, (1994) have documented that urban heavy metal environmental

pollution has both natural and anthropogenic origin, and is stable and persistent, with



fossil fuel combustion releasing about 20 toxicologically important heavy metals, which
affecting remote areas away from their source while other sources include industrial

products, used industrial materials and fertilizer.

1.2 Urbanization and Mosquito Ecology

The Urbanization and accompanying rapid human population and pollution increases has
significantly affected mosquito ecology (Chinery, 1984) probably through reduction of
clean larval habitats, favorable for anopheline survival. The urbanization initially supports
mosquito proliferation by presenting favorable aquatic habitats while subsequently
depressing mosquito population, especially anopheline, by reducing favorable habitats
through processes such as aquatic pollution (Trape and Zoulani, 1987a). Urbanization has
therefore, led to significant reduction in mosquito species diversity in urban African,
including in towns such as Accra and Tema, Ghana (Chinery, 1995), Burkina Faso, Benin
(Coluzzi, 1993), Kinshasha, DRC (Coene, 1993) and Brazzaville, Congo (Trape and

Zoulani, 1987a).

Additionally, urbanization has also adversely affected anopheline daily survival and life
expectancy (Coluzzi, 1993; Chinery, 1984), including in towns such as Kinshasa, DRC
(Coene, 1993), and Accra and Tema, Ghana (Chinery, 1995). These phenomena have
given rise to low malaria transmission in the urban centers, compared to peri-urban and
rural centers (Robert et al, 2002). These ecological effects have been attributed to
pollution of the larval habitats among other factors (Trape and Zoulani 1987b). Most

culicine mosquitoes, including Culex quinquefaciatus have adapted to polluted urban



larval habitats (Subra, 1981), while most anophelines have been relegated to peri-urban
regions, as observed in Kinshasha, DRC (Coene, 1993) and Brazzaville, Congo (Trape

and Zoulani, 1987b).

However, possible adaptation of anopheline mosquitoes to environmental pollution has
been suggested by recent observations of anopheline larvae in polluted urban larval
habitats, contrary to the dogma that anophelines can only be maintained in relatively clean
water habitats. Polluted drains containing domestic wastewater diluted by rain have been
observed supporting anophelines in Kinshasa, Zaire (Coene, 1993). Similarly, An.
gambiae has been observed in polluted man-made aquatic habitats in Accra and Tema,

Ghana (Chinery, 1984; Chinery, 1995).

The anopheline adaptation can be attributed to their niche expansion into polluted
habitats in which intraspecific competition is less severe than in the limited number of
habitats. This phenomenon has been demonstrated in Drosophila melanogaster
adaptation to cadmium-contaminated environment (Bolnick, 2001) and is further
supported by the adaptability of An. gambiae to environmental changes. Coluzzi et al,
(1979) suggest that in southern Nigeria, urban isolates of An. arabiensis probably
originated through passive adaptation to city environments. In Mali, An. gambiae Mopti
has adapted to larval habitats present in dry seasons and normally linked to human
activity, unlike An. arabiensis and other taxa of An. gambiae complex which are more or

less dependent on rain-created larval habitats (Coluzzi, 1994; Toure ef al., 1998).



1.3 Biological Response of Insects to Pollution

The maintenance of anophelines in polluted urban environments, like other aquatic
insects, can be attributable to tolerance of their aquatic developmental stages to
environmental pollutants, including heavy metals. Chronic exposure of aquatic insect
populations such as Chironomus tentans (Wentsel et al., 1978) and Baetis thermicus
(Suzuki ef al., 1988), to heavy metals has been shown to increase their tolerance to heavy
metals (Krantzberg and Stokes, 1990; Hare, 1992; Clements and Kiffney, 1994). Heavy
metals are frequently detected as ground water contaminants (Clements and Kifney,
1994) in urban environments. The metals originate directly from mines, smelters and
industries and are transported in the atmosphere (Nriagu and Pacyna, 1988), thereby

affecting water bodies distant from local source.

The tolerance to heavy metal can be attributed to exclusion and/or active metal excretion
in aquatic insects. This phenomenon can be indicated by poor correlations between
environmental and physiological heavy metal levels in aquatic insects (Klerks and Weis,
1987; Krantzberg and Stokes, 1990). The tolerance can also be due to bioaccumulation of
heavy metal and is responsible for B. thermicus tolerance to cadmium and copper

exposure (Suzuki ef al., 1988).

Aquatic insect tolerance to heavy metals varies with different genotypes and strains
within a species (Hare, 1992; Clements and Kifney, 1994), and occurs at both population
and individual genetic response levels (Beaty ef al., 1998). The heavy metal tolerance can

therefore affect insect species distribution and abundance (Hare, 1992). The tolerance can



be both metal and concentration dependent as shown in dedes aegypti larvae responses to
cadmium and copper (Rayms-Keller ez al.,, 1998). Heavy metal exposure at critical stages
of aquatic insect growth can significantly affect the insect fitness (Hare, 1992; Rayms-
Keller et al., 1998). It has been suggested that metallic scum in water prevents culicine
larvae metamorphosis and pupation (Wagbatsoma and Ogbeide, 1995). However, insects
adapted to heavy metals display depressed fecundity and survivorship on exposure to

unpolluted environments (Shirley and Sibly, 1999; Belfiore and Anderson, 2001).

1.4 Cellular Responses to Heavy Metals

Heavy metals such as cadmium and lead are not known to be natural components of any
biological system. Their relative absence from the environment as a free metal ions are
mainly due to their sequestration as ores. It can be hypothesized that cadmium and lead
were not adopted during evolution as important component in living systems because
they were relatively absent in cellular milieu, suggesting that no selective pressure was
applied to proteins to be able to distinguish the metals from biologically important and

intracellularly present metals such as calcium and zinc (Bouton and Pevsner, 2000).

Heavy metals, such as cadmium, affect many cellular functions by modification of cell
growth and metabolism at sub-lethal and marginally lethal levels, and apoptosis and
necrosis at lethal levels. It is proposed that cadmium induces cellular damage through
oxidative stress (Stohs et al., 2001) by binding to reduced cystein residues and generating

reactive oxygen species, and by lowering intracellular glutathion levels (Hussain et al.,



1987; Manca ef al., 1991; Chin and Templeton, 1993; Koizumi and Li, 1992; Abe et al.,

1994; Acan and Tezcan, 1995).

The reactive oxygen species are mainly composed of superoxide ion, hydroxyl radicals,
and hydrogen peroxide (Stohs ef al, 2001). The oxidative stress is accomplished through
lipid peroxidation, modulation of intracellular oxidized states, production of nuclear
factor-kappaB, and induction of DNA damage (Stohs et al,, 2001). The reactive oxygen
species also induce membrane damage, alter gene expression, induce apoptosis (Stohs et
al, 2001) and delay DNA synthesis (Enger ef al.,1987). 1t also disrupts intracellular
sulthydryl homeostasis (Beyersmann and Hechtenberg, 1997) and induces tumors
(Abshire et al, 1996). Cadmium increases lipid peroxidation and other oxidative stress
factors by inhibiting glutathione reductase (Acan and Tezcan, 1995; Koizumi and Li,
1992) and superoxide dismutase (Hussain et al,, 1987), reducing catalase and increasing
glucose-6-phosphate dehydrogenase and glutathione peroxidase activities (Salovsky et
al., 1992). Effects of cadmium with potential genetic consequence also occur in the
inhibition of DNA repair (Hartwig et al, 1996), DNA polymerases, and RNA

transcription and translation (Beyersmann and Hechtenberg, 1997).

Cells counteract the damage induced by heavy metals by transcription of genes encoding
for defense and repair proteins. These proteins chelate the metal to prevent further
damage, remove reactive oxygen species, repair membrane and DNA damage and re-
nature or degrade unfolded proteins (Liao and Freedman, 1998). The proteins include

heat shock proteins (Abe et al, 1994) and metallothionein (Shimizu et al.,1997). The



cells also activate proto-oncogenes, responsible for cell proliferation and/or apoptosis, by
transcriptional activation of early response genes including - c-jun, c-fos, c-myc and erg-1
in various cells (Matsuoka and Call, 1995; Jin and Ringertz, 1990; Hechtenberg et al.,
1996; Abshire et al., 1996; Shimizu er al., 1997; Wang and Templeton, 1998). In case of
cytotoxicity, apéptosis is induced as mode of elimination of damaged cells (Habeebu et
al., 1998). Cadmium elicits anti-tumor effect (Terracio and Nachtigal, 1988; Abshire et
al., 1996) by induction of p53 tumor suppressor gene (Stohs ef al, 2001). Cadmium
inhibits and stimulates early and late epidermal growth factor-induced DNA synthesis

(Enger ef al., 1987; Tang and Enger, 1993).

Cadmium evokes intracellular effects via a reversible interaction with an external
receptor on the cell surface as observed in human skin fibroblasts (Smith et al, 1989).
Cadmium can enter through receptor operated calcium channels (Blazka and Shaikh,
1991), passive transport (Shaikh es al,, 1995), SH-ligand containing transport processes
associated with the uptake of zinc, copper and iron and voltage-sensitive calcium

channels (Hinkle et al., 1994).

Heavy metals such as cadmium and lead modulate activities of complex signal
transduction pathways that in turn influence expression of a myriad of genes. The
pathways include those mediated by protein kinase C (PKC), calcium, zinc, cAMP
dependent protein kinase, calmodulin and mitogen activated protein kinases (Templeton
et al., 1998; Beyersmann and Hechtenberg, 1997; Bressler et al., 1999; Goldstein, 1993;

Son et al., 2001). They also activate cadmodulin-mediated pathway by substitution of



calcium in binding to calcium binding sites (Behra and Gall, 1991; Goldstein and Ar,
1983). Lead has also been shown to improperly substitute for zinc in aminolevulinic acid
dehydrogenase (Warren ef al., 1998). Carbonic anhydrase, a zinc dependent enzyme is
also inhibited by lead (Goering, 1993). Although lead is effectively able to compete with
zinc to bind to zinc sites, lead does not induce the proper structural conformation once
bound (Hanas et al, 1999), leading to aberrant expression of Spl target gene such as
myelin basic protein and proteolipid protein (Zawia and Harry, 1996). Protein kinase C
activation may also be induced through the cadmium-induced oxidative stress (Bagchi et

al., 1997; Stohs et al., 2001).

Upon activation by cadmium, PKC has been observed to mediate induction of early
response genes (Tang and Enger, 1993; Matsuoka and Call, 1995; Templeton et al,
1998). Induction of these proto-oncogenes is largely independent of mitogen activated
protein kinase system (Beyersmann and Hechtenberg, 1997). Lead has also been
observed to enhance AP-1 DNA binding through a PKC mediated pathway (Chakraborti

et al., 1999), and induction of immediate early genes expression through activation of

PKC (Kim et al., 2000).

Cadmium may also activate transcription through specific metal-responsive upstream
regulatory elements found in the promoter regions of cadmium responsive genes,
including metal responsive element (MRE) sequences found in most metallotheonein
genes (Stuart ef al, 1984). Glutathione is an effective oxygen radical scavenger (Yu,

1994) and provides the first line of defense against cadmium before metalotheonein



induction (Singhal er al., 1987) or apoptosis (Son et al., 2001). Glutathione has also been
implicated in acquired cadmium resistance in human lung carcinoma A549 cells
attributed to enhanced gamma-glutamylcysteine synthetase expression (Hatcher ef al,
1995). Metallothionein and alpha tubulin induction in Drosophila melanogaster larvae
and Chironomus tentans midgut epithelia, respectively, have also been observed upon
exposure to sub-lethal cadmium and copper concentrations (Maroni and Watson, 1985;
Mattingly et al., 2001) and may be involved in counteracting toxicity of respective metal.
However, when the toxicological insults of heavy metals cannot be counteracted, toxicity
ensues (Tiffany-Castiglioni, 1993). Chronic cadmium exposure condition Ae. aegypti
survivorship (Rayms-Keller er al,1998) by compromising peritrophic matrix integrity,

despite inducing of intestinal mucin (Rayms-Keller et al., 2000).

Excessive environmental levels of heavy metals can therefore significantly affect
mosquito aquatic biota since the metals are toxic, being easily incorporated into
biological molecules. They exert their toxicity by displacing essential metals of a lower
binding power in biologically active molecules or by acting as non-competitive inhibitors
of enzymes. Conversely, mosquito populations may adapt to the heavy metal
contaminants probably through development of physiological or molecular mechanisms
that counteract the toxicity. However, such mechanisms have not been elucidated, nor has
the biological cost of such adaptation been established. The mechanisms may involve
expression of specific metal responsive genes that counteract heavy metal toxicity, with
the cost of adaptation expressed on its impact on mosquito composition, distribution and

fitness.
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1.5 Adaptation and Evolution of Resistance to Xenobiotics and Novel
Environments
Application of xenobiotics for control of pathogenic organisms and pests has often led to
the rapid spread of alleles conferring resistance (Palumbi, 2001), which induce resistance
genes that mediate toxicant metabolism or alter toxicant targets (Kalow, 1997). These
genes are generally formed by modification of a pre-existing gene and are thus rarely de
novo synthesized gene (Dujon er al., 2004). This modification often involves substitution
of alleles imparting major effect (Roush and McKenzie, 1987; Denholm and Rowland,
1992; McKenzie and Batterham, 1994). These alleles are associated with extremely high
selection intensities, often occurring in field exposures (McKenzie et al, 1992;
McKenzie and Batterham 1994; McKenzie, 2000) while polygenic control of resistance is
mainly associated with lower intensity of selection associated with laboratory selection
(McKenzie‘ and Batterham, 1994). At proteomic level, enzyme induction mediates
moderate degrees of resistance, and is reversible and non-inheritable (Okey, 1992). On
the other hand, high degree of resistance is attributable to proliferation of initial rare,
naturally insensitive individual survivors of acute and chronic insecticide exposure
(Kalow, 1997). This phenomenon is attributable to pre-existing resistant genotype in the
population and low frequencies, a fact underscored by the fact that most pharmacogenetic
variants within a population are pre-adaptive (Kalow, 1997). 1t is in this respect that
selection should ideally be conducted with moderate to strong selection pressure and
initiated with large populations and with genetic diversity representative of field

populations (Tabashnik, 1992).
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The presence of refuges significantly influence the evolution of resistance. Refuges delay
evolution of resistance and are more effective when selection is more intense than when
selection is weaker (Groeters and Tabashnik, 2000). They display their most effect where
resistance is functionally recessive (Georghiou and Taylor 1977, Tabashnik and Croft
1982; Groeters and Tabashnik, 2000). While resistance is effected by many genes,
distribution of effects across loci is not usually uniform, with one or a few loci generally
accounting for most of the resistance (Groeters and Tabashnik, 2000). In this respect,
location and understanding of the major loci can facilitate elucidation of the mechanism
of resistance and improve the ability to track and delay the evolution of resistance

(Groeters and Tabashnik, 2000).

Genetic variation of ecologically important traits critically influences the ability of
populations to adaptively evolve. This is paramount to maintenance genetic variation for
reproductive fitness, and fitness levels themselves. These parameters may be influenced
by critical variables including long term effective population size (Li, 1978), rate and
effect of spontaneous mutations (Lynch and Walsh 1998; Fry et al,1999; Shaw et al.,
2000; Zeyl et al, 2001), dominance patterns, epistasis, and pleiotropy of mutations
(Johnston and Schoen 1995; Ferna'ndez and Lo’pez-Fanjul 1996) and strength and nature
of selection acting on those mutations (Lynch and Walsh.,, 1998). Thus smaller
populations should have lower fitness because of increased inbreeding depression
(Charlesworth and Charlesworth 1987), lower efficiency in eliminating deleterious alleles

(Li 1978) and presence of fewer beneficial mutations (Kimura 1983). However it has
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paradoxically been shown that quantitative traits habitability can remain high, or even

increase, despite reduction of the population (Bryant et al., 1986).

Prior environments experienced by populations can greatly influence fitness in a novel
environment and the population’s ability to adapt to a novel or changing environment
(Reed et al, 2003). Differential selection caused by a varying environment is
theoretically capable of maintaining genetic polymorphisms (Felsenstein 1976; Gillespie
and Turelli 1989) and there is empirical evidence linking variable selection or habitat
heterogeneity with increases in genetic variation (Gram and Sork 2001). Besides the
heterogeneity of the environment, the level of stress an environment imposes can affect
fitness levels and genetic variability for fitness (Fowler and Whitlock 1999, 2001). Genes
that control generalized stress resistance, such as heat shock proteins, are important in
allowing organisms to adapt to novel or changing environments. Variable environment
maintain greater levels of genetic variation for fitness with the populations with the
lowest initial fitness experiencing the greatest selection and has the smallest response to
the selection (Reed er al, 2003). Reed er al, (2003) have also documented that
populations inbred in a variable environment are more adaptable than those inbred in a
constant environment. They have also indicated that populations adapted to a prior
stressful environment have greater fitness when reared in a novel stress than those less
adapted to stress and that inbred populations have lower fitness and are less adaptable

than the original out bred population.
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It has also been shown that adaptation to one stress leads to long term higher fitness
levels in the presence of an unrelated stress (Reed er al, 2003), suggesting that
populations adapted to a particular stress may more easily invade other extreme
environments, even if the two stresses are unrelated (Reed er al, 2003). In this respect
they can also conduct niche construction by modifying local resource distributions,
influencing both their ecosystems and the evolution of traits whose fitness depends on
such alterable sources of natural selection in environments (Laland et al., 1999). This can
be a potent evolutionary agent by generating selection that leads to the fixation of
otherwise deleterious alleles, supporting stable polymorphisms where none are expected,
eliminating what would otherwise be stable polymorphisms, and generating unusual
evolutionary dynamics (Laland et al, 1999). The rate of fitness increase during
adaptation depends both on current fitness and size of the random mutations produced.
Given the same size of mutations and the same total strength of natural selection,
complex organisms cannot adapt as quickly as simpler ones (Orr, 2000). Adaptation is
characterized by an initial rapid rise in fitness, followed by a gradual slowing as the

population approaches the phenotypic optimum (Orr, 2000).

1.6 Cost of Adaptation/Resistance to Xenobiotics

Adaptations conferring resistance to xenobiotics are often costly to the organism’s fitness
in the absence of the selecting agent (Orr 1998), Unless these costs are compensated for
by secondary mutations (Levin ef al, 2000), the frequency of resistant individuals is
expected to decline in untreated environments as they are displaced by sensitive

individuals having a greater reproductive success and superior rates of population growth
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(Agnew et al., 2004). This loss of stress resistance is generally rapid and common across
various taxa, the rate and the magnitude of which is proportional to the costs of resistance
(Agnew ef al, 2004). This phenomenon is probably attributable to a cost associated with
maintaining genes for stress resistance or to an increased frequency of deleterious
mutations currently segregating in the population (Mukai e al., 1972; Fry 2001; Zeyl et
al., 2001). However, this evolutionary dynamic is open to modification by other sources
of selection acting on the relative fitness of susceptible and resistant individuals (Agnew
et al., 2004). Although many mutations and their functional role in conferring resistance
to xenobiotics have been identified (Glass et al., 1986; Weill et al,, 2003), the actual costs
they impose is often unclear. This situation is attributable to difficulties in isolating
variation in fitness due to the possession of a resistance mutation from that due to
variation in the genetic background in which they are expressed (McKenzie et al., 1982;
Schrag er al,, 1997), and from variation in the environmental conditions in which these
costs are measured (McKenzie 1994). Parasitism has also been associated with

compromising the fitness of infected mosquitoes (Agnew e al,, 2004).

However, the cost of resistance can be compensated for through compensatory
adaptation, which includes both resistance mutations and deleterious mutations in
general. For example, Bjorkholm ef al, (2001) established that clarithromycin resistance
in Helicobacter pylori confer a biological cost, as measured by a decreased competitive
ability of the resistant mutants in mice, which could be reduced by stabilizing resistant
bacteria in a population. They suggested that was attributable to development of

compensatory mutation after the resistance mutation occurred, resulting in a strain with
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increased fitness. They therefore postulated that there is probably a stepwise selection
from sensitive to resistant to compensated mutant during pre- and post selection

regiments.

Thus, compensatory mutations provide an opportunity to study the origin and
maintenance of gene interactions (epistasis) in adaptive evolution (Wijngaarden et al,
2004). Compensating second site mutations make a return to the susceptible state
unlikely, as back mutations at either the resistance locus or the compensatory locus result
in genotypes with a lower fitness than both the uncompensated susceptible and the
compensated resistant genotypes (Wijngaarden et al, 2005). Hence, it shows how two
loci can become parts of a group of co-adapted genes that effectively prevent reverse
evolution (Teoto'nio and Rose 2001). Reed et al., (2003) suggest that large populations
reintroduced to a stressful environment can develop to normal levels due to their genetic
diversity while this may not be the case with small captive population due to inbreeding

depression and loss of genetic diversity.

1.7  Justification

It is anticipated that levels of pollution will increase with industrialization of African. This
development is bound to increase pollution levels to those observed in industrialized nations.
Such increases in environmental pollution will naturally affect the levels of pollution in
mosquito habitats in urban areas. This in turn will influence mosquito proliferation and hence
the epidemiology of the various mosquito-borne diseases such as malaria, since the
proliferation of these vectors is affected significantly by the quality of water in their habitats.

Urbanization, accompanying industrialization has also been coupled with poor drainage and
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planning of African cities, further aggravating the situation. Urban pollutants include both
heavy metals and non-metals. However, heavy metal pollution, especially from
petrochemical combustion is more widespread, anthropogenic and ubiquitous. It is also
desirable to understand the molecular mechanism through which the mosquito would
counteract or adapt to such toxicants. It is prudent that establishing baseline levels of heavy
metals in larval habitats in urban Africa and their influence on mosquito ecology should
precede such investigation. Anophelines are known to proliferate exclusively in non-polluted
larval habitats. However, recent observations have been made of anopheline mosquito
proliferation in polluted larval habitats in some cities in sub-Sahara Africa, suggesting that
they are developing resistance to heavy metals. It is therefore necessary to establish how
common industrial pollutants, such as heavy metals, influence mosquito ecology, biological

fitness, and establish the underlying molecular mechanism..

1.8  Hypotheses
1. Heavy metals in larval habitats influence mosquito species composition and
spatial distribution.
2. Anopheles gambiae fitness is a function of heavy metal concentrations in their
aquatic larval habitats.
3. Mosquito tolerance to heavy metals is mediated through specific molecular

process(es).
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1.9  Objectives
1.9.1 General Objective
The general objective is to study biological responses of anopheline mosquitoes to heavy

metals and other environmental contaminants.

1.9.2 Specific Objectives

1. To determine how mosquito species composition and spatial distribution patterns are
affected by heavy metals in aquatic larval habitats in urban Kisumu and Malindi.

2. To evaluate effect of heavy metals on An. gambiae fitness

3. To identify molecular mechanisms by which An. gambiae respond to heavy metals.



18

Chapter 2

Materials and Methods
2.1 Field studies
Assessment was conducted on heavy metals prevalence in mosquito larval habitats in

urban Kenya, with a focus on two towns, Kisumu and Malindi , and how the prevalence

has influenced mosquito species and composition.

2.1.1 Study Areas

Kisumu (00°06°S 034°45'E) is located on the shores of Lake Victoria, Kenya, with a
population of about 329,000 (GOK, 1999). The town is located between 1,075 and 1,150
m above sea level with mean daily minimum and maximum temperatures of 18 and 30
°C, respectively. Kisumu experiences long and short rain seasons from March to May and
September to December, respectively. The mean annual rainfall levels are between 1,000
and 1,500 mm. Commercial and industrial activities in urban Kisumu include ballast, bolt
and nut production, sand harvesting, food processing, rebounding and re-facing of motor
vehicle parts, and farm machinery assembly. Many rivers in Kisumu are polluted with
agrochemicals and pesticides from the catchment areas (Government of Kenya, 1999).
Anopheline species composition in Kisumu region includes An. arabiensis, An. funestus

and An. gambiae (Githeko et al, 1993).

Malindi (03°21°S 40°10'E) is located on the shore of the Indian Ocean in Kenya with a
population of about 120,000 (Government of Kenya, 1999). The town is located between
0 and 50 meters above sea level with mean daily minimum and maximum temperatures

of 22 and 30°C, respectively. Malindi experiences long and short rainy seasons from
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April to June and October to November, respectively. The mean annual rainfall levels
are between 750 and 1,200 mm. Malindi has high groundwater levels, leading to
formation of dams during the rainy seasons (Government of Kenya, 1999). Commercial
activities in Malindi include palm oil extraction, salt processing and harvesting coral and
galena stone mining. Other activities include agriculture, fisheries, tourism and trade.
Anopheline composition in the coast of Kenya includes 4n. arabiensis, An. Junestus, An.

gambiae and An. merus (Mbogo et al., 1995).

2.1.2  Sampling Design and Procedure

A cross-sectional survey of cadmium, chromium, copper, iron, lead, manganese and zinc
prevalence in larval habitats in Kisumu and Malindi was conducted by collecting
duplicate samples of water and sediment by random sampling of larval habitats in the two
cities. Mosquito larvae were also sampled from each selected habitat. The survey was

conducted from 17 to 24 June and 7 to 15 J uly 2002 in Malindi and Kisumu respectively.

Previously defined stratification of the two cities based on levels of planning and
drainage (Keating er al., 2003) were applied in sampling. The towns had been stratified
into four categories, namely well-drained well-planned; well-drained, poorly-planned;
poorly-drained, well-planned and poorly-drained poorly-planned areas. Each of the
regions in the two towns had been demarcated into 270 x 270 m grid cells (Appendices
6.1-6.4). Kisumu and Malindi comprised of 317 and 244 grid cells, respectively. The
number of grid cells selected for sampling in each city was proportional to the size of the

strata in the entire city. Forty and 55 grid cells were sampled in urban Kisumu and
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Malindi, respectively. Well-drained, well-planned; poorly drained, well planned; well-
drained poorly planned and poorly drained, poorly-planned strata were represented by 14,
5, 2 and 19 grid cells, respectively, in Kisumu, and 15, 9, 4 and 27 grid cells,

respectively, in Malindi.

One larval habitat was randomly selected within each selected grid cell for sampling by
sampling the first water body from the center of the grid cell in a direction randomly
identified. All water bodies encountered were considered potential larval habitats. Water
samples (250 ml) were collected in plastic bottles and immediately acidified to pH < 2.0,
by adding 1 ml of analytical grade concentrated HNO3 to prevent heavy metal adsorption
to the container walls and inhibit the activity of micro-organisms which might cause
changes in trace metal levels in the water samples. Bottom sediment samples were
collected by a sampling corer and placed in plastic bags. Both samples were collected in
two replicates and immediately stored at 4 °C until when they were analyzed. Larval
samples were also collected from the habitats using a standard mosquito-sampling dipper
(350 ml), and immediately preserved in absolute ethanol until when they were required
for identification. Characterizations of the mosquito specimens were done using
morphological taxonomic keys (Gillett, 1972) into Anopheles gambiae sensu lato (hence
forth simply referred to as An. gambiae in the field studies component of this thesis),
Anopheles funestus, Culex quenquifasciatus, and Aedes aegypti. The geographical co-
ordinates of each habitat were determined using Garmin® hand held GPS unit. Degree of

permanence of the habitats was also noted. A habitat was considered temporary, semi-
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permanent and permanent if water body seemed capable of drying within a month, had

seasonal presence lasting up to six months and perennial respectively.

2.1.3 Preparation of Water and Soil Samples for Heavy Metal Determination

Water samples were subjected to acid digestion since the samples contain suspended
solid particles. Briefly, 100 ml of each sample solution was placed in 50 ml of nitric acid
(Analar grade) (1:1) and the solution digested by gently heating until the volume reduced
to a third (50 ml). The solution was allowed to cool down to room temperature before 20
ml of HCl (1:1) was added and heated gently for another 10 min to complete the
digestion. The solution was filtered, and the filtrate volume adjusted to 100 ml with

distilled water and stored in plastic bottles until when required for analysis.

Sediment samples were oven dried at 50 °C for 12 h and ground using a pestle and
mortar. The powder was sieved through a 50-75 pm screen. A sediment sample (1g) was
placed in a Teflon beaker, acidified with 2 ml of concentrated HNO;3 and evaporated to
dryness at 80 °C. It was further digested in concentrated HNO3, HCIO4 and HF (30:2:10
by volume) mixture at 60 °C and evaporated to dryness with temperature increased
gradually to 120 °C to remove HClOx. Digestion was completed by addition of H,0, and
the solutions were filtered into plastic containers. The residue was rinsed with 0.1 M HCI
and the filtrate volume adjusted to 100 ml with distilled water. Blank digests of the filter
paper were also prepared and were used, in both water and water sample preparations, to
account for matrix effects, hence aid in accurate determination of the heavy metals in the

samples.
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2.1.4 Heavy Metal Determination

Quantitative and qualitative determination of cadmium, chromium, copper, iron, lead,
manganese and zinc heavy metals in the water and soil samples was conducted on Buck
Scientific 210VGP  Atomic Absorption  spectrophotometer according to the

manufacturer’s instructions.

2.2 Laboratory Studies
Physiological and molecular Responses of An. gambiae ss to cadmium, copper and lead

were assessed.

2.2.1 Bioassays
Third instar An. gambiae s.s larvae were selected for tolerance to cadmium, copper and

lead heavy metals concentrations (ppm).

2.2.1.1 Sources of Heavy Metals

Cadmium, copper and lead were evaluated as cadmium chloride (CdCly) 99.99% pure,
copper II nitrate hydrate (Cu(NO;), 2.5H,0) >99 % pure and lead II nitrate (Pb(NO3),)
99.5% pure analytical salts, sourced from Fisher Scientific, Fair Lawn, NJ, Sigma-
Aldrich, Laborchemikalien, GMBH, Germany, and Prolabo, Fontenay, France

respectively.
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2.2.1.2 Test Insects

Mosquito test populations colony of An. gambiae sensu stricto were received from the
Human Health Division of the International Centre of Insect Physiology and Ecology
(ICIPE), Nairobi Kenya. This colony was originally collected from Mbita field station
(00025'S, 34013'E), South Nyanza province, Kenya in December, 2000 where An.
gambiae s.s is abundant. At the time of this work, the colony was in the 35" filial
generation post field sampling, away from any possible selection pressure by heavy

metals.

2.2.1.3 Mosquito Rearing

The standard procedure for rearing Anopheles mosquitoes was followed. All life stages
were reared in insectary (28 + 2°C, 75 — 80 % Relative Humidity and 12L:12D
photoperiod) of Animal and Rearing and Quarantine Unit (ARQU) of ICIPE, Nairobi,
Kenya. From the day of emergence, adult mosquitoes were provided with a 10% sucrose
solution soaked in cotton wool. Three day old female mosquitoes were allowed to feed on
anaesthetized mice. Approximately 2-3 days later, oviposition dishes were placed in the
cage containing gravid females. The eggs were placed on water and were surrounded
with floating wax paper which served to keep eggs from becoming stranded on the sides
of the hatching tray. Approximately 30 mg pulverized Tetramin fish food (Tetra GmbH,
Melle, Germany) per pan was sprinkled on the surface of the water twice daily (three
times daily after reaching the third larval stage). Pupae were collected daily, and
transferred to the small bowls containing clean water. The bowls were placed in cages for

adult emergence.
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2.2.1.4 Heavy Metal Toxicological Selection Assay and Sampling for Molecular
Studies
A strain of An. gambiae s.s third intar larvae that had previously not been exposed to
heavy metals was separately placed under selection pressure with cadmium, copper and
lead at concentration that caused 30% mortality (LCsg). Selection with median lethal
concentration (LCsp) was evaluated and discarded after the selection survivors failed to
emerge as adults, hence necessitating reduction in selection pressure. LCsg dosage was
used to select An. gambiae s.s third instar larvae for F 1-Fs generations. Survivals were
raised as indicated above in the insectary in ARQU. Nine hundred larvae were selected
for each generation and metal in three replicates each consisting of 300 larvae in 1500 ml
water in polypropylene cylindrical pans with radius and height of 10.5 and 24.14 cm
respectively. The susceptibility level of An. gambiae to each heavy metal in successive
generations was monitored by determining the LCsq values as indicated below (2.2.4.1).
A control colony was reared simultaneously and handled in the same manner through all
manipulations but was not exposed to any heavy metals. The larvae were not fed during
the 24 h exposure. Survivors were normally propagated. Fifty and 25 larvae were
separately randomly selected from each of 24 h post exposure survivor replicates (each
metal and control), placed in eppendorf tubes and immediately frozen at -70°C for
subsequent molecular semi quantitative and two dimensional gel gene expression studies

respectively. The remaining survivors were normally propagated.
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2.2.1.4.1 Physiological Resistance Diagnostic Test

Toxicity range (24 h) of cadmium, copper and lead were conducted on each generation
using third instar An. gambiae larvae. After determining the upper and lower toxicity
ranges of each metals, a 24 h acute toxicity test were conducted. Three replicates (n = 25
per replicate) were exposed to five logarithmically separated lead, cadmium or copper
concentrations within the established toxicity response range, in 400 ml of distilled water
in the polypropylene cylindrical pans. Larval mortality was evaluated 24 h post exposure

and LC3g determined by probit analysis as indicated below.

2.2.1.5 Effect of Heavy Metal Selections on Egg Hatchability, Larvae and Pupae
Survivorship
Cohorts of 300 eggs were collected separately from fifth generation selection survivors of
each heavy metal exposure and non-exposed control in three replicates. The eggs were
placed in 1500 ml chlorine free distilled water and the egg hatchability examined
microscopically 48 h post exposure. All resultant larvae after eclosion were counted and
were propagated in 1500 ml of water. The numbers of larvae successfully pupating each
day were counted into Jars for emergence, kept separately by pan and date. The number
of emerging adults male and female from each pan was recorded daily. The rearing was

conducted in accordance with the standard procedure above (2:2.1.3).

2.2.1.6 Effect of Heavy Metal Selections on Adult Survivorship
The initial emergent females were immediately randomly sampled from each treatment

for wing measurement (Briegel, 1990). A total of 29, 23, 32 and 19 females were
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available for wing measurements following the selection from non-exposed control,
cadmium, copper and lead selected populations respectively and the right wing
consistently selected and measured. Briefly, Leica WILD M3Z dissecting microscope,
was calibrated using a 2 mm microscope slide scale divided into 100 parts at 0.01 mm
intervals, and a graduated eye-piece graticule. Under each magnification, the graduations
on the microscope slide were matched with those on the eye-piece graticule. Perfectly
coinciding graduation marks on the two scales were noted and the conversion factor
calculated. The conversion factors established were 0.07692, 0.05128, 0.03226, 0.02083

and 0.0129 for 6.5, 10, 16, 25 and 40 times magnification respectively.

Subsequent emergent adults were collected for adult life studies by methods of Reisen
and Mahmood (1980). Briefly, cohorts of 30 males and 30 females (less than 12 h old)
from non-selected control and each heavy metal selected population were counted into
separate plastic containers (4L) in three replicates. They were continuously offered 10%
sucrose diet with cotton wool, and anaesthetized mice provided daily as blood meal
source, and for oviposition, water in a plastic cup lined with filter paper (9 cm radius).
Egg cups and sucrose cotton wool were changed daily. Males were provided with the
10% sucrose solution only. Mortality of females was daily recorded until when the last

mosquito died. All experiments were conducted under standard insectary conditions

above (2.2.1.3).
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2.2.2 Molecular Responses of An. gambiae s.s to Selection by Cadmium,

Copper and Lead Heavy Metals
Gene expression and proteomic profiles of An. gambiae s.s selection by heavy metals was
conducted by looking at expression profiles of specific metal responsive genes and as

differential expression of proteins respectively to heavy metals selection.

2.2.2.1 Isolation of Genomic DNA

Genomic DNA was extracted from 25 third instar 4n. gambiae larvae by phenol-
chloroform DNA extraction method of Sambrook er al (1989) with RNAase A treatment.
Briefly, the larvae were homogenized in 120 ul DNA extraction buffer (0.4 M Nacl,
10mM Tris-HCI pH 8.0 and 2mM EDTA, pH 8.0) in 1.5 ml eppendorf with a hand-held
motor with a polypropylene pellet pestle. 1.5 ul RNAse A was added and was further
homogenized for another 30 seconds followed by incubation at 37°C for 60 minutes.
Three microliters of Proteinase K (20pg/ul) was then added followed by further
incubation at 50°C for 60 min. 121.2 ul of phenol: chloroform: isoamylalcohol (50:50:1)
was added and microcentrifuged for 20 min at 14000 rpm at 4°C and room temperature
and the top aqueous phase containing the DNA transferred to a new tube. (.] volumes of
2M sodium acetate PH 5.6 and 2.5 volumes of ice-cold absolute (100%) ethanol were
added and gently inverted to mix. DNA was precipitated overnight at —20°C and
microcentrifuged for 20 min at 14000 rpm at 4°C. The Supernatant was discarded and the
DNA pellet washed twice with 1T ml of 70% ethanol at 4°C. The DNA was
microcentrifuged at 14000 rpm at 4°C for 20 min and the Supernatant discarded after

each wash. The pellet was air dried in a hood at room temperature and was subsequently
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dissolved in 50-ul TE (10 mM Tris HCl, 1 mM EDTA, pH 8.0) buffer, and quantified

spectroscopically at 260 nm

2.2.2.2 Semi Quantitative RT-PCR Analysis of Metallothionein and Alpha Tubulin
Gene Responses in 4. gambiae s.s to Selection by Cadmium, Copper and
Lead Heavy Metals

Gene expression profile was evaluated through analysis of expression profiles of

metallothionein and alpha tubulin heavy metals responsive genes between heavy metals

sensitive (control) and intolerant (resistant) strains.

2.2.2.2.1 Isolation of RNA

Total RNA were isolated from frozen samples, collected during selection above, through
guanidine isothiocyanate based modified protocol of RNAgents Total RNA Isolation
system (Promega, Madison, WI), according to the manufacturer’s specifications. The
pellet containing RNA was re-suspended in denaturing solution, precipitated at —20°C in
isopropanol overnight and pelleted by centrifugation(14000 rpm, 4°C, 20 min). The RNA
was washed once using ice-cold 75 % ethanol and was resuspended in 50 pl nuclease free
water. The RNA integrity was also checked by 1.0% agarose (Sigma — Aldrich Chemie,
Gmbh) RNA denaturing gel electrophoresis in 1.4 % sodium phosphate, stained with 1
ug/ml ethidium bromide. All RNA isolates had approximately 2:1 28S:18S eukaryotic
ribosomal RNAs quantities, suggesting that the isolates had not been degraded. The RNA
samples were resuspended in 50 pl dionised-distillled water. RNA yield and qualities

were spectrophotometrically determined at 230, 260 and 280 nm. All RNA isolates had
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an OD,40:0D»gy and OD260:0D,39  between 1.8 and 2.0 and 1.5 =2.0 respectively,

indicating clean RNA isolates (Sambrook et al., 1989).

2.2.2.2.2 Complimentary DNA (cDNA) Synthesis

Reverse transcription was conducted using TagMan Reverse trancriptase reagents
(Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions.
Briefly, Oligo d (T) 15 was used as primer in the first step of cDNA synthesis in a reaction
mix consisting of 1X TagMan RT buffer, 5.5 mM MgCl,, 1.5 ng Total RNA , 2.5 uM
oligo-dT, 0.4 U/ul RNAse inhibitor, 500 pM dNTPs , 125 U/ul Multiscribe Reverse
Transcriptase and H,0 in a total volume of 10 pl. The mix was incubated at 25°C for 10
min to maximize primer-RNA template binding, reverse transcribed at 48°C. for 30 min
and the reverse trancriptase inactivated at 95°C for 5 min. The cDNA stock was stored at

-20°C until when required.

2.2.2.2.3 Selection and Design of Metal Responsive Gene Primers

Primers were designed from heavy metal responsive metallothionein (MTn A) from
Drosophila melanogaster (Maroni et al., 1987) and alpha tubulin from C. rentans
(Mattingly et al., 2001). Primers for ribosomal protein S7 (RP S7) were used as internal
neutral/loading control gene. Metallothionein (Genebank accession # NM_079575) and
alpha tubulin (Genebank accession # M14643) brotein sequences were obtained from the
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). The
functional homologues of alpha tubulin and metallothionein protein sequences in An.

gambiae were determined by BLAST (Altschul ef al, 1997) analysis of the sequences
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against An. gambiae genome and presence of domains and motifs in both genes were
identified through InterProScan (Mulder et al, 2003) analysis at the European
Bioinformatics Institute (http://www.ebi.ac.uk/InterProScan). An. gambiae
metalothionenin (Genebank accession # AAX86006) was isolated by the Drosophila
MTn A holomolgy search. Alpha tubulin primer pairs were designed using primer3
software (Rozen and Skaletsky, 2000). Metallothionein primers were manually designed
from protein sequence in such a way that the 5' and the 3' primers span different exons, so
that the amplification product obtained from the cDNA was of different length from that
obtained from any contaminant genomic (pseudogenes) DNA comprising intronic
sequences. The protein sequences were back-translated with 4n gambiae codon bias into
DNA sequences, using accessible Markus Fischer, Backtranslation Tool
(http://www.entelechon.com/index.php?id=tools/backtranslation&lang=eng,Accession

date July 20, 2003) with An. gambiae codon usage table (Entelechon GmbH, Regensburg,
Germany). Primers generated were selected manually according to the following criteria:
C+G content, >60 %; repetitive sequences, absent; repetitive bases, stretches of >3
identical bases (such as poly Ts) were avoided; sequence were selected perfectly
homologous to target cDNA of interest and so that the 3' end base was preferably G or C.
Additionally, alpha tubulin and metallothionein primers were chosen that were between
18 and 25 bases long, with Tm range within that of RP S7 and that would generate

amplification products that would not overlap with that of RP S7 amplification product.

The following primers were subsequently selected: Metallothionein 5’- ATG CCC TGC

AAG TGC TGT GG -3’ (Tm 65.5 °C), and 5’- CTT GCC GCA GCA ACC GCC GGA



C-3” (72 °C) (annealing 55 °C) Alpha Tubulin , 5’- GAG CCG TAC AAC TCC ATC
CTG -3’ (62.1°C) and, 5'- GTA CGG CAC CAG ATT GGT CT -3’ (61.5 °C) (annealing
53°C) and RP S7 5’- GGC GAT CAT CAT CTA CGT TGC -3’ (61.1°C) and, 5- GTA
GCT GCT GCA AAC TTC GG -3° (60.3°C) Anealing (53 °C). The melting (Tms) and
annealing temperatures indicated in brackets were determined by using pDRAW32
software version 1.0 (ACA Clone Software). Expected primer specificity and sizes of
genomic and cDNA amplification products were confirmed by alignment of the primers
against their respective gDNA and cDNA sequences using Multalin program (Corpet,
1988). Metallothionein, Alpha Tubulin and RP S7 were expected to yield amplification
products of 135, 199 and 497 bp according to this scheme. Metallothionein was also
accordingly expected to yield amplification product of 213 bp on genomic DNA and was
used to screen all cDNA synthesized for presence of genomic DNA

carryover/contamination.

2.2.2.2.4 Screening of cDNA Products with Metallothionein primers for

Genomic DNA Contamination
Standard PCR (2.2.2.2.8) was conducted on each individual cDNA sample and gDNA
control. Both ¢cDNA and gDNA products were co-electrophoresed and documented as
indicated below (2.2.2.2.8). Any sample with genomic DNA contamination/carryover

was re-extracted.
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2.2.2.2.5 Optimization of Primer and MgCl, Concentration and Cycling
Parameters

Primer and MgCl, concentrations and cycling parameter were optimized by methods of
Morone et al., (2001). Individual primers and MgCl, were evaluated in 0.05-1.00png/pl
and 2.50-7.5 mM concentration ranges respectively to choose the condition that gave the
highest yield and specificity. 21-45 cycles were evaluated on the optimum primer MgCl,,
where 45 was considered the plateau stage control with the rest applied to determine
appropriate numbers of cycles for production of quantifiable, clearly visible product on
agarose gel, within amplification exponential range and could all be measured on the
same gel. All optimization was conducted with none exposed control cDNA . Standard
PCR reaction conditions (2.2.2.2.8) were applied with respective MgCl, concentrations
and cycles adjustments. The PCR products were electrophoresed and gel documented as

indicated below.

2.2.2.2.6 Control for Competition between Primer Sets

Competition between internal control RP 7 and either alpha tubulin, or metallothionein
primer sets was eliminated by methods of Morone er al., (2001). Control cDNA was
separately amplified with alpha tubulin, metallothionein and internal control RP S7
primer sets. Additionally, same cDNA was amplified with RP S7 internal contro] at the
same time in the presence of alpha tubulin and metallothionein primer sets separately. Al
the amplification products were run on the same agarose gel for quantitation to detect
competition. Standard PCR reaction conditions below were applied but with optimized

primer and MgCl, concentrations and cycles. The PCR products were electrophoresed



and gel documented as indicated below. When competition was detected, different

reaction conditions were tested

2.2.2.2.7 Definitive Semi-Quantitative RT-PCR

The optimization process above established that 0.1 ng each of the primers, 5.5 mM
MgCl, were optimum conditions for all primer sets for both metallothionein and alpha
tubulin. Optimim cycles for metallothionein and alpha tubulin were also established as 22
and 25 respectively when multiplexed with RP S7 internal control. These conditions were
subsequently applied on semi-quantitative RT-PCR on each cDNA sample synthesized
above from RNA samples with metallothionein and alpha tubulin primer sets multiplexed
with RP S7. The standard PCR conditions below, with adjustment to the optimum

conditions, were applied. Gel electrophoresis and imaging was conducted as indicated

below (2.2.2.2.8).

2.2.2.2.8 Standard PCR, Gel Electrophoresis and Imaging

Each PCR reactions consisted of 0.1pg of each primer set, 1ul cDNA/gDNA, 0.2 mM
dNTP, 1 unit of Taq polymerase (Promega, Madison, MO) and 2 mM MgCl; in a total
volume adjusted to 25 ul with H,0. The thermo-cycling parameters were 94° C for 2 min
followed by 45 cycles of 94° C for 1 min, 56° C for 1 min, 72° C for 1 min and a final
extension at 72° C for 10 min. The PCR products were loaded onto Ethidium Bromide
stained, 3 % agarose gels in TBE (Samrook et al, 1989). A 50 bp DNA ladder molecular
weight marker (Life Technologies, Rockville, MD) was run on every gel to confirm

expected molecular weight of the amplification product. Gel images were acquired with a
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Nikon CCD camera and quantification of the bands was performed by ImageQuant TL
(Amersham Biosciences). Expression volumes/intensities were analysed and converted to
cDNA nano grams (ng) using ImageQuant TL (Amersham Biosciences) 1D analysis
software and calibration of the bands with 500 bp band of GeneRuler™ 50 bp DNA

ladder (Fermatas, Hanover, MD) according to the manufacturer’s instructions.

2.2.2.3 Two-Dimensional Gel Electrophoresis Analysis of Differential Expression of
Proteins in Third Instar An. gambiae s.s Larvae in Response to Selection by
Cadmium, Copper and Lead Heavy Metals

Differentially induced protein spots in hird instar An. gambiae ss in response to cadmium,

copper and lead were assessed.

2.2.2.3.1 Protein Extraction and Quantification

Protein was separately extracted from the triplicate samples, 50 larvae each, sampled and
frozen (-70°C) above (2.2.1.4) from each generation and controls using phenol extraction
followed by methanolic ammonium acetate precipitation methods of Hurkman and
Tanaka (1986). Briefly, protein was separately extracted from triplicate samples, 50
larvae each sampled and frozen (- 70°C) above from each generation and controls using
phenol extraction followed by methanolic ammonium acetate precipitation methods of
Hurkman and Tanaka (1986) with modification. Briefly, 50 (approx 1g) mosquito larvae
were ground to a powder with pestle, in liquid nitrogen in 1.5 ml eppendorf tube. 300 ul
of Tris pH 8.8 buffered phenol and extraction media (0.1 M Tris-HCI pH 8.8, 10 mM

EDTA, 0.4% 2-mercaptoethanol, 0.9 M sucrose) each were immediately added and the
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grinding continued for an additional 30 sec in a fume hood. The solution was further
agitated by inversion for 30 min and then centrifuged for 10 min at 9000 rpm all at 4°C.
The phenol phase was removed and the aqueous phase back-extracted with 300 1l each of
the phenol and extraction media by vortexing. The resultant solution was centrifuged at
9000 rpm at 4°C as and the phenol phase was combined with first phenol extraction.
Phenol extracted proteins were precipitated by adding 5 volumes of 0.1 M ammonium
acetate in 100% methanol (stored at —20°C) to phenol phase all in 25 ml falcon tubes,
followed by vortexing and incubating at —20°C overnight. The precipitate was collected
by centrifugation for 20 min, at 14000 rpm at 4°C. The pellets were washed twice with
0.1 M ammonium acetate in methanol (stored at —20°C), twice with ice-cold 80% acetone
and finally once with ice cold 70% ethanol. The pellet was completely resuspended each
time with vortexing and gently pipeting. The resuspended sample was placed at —20°C for
at least 15 min between each wash. The last suspended pellet was stored in 80% acetone
at —20°C until isoelectric focusing was conducted. For protein quantitation, protein was

acetone precipitated and the quantity determined by Bradford assay (Bradford, 1976).

2.2.2.3.2 Two-Dimensional Gel Electrophoresis and Imaging

Two dimensional polyacrilamide gel electrophoresis (2D-PAGE) was performed as
described by O'Farrell, ( 1975). For each tube gel isoelectric focusing, the gel was pre-run
for 15 min at 20 V, 30min at 30 V and 30 min at 40 V. 50 ng protein sample was loaded
and isoelectric focused for 15 h at 40 V and 1 h at 80 V. Following isoelectric focusing,
gels were equilibrated in 0.06 M Tris-HCI, pH 6.8, 2% SDS, 100 mM DTT and 10%

glycerol. Separation in the second dimension was performed in 12 — 15% gradient
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polyacrylamide (SDS-PAGE) gel. Proteins on analytical 2D-PAGE gels were visualized

by coomersie blue staining and digitized with gel documentation system (Biosystematica,

UK).

2.3 Data Analysis

Data obtained from the experiments above were analyzed as outlined below.

2.3.1 Analysis of the Impact of Heavy Metals and on Mosquito Species
Composition and Spatial Distribution Patterns in Aquatic Larval Habitats in
Urban Kisumu and Malindi

Comparisons of heavy metal prevalence in water and soil samples between towns, and

among strata within each town were determined by one-way analysis of variance

(ANOVA) with town and strata as factors, respectively. One-way ANOVA was also used

to compare heavy metal prevalence between strata, and between natural and human-made

potential larval habitats in the two cities and Tukey HSD post-hoc test was used to
determine which strata were significantly different from each other in terms of mean
values where the variance was significant. Student t test was used to compare heavy
metal prevalence between Kisumu and Malindi, and between natural and man-made

habitats.

Natural habitats were defined as any water bodies that did not originate from human
activities while the reverse was the case with the human-made habitats. Natural habitats

therefore included ponds, swamps, and springs. Human-made habitats included, but were
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not limited to, domestic and industrial drainage ditches, discarded car tyres, sewage pools
and water tanks. The above analyses were conducted on data of heavy metal
concentrations in both surface water and bottom sediment. Pearson Correlation analysis
was used to evaluate the relationship between heavy metal prevalence in the surface
water and bottom sediments. The same analysis was used to determine the relationship
between different heavy metal ions. Since some response variants had less than five
entries, Fisher's Exact Test was conducted to establish the relationship between heavy
metals concentrations in both surface water, and presence of An. funestus, An. gambiae,
culicines of Ae. aegypti mosquito larvae in the habitats. For Fisher's Exact Test,
concentrations of each of the heavy metals were dichotomized into low and high
categories, relative to the mean concentrations, and the presence of mosquito species in

each habitat dichotomized as either present or absent.

The Fisher's Exact Test was separately conducted on surface water and in bottom
sediments of larval habitats in urban Kisumu and Malindi. Forty and 55 aqueous larval
habitats and 21 and 20 bottom sediments were sampled in Kisumu and Malindi
respectively. Independent variables were high or low heavy metal concentration
categories. Dependent variables were presence or absence of the mosquito species. In all

analyses, p values below 0.05 were considered significant.
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2.3.2 Selection for Cadmium, Copper, and Lead Heavy Metal Resistance in An.
gambiae s.s
Acute mortality fesponse was corrected by Abbott’s formula (Busvine, 1971) and then
transformed to Probits (Finney, 1971) for linear regression analyses and 30% lethal
concentration (LCsy) determination. Data sets with more than 10% control mortality
Wwere not considered for analysis (Finney, 1971). Patterns of larvae mortalities, pupae
emergence and mortality as well as male and female adult emergence between the
treatments were conducted through cumulative frequency distributions. Median larval
mortality (LMs), pupation (Ps), pupae mortality (PMsg), male emergence (EMsg) and

female (EFs5) emergence times were determined by Probit analysis (Finney, 1971).

Horizontal life table analytical methods were applied on both juvenile and adult stages of
various selection categories of An. gambiae, since the cohorts were distinct and were
followed through time. Briefly, apparent or stage specific mortality was expressed in

logarithmic form as a k-value or killing power (Haldane 1949, Varley and Gradwell

1960) and
k = logqg (Nx/Nyiq) @
where N, was the number entering stage x on which the mortality acts, and Ny+1 was the

number entering the following stage. The stages considered were egg (ke), larvae (k)),

pupae(k,) and adult.
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For adult life tables characteristics, calculations procedures, formulae and rationale
employed essentially followed Reisen and Mahmood (1980) and Elkinton, (1993). Age —

specific survivorship (ly) was determined as

L = yx/¥o an
where y, = the number of males and females alive on each day x.
Type of adult survivorship was established through survivorship curves in which mean
numbers surviving in each age category in non-selected control and each heavy metal
selected populations were plotted on a log scale against age. Survivorships were
categorized as type [ if the rate of mortality increased at old age, type II if the relationship
was linear, representing exponential decline in numbers and type III if the greatest rate of
mortality occurs in the youngest age category.

Age-specific life expectancy (ex) was computed as

ex = Tullx (1Y)
where
Ty = % Ly
2 (Iv)
and
Ly=(x+ lx-H)/2 ™)

and w = the day the last individual died; ie e; = adult life at emergence in days.

In order to transmit Plasmodium vivax, P. falciperum, P. malariae or, the anopheline
vector must survive for about 7, 8 and 14 days respectively, at similar temperature and
humidity applied in this study, post blood feeding on infected host (Siddons, 1944).

Therefore, assuming the infective meal is taken during the mosquitoes’ 2" and 3™ nights
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of life, the potential infective portion of the population would consist of females not less
than 10 days of age. Mean life expectancy at 10 days (e10), was therefore computed for

the control and heavy metals selected populations.

The net reproductive rate per cohort, or the total number of living females produced per

female (R,), was established as

Ro=a S ]
0 x§=:1 xMy V1)

where a = the mean proportion of females that survived from egg through adult

emergence, and

my = Exp. (VID)
where E, was the mean number of larvae (i.e. hatched eggs) produced per female per age
interval x, and p was the proportion of the offspring that are female. In this study, “a” for
non-selected control, cadmium, copper and lead selected populations averaged 0.340,
0.096, 0.015 and 0.110 respectively and p were 0.56, 0.52, 0.50, and 0.51, respectively.
The p values were based on observed sex ratio of the emerging adults from non-selected

control and heavy metals selected populations.

Age of mean cohort reproduction in days (T,) was established as

To=a 2 L,mx/R,
X (VIII)

starting at x =1, the day of adult emergence.
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The instantaneous rate of increase in females per female (r,), was calculated using the
Dobzhansky ez al, (1964) modification of the original Euler-Lotka equation by the

Newton Raphason iteration method where

w
= a) lymye Tu(x+D)
2, b (IX)

where e is the base of natural logarithm and D is the length of time from oviposition in
the present generation to first oviposition in the offspring generation. D was currently
considered to be the observed mean median emergence time for females plus the duration
of nuliperous period for that cohort. For non-selected control, cadmium, copper and lead
selected populations, D ranged were 16.5 -17.50, 17.0 -19.0, 16.5-19.0 and 14.0 — 14.0
days respectively.

Mean generation time in days (G) was computed as
G=1In RO/rm (X)

Since this value included D in its calculation, G was a realistic estimate of the time from
mean oviposition in the present generation to mean oviposition on the offspring
generation.

Instantaneous birth rate (b) was calculated as

b =In (1+)
: (XI)
and instantaneous death rate (d)as

d= (b-ry)
(XII)
where

I/B = i Lxe—rm(x+l)
Xx=1
(Birch 1948)

(XIII)

Population doubling time (Tq) was calculated as
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In(2)

ol (XIV)
(Elkinton, 1993)

Td =

Egg viability /hatchability, Mean larval mortality pupation, pupae mortality, male and
female emergence, wing lengths, sex ratios, fecundity, k- values, male and female mean
life expectancy from emergence (e)), net reproductive rate, mean life expectancy at 10
days (e10), (Ro) age at mean cohort reproduction (T,), instantaneous rate of increase (ry),
mean generation time (G), instantaneous birth (b), death rate (d), population doubling
time (Tq4), /b and b/d among the treatments were compared by one way ANOVA with
control and heavy metals selected populations as factor. Means that we.re significantly

different were separated by Tukey HSD post-hoc analysis.

2.3.3 Semi Quantitative RT-PCR Analysis of Metallothionein and Alpha Tubulin
Gene Responses in An. gambiae s.s to Selection by Cadmium, Copper and
Lead Heavy Metals
Band intensity was expressed as relative absorbance units with background subtracted.
The ratio between Metallothionein/alpha tubulin and RP S7 amplicon volumes on each
cDNA was calculated to normalize for initial variations in sample concentration and as a
control for reaction efficiency. Mean and standard error of mean of all experiments
performed were calculated after normalization to RP S7. Additionally three ways
interactive ANOVA was conducted on the normalized volumes with heavy metal type,

generation and gene as factors.
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2.3.4 Two-Dimensional Gel Electrophoresis Analysis of Differential Expression of
Proteins in Third Instar An. gambiae s.s Larvae in Response to Selection by
Cadmium, Copper and Lead Heavy Metals

Second dimension gels were analyzed by Phoretix software (Nonlinear Dynamics,

Newcastle, UK). Normalized protein spots were detected (Appendix 6.5) and apparent

molecular weights of the protein spots were determined by analysis against the co-

electrophoresed 10-200 KDa SDS-PAGE molecular weight standards (Fermantas,

Lithuania) (Appendix 6.6). Apparent isoelectric points (pI) of each protein spot was

determined by calibration against the 3—10 pH gradient of IEF electrophoresis (Appendix

6.7). Differentially expressed protein spots from control and heavy metals selected

population from respective generations were detected by overlying and the warping of

similar spots to each other in the gels (Appendix 6.8).

Results obtained by the computer-aided evaluation were rigorously compared by visual
analysis of the original gels. Changes in specific polypeptides were recorded only when
they occurred in all the replicated gels. Quantitative comparison between gels was
achieved using normalized spot volumes. Differences without or equal to + 1.5-fold
change in any of the treatments against control among matched protein spots were
considered significant. The spots were therefore categorized as up, down regulated or
unaffected if the differences were greater than or equal to 1.5, less than or equal to -1.5 or
within + <1.5 fold change respectively. If these differences were subsequently
reproduced in additional experiments, despite possibly being of lower magnitude, they

were held to be consistent. Both differentially and constitutively expressed protein spots
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with pH less than, equal to or greater than seven were categorized as acidic, neutral or
basic respectively. The spots were also categorized as having low, medium or high

molecular weight if they were 0-69, 70-133 and 134-200 KDa, respectively.

Patterns of distributions of differentially against constitutively expressed protein spots
were determined by Chi Square and Fishers exact test. Comparison of magnitude of
differentially expressed spots, between and within generation, among metals and control
were conducted by three-way ANOVA with metal/control, generation, and interaction
between the two as factors. One-way ANOVA was separately conducted on each metal
across generations where interaction was significant and the means separated by Tukey
HSD post hoc test where the difference was significant. Variations in pH, molecular
weight, and expression profiles folds between categories was determined by Chi Square.
All statistics were conducted through SPSS (SPSS Corporation, Chicago, Illinois

Statistical Package version 11.5).
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Chapter 3

Results

3.1 Heavy Metals and their Impact on Mosquito Species Composition and
Spatial Distribution Patterns in Aquatic Larval Habitats in Urban
Kisumu and Malindi

There were variations in mosquito species composition in larval habitats in the urban

centers. The distributions of heavy metals in urban larval habitats were also variable

among surface water and sediment samples. There was correlation between some heavy

metals and presence of some mosquito species.

3.1.1 Mosquito Species Composition in the Larval Habitats

Temporary, semi temporary and permanent habitats constituted 15.8, 61.4 and 22.8%,
respectively, in Kisumu. The same categorie of habitats constituted 33.8, 28.6 and 37.7%
respectively in Malindi. In Kisumu and Malindi 77 and 95 % of the habitats respectively, were
man-made. Only 28.6 and 48.1% of the sampled habitats in Kisumu and Malindi, respectively,
contained mosquito larvae. Out of the 93 mosquito larvae collected in Kisumu, only about
16% were anopheline (An. gambiae, 11% and An. funestus, 5%). Most of the An. gambiae
collected are most likely An. arabiensis since previous results indicate that majority of An.
gambiae in Kisumu are An. arabiensis (Githeko et al, 1993). The rest were Cx
quinquefasciatus say, 1823. In Malindi, 4% of all the collected larvae were An. gambiae and
> 95% were culicine spp (Ae. aegypti and Cx. quenquifasciatus). No An. funestus was collected
in any of the larval habitats sampled in Malindi. Most mosquitoes (71.2%) were collected from

unplanned and poorly drained strata in Kisumu. The majority (86.57%) of these were Cx.
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quenquifasciatus species, which were also dominant (90.1%) in the planned and well-drained
strata. No mosquitoes were sampled in the unplanned and well-drained strata. Similarly,
unplanned and poorly drained strata had the highest proportion (58.0%) of mosquitoes in
Malindi. Most (98.3%) of these were Ae. aegypti. Aedes aegypti was also dominant (> 50.0%)
in all the other strata. Planned and poorly drained strata had the least proportion (5.5 %) of
mosquitoes. Planned and well-drained strata had 17.5% of the mosquito population among

which were dominated (87.0%) by Ae. aegypti.

3.1.2 Distribution of Heavy Metals in Urban Larval Habitats
Heavy metal levels were determined in both surface water and sediments in larval

habitats in various strata in urban Kisumu and Malindi

3.1.2.1 Surface Water

The most prevalent metal in larval habitats in Kisumu was manganese while this was the
case with iron in Malindi. (Fig 1) Manganese was also more prevalent in Kisumu than in
Malindi (p <0.05). Cadmium was least prevalent metal in Kisumu and Malindi.
Comparison of heavy metals concentrations between habitats in Kisumu and Malindi
revealed similar (p>0.05) concentrations of all ions except manganese. Copper, lead and
zinc were higher in larval habitats in Malindi than in Kisumu. The concentrations of most
of the metals were above the WHO permissible limit in drinking water (WHO, 1996) (Fig

1)
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Fig 1: Concentrations of various Heavy Metals in Surface Waters of Larval Habitats in the Study Sites and the WHO Permissible
level in Drinking Water
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3.1.2.2 Sediments

Iron and cadmium were the most and least prevalent heavy metals, respectively, in the
sediments of larval habitats in Kisumu and Malindi. The concentrations of iron were
767.6 £ 90.2 and 366.5 + 84.8 mg/kg in larval habitats in Kisumu and Malindi,
respectively. Concentrations of cadmium in larval habitats in Kisumu and Malindi were
0.009 + 0.003 and 0.004 = 0.002 mg/kg respectively. However, manganese and iron were
more prevalent (p>0.05) in sediments of larval habitats in Kisumu than in Malindi.

Concentrations of the rest of the metals were similar (p<0.05) between cities.

Among the heavy metals analyzed, only cadmium prevalence was significantly correlated
(p<0.05) between the aqueous and sediments samples in larval habitats in Malindi.
Similarly, only cadmium and copper prevalence were significantly correlated (p<0.05)
between water and sediments in larval habitats in urban Kisumu. All the correlations
were positive. More significant correlations among heavy metals were detected in
Malindi as compared to Kisumu samples (Table 1). A similar trend was evident in the

sediment samples (Table 2).



49

Table 1: Pearson Correlation coefficients (r) for correlations between various heavy metals in surface water of various larval habitats in

urban Kisumu (n = 40) and Malindi (n = 55)

Cadmium Chromium Copper Iron Lead Manganese
Kisumu Malindi Kisumu Malindi Kisumu Malindi Kisumu Malindi  Kisumu Malindi Kisumu Malindi
Chromium -0.08 0.14
Copper 0.48**  (0.33* 0.08 0.55%%
[ron 0.31 D27* 0.08 0.34* 0.04 0.91%*
Lead 0.44%* 0.19 -0.13 0.29* 0.82%% 0.31** 0.00 0.45%*
Manganese 0.22 0.14 0.22 0.48%* 0.52%* 0.60%* 0.31 0.46%* 0.35% 0.26
Zinc 0.11 0.34* 0.42%* 0.45%* 0.26 {.93%* 0.46** 0.94%* 0.05 0.46** 0.79**  0.56**

** Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).
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Table 2: Pearson Correlation coefficients (r) for correlations between various heavy metals in bottom sediments of various larval habitats in

urban Kisumu (n = 21) and Malindi (n= 20)

Cadmium Chromium Copper Iron Lead Manganese

Kisumu Malindi Kisumu Malindi Kisumu Malindi Kisumu Malindi Kisumu Malindi Kisumu Malindi
Chromium -0.16 0.07

Copper 039  -014  -006 006

Iron 0.07  -0.07 038 028 024 (.72%+

Lead 0.02  -0.13 0.03 0.I5 015 092%% 029 (go#+

Manganese (.18 0.15 0.4 0.3 035 -0.04 0.62** 045+ 039 903

Zinc 024 0.16 0.01 009 -0I3 051* 015 044  (os 0.35 0.11 0.33

** Correlation is significant at the 0.0] [eve] (2-tailed).
*Correlation is significant at the 0.05 leve] (2-tailed).
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Distributions of any of the heavy metals in water of larval habitats in Kisumu among the strata
were similar (p>0.05). There was however significant (p<0.05) variation in distribution of
copper, iron and zinc in urban Malindi. Most of these metals were concentrated in unplanned,
well-drained strata. The concentrations of copper in the strata were 0.076 + 0.014 (well-
planned well drained), 0.123 + 0.049 (well planned-poorly drained), 1.041 + 0.738 (poorly-
planned well-drained) and 0.172 + 0.050 (poorly-planned poorly drained) ppm while those of
iron were 2.931 + 0.479 (well-planned well drained), 3.242 + 0.725 (well planned-poorly
drained), 38.857 + 31.682 (poorly-planned well-drained) and 3.794 + 0.426 (poorly-planned
poorly drained) ppm. Zinc concentrations were 0.245 + 0.107 (well-planned well drained),
0.218 + 0.083 (well planned-poorly drained), 3.206 + 2.055 (poorly-planned well-drained) and
0.344 £ 0.088 (poorly-planned poorly drained) ppm. Few differences in distribution of each of
the heavy metals were detected in sediments from larval habitats in Kisumu, suggesting
relative homogeneity in distribution across strata and in agreement with the observation on the
water sample. However, in Malindi, the distribution of zinc was heterogeneous among the
strata while that of the rest of the metals was homogenous. The zinc concentrations were 1.089
+ 0.181, 0.941 + 0.211, 2.575 + 0.363 and 0.829 + 0.304 ppm in well-planned well-drained,
well-planned poorly-drained, poorly-planned and well-drained, and poorly-planned poorly-

drained, respectively.

Concentrations of all the heavy metals were consistently higher in water from man-made
than natural larval habitats in Kisumu and Malindi though the difference was not
significant (p>0.05). Most of the heavy metal concentrations were higher in sediments

from natural than in man-made larval habitats in Kisumu. Concentrations of each of the
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heavy metals in the sediments in Malindi were similar (p>0.05). From the natural and
man-made larval habitats findings were consistent with those in the surface water were

made.

3.1.3 Heavy Metals and Mosquito Presence

A significant positive association was observed between copper concentration in the surface
water and Ae. aegypti presence in Kisumu, Similarly, significant association was revealed
between lead concentration in surface water and An. gambiae and Ae. aegypti presence
(p<0.05) in Kisumu. There were no significant (p>0.05) associations between concentrations
of the remaining heavy metals and mosquito presence in Kisumu. There were similarly no
significant (p>0.05) associations between any of the heavy metal concentrations in the surface
water or bottom sediments with presence of An. funestus, An. gambiae, Ae. aegypti and

culicine mosquitoes in Malindi.

3.2  Effect of Cadmium, Copper and Lead on An. gambiae ss Biological fitness

The biological responses of An. gambiae ss to heavy metal selection was evaluated.

3.2.1 Toxicological Response

As indicated in Table 3, there were variations in toxicological responses of third instar
An. gambiae to selection by heavy metals as indicated in Table 3. In that respect, LCs
was highest in response to lead compared to copper and cadmium selection; with
cadmiun have the lowest LC3 across all generations. There was an overall 13, 11 and 78

folds increase in LCj3p following selection by cadmium, copper and lead, respectively.
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The most increase in magnitude of LC3y was observed between generations 2 and 3, 3

and 4, and 1 and 2 following cadmium, copper and lead selections, respectively. The least

increase was between the fourth and fifth generation in all heavy metals categories.

Table 3: Responses (LCsp) of various generations of third instar 4n. gambiae larvae (n =

25, replicates = 3) to successive generational Selection by various heavy metals

Copper

Lead

Generation Cadmium
1 0.47 (0.36 - 0.58)
2 0.99 (0.20 - 1.81)
3 5.44 (2.47 -7.76)
4 5.10 (2.95 - 8.38)
5 6.15(2.83 - 8.70)

1.04 (0.57 -1.30)
1.91 (1.08 - 4.45)
2.28 (0.63 - 4.31)
9.14 (3.11 - 38.79)
11.15 (2.35 -18.33)

10.37 (5.56 - 12.99)
80.27 (27.36 - 146.39)
473.00 (96.96 - 1370.49)
791.31 (433.51 -1805.95)
810.00 (680.51 - 2261.95)

Figures indicated in brackets are 95% confidence intervals about respective median

value.

3.2.2 Developmental Attributes of Non-Selected Control and Heavy Metal Selected

An. gambiae ss Populations

Developmental stages on An. gambies were influenced in various ways by heavy metals

selections as illustrated in Table 4. Specifically, egg hatching was significantly (p<0.05)

higher in the control than in any of the heavy metals selected populations. The hatching

was however similar among the heavy metals selected populations. Larval mortality was

significantly (p<0.05) lower, in the control than in each of the heavy metals selected

populations. Among the heavy metals category, larvae mortality in cadmium-selected

population was significantly (p<0.05) higher than that from copper selection, but both

mortalities were similar (p>0.05) to those observed in lead selected populations.
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The magnitude of pupation was significantly (p<0.05) higher in control than in any of the
heavy metal selected populations. The magnitude was about three folds higher in control
than in cadmium, and two-folds higher than in both copper and lead selected populations.
Among the heavy metals, pupation was significantly (p<0.05) higher in copper than in
cadmium-selected populations. Pupae mortality was however similar (p>0.05) among all

heavy metals selected populations and control.

The sex ratio of emerging male and female population among the control and heavy
metal selected populations were similar (p>0.05). However, more adults of both sexes
significantly (p<0.05) emerged from the control than in each of the heavy metals selected
populations. Among heavy metals selected populations similar (p>0.05) number of
females emerged among the heavy metals selected populations. The emerging female
adults from the non-selected control had longer wings than those from any of the heavy
metals selected populations, though the lengths were statistically similar (p>0.05).
Fecundity of control population was significantly (p<0.05) higher than that of each of the
heavy metals selected populations. The fecundities were however similar (p>0.05) among
the heavy metals selected populations. Significantly (p<0.05) more males emerged from

copper than from either cadmium or lead selected population.
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Table 4. Developmental attributes of non-selected control and heavy metals selected 4n. gambiae populations.

Eggs Larvae Pupae
Exposed _Hatched Mortality Emergence Mortality
Selection n* Mean n Mean n Mean n Mean
Control 300 299+0.58" 282 94.00+6.93* 618 206.00+6.93" 71 23.67 + 1.86
Cadmium 300 261+1.76° 654 218.00+3.51° 246 82.00+3.51° 81 27.00 + 2.89*
Copper 300 256+2.33° 561 187.00+2.52° 339 113.00+2.52° 69 23.00 + 3.51°
Lead 300 266+2.31° 613 204.33+7.45° 287 95.67+7.45° 93 29.67 +2.67°
Adults
Emergence Sex ratio Female
Male Female (male/total) Wing length Fecundity
Selection n Mean n Mean Mean n Mean n Mean
Control 241 80.33 +£0.33" 306 102.00+5.29° 0.441+0.013* 29 3.202+0.035* 7084 2361.33 +35.03"
Cadmium 79 26.33+2.03° 86 28.67+3.84° 0.483+0.041° 23 3.173+0.029"° 2990 996.67+ 92.85°
Copper 135 45.00 +4.04° 135 45.00+4.04° 0.500 +0.044* 32 3.109+0.033° 3777 1134.00 + 108.67"
Lead 95 31.67+3.48° 99 33.00+6.43° 0.496+0.039" 19 3.175+0.040° 2709 1259.00+ 101.89°

Mean= mean + Standard error of the mean (SEM) Different letters (superscripts) denote mean differences that are
significant at the 0.05 level by Tukey HSD multiple comparisons in the column. * indicate number per replicate while
All the other values (n) indicate the total number from the three replicates.
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Various magnitudes of killing powers were operational at the specific juvenile stages of
An. gambiae as indicated in Table 5. Specifically, egg-killing power (ke) was similar
(p>0.05) among the heavy metal selected populations, but was significantly (p<0.05)
higher than in the control population. Copper had the highest ke while lead had the least.
Larvae killing power (k;) was significantly (p<0.05) higher in each of the heavy metals
selected populations than in the control. The power was five folds higher in copper and
four folds higher in both copper and lead selected populations than in the control
populations. The k; in cadmium-selected population was higher than in copper and lead
selected populations, though the magnitude was not statistically (p>0.05) different. Pupae
killing power (k;) was significantly (p<0.05) lower in control populations than in all but
lead selected populations. Among the heavy metals, cadmium selected population had
higher k,, than both copper and lead selected populations. Overall, the highest stage
specific killing occurred at larval stage and in cadmium selected population. The least

affected stage was the larvae and in control population.

Table 5: Mean (+ SEM) stage specific killing power (k-value) in non-selected control and
various heavy metals selected populations

Stage Control Cadmium Copper Lead

Eggs 0.00 + 0.00° 0.06 + 0.01° 0.07 +0.01° 0.05 +0.01°
Larvae 0.16 + 0.01? 0.79 + 0.06° 0.58 + 0.05° 0.66 + 0.08"
Pupae 0.05 + 0.00° 0.46 + 0.08° 0.17 +0.01%® 0.36+0.112

Total 0.22 +0.01° 1.32 +0.14° 0.82 + 0.06° 1.06 +0.19°

Different letters (superscripts) denote mean differences that are significant at the 0.05
level by Tukey HSD multiple comparisons within the row
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The developmental changes occurred at various rates in heavy metals selected as control
populations as shown in Table 6. Specifically, larval mortality, at median larvae mortality
time (LMsp), was slower in control than in any of the heavy metals selected populations.
It took three, seven and six more days to achieve LMsg in cadmium, copper and lead
selected populations, respectively, than in control. Among the heavy metals, it took
longer to achieve LMso in cadmium than in either copper or lead selected populations.
The rate of pupation, at the median pupation time (Pso), was delayed by about two days in
cadmium and copper selected, relative to control populations, though the delay was
absent in lead selected populations. The rate of pupae mortality, considered at median
pupae mortality time (PMs), was considerably slower in cadmium and copper selected
than in control and lead selected populations. The (PMsg) occurred about four and two
days later in cadmium and copper selected than in control populations. The male and
female emergence at, median male (EMso) and female (EFso) emergence times were
delayed by about two days in cadmium and copper selected populations, relative to

control population, while there was no delay in the lead selected populations
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Table 6. Median larval mortality, pupation, pupae mortality, male and female emergence times (days) of non selected
control and heavy metals selected An. gambiae.

Control Cadmium Copper Lead

Median n Days n Days n Days n Days

LMso 282 12.97(12.10- 13.91) 654 9.70(8.57-10.88) 561 6.41(5.79-6.98) 613 7.24 (6.65 - 7.80)
Pso 618 13.25(12.96 - 13.53) 246 15.59 (15.29 - 15.90) 339 15.09 (14.85 - 15.33) 287 13.20 (12.96 - 13.44)
PMso 71 13.43(12.77-14.09) 81 16.93 (16.41-17.49) 69 15.71 (15.11-16.31) 93 13.63 (13.16 - 14.09)
EMso 241 13.19 (12.87-13.50) 79 14.82 (14.15 - 15.40) 135 14.97 (14.56 - 15.37) 95 12.87 (12.39 - 13.32)

EF 5o 306 13.26 (12.98 - 13.54) 86 14.86 (14.27-15.38) 135 14.87 (14.50-15.24) 99 12.86 (12.42 - 13.31)
LMs0, Pso, PMso, EMso, EF 59 are median larval mortality, pupation, pupae mortality, male and female emergence times
respectively. Figures indicated in brackets are 95% confidence intervals about respective median value.
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The rates of both male and female adult mortalities were similar among heavy metals
selected and control populations in the initial 15 days of survivorship, and then rapidly
increasing in the heavy metal selected than in the control populations in old age (Fig. 2).
Among the heavy metals, the greatest relative increase occurred in the cadmium-selected

populations (Fig. 2)
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There were various differences in horizontal life table attributes between and among
various heavy metals selected and control populations as indicated in Table 7.
Specifically, there were no significant (p>0.05) differences in both male and female life
expectancy (e;) at emergence among control and heavy metal selected populations.
Among the heavy metals, copper selected populations had higher e; than either cadmium
or lead selected populations. Mean life expectancies at 10 days (e;q) were similar
(p>0.05) between control and heavy metals selected populations. The net reproductive
effort (R,) of control was significantly (p<0.05) higher than that of each of the heavy
metal selected population and were 12, 18 and 10 folds higher in cadmium, copper and
lead selected populations, respectively. The R, was however statistically similar (p>0.05)
among the heavy metals selected populations. Ages at means cohort reproduction (Tq)
among control and heavy metals selected populations were similar (p>0.05). However,
the innate rate of increase (Im) and mean generation time (G) were significantly (p<0.05)
higher in the control than in the heavy metal selected populations, among which both
parameters were similar (p<0.05). Instantaneous birth rate (b) was significantly higher in
the control than in all, but lead selected populations. The b was however similar (p>0.05)
among heavy metals selected populations. Rm/b as well as b/d ratios among the non-
selected and heavy metal selected populations were similar (p>0.05), while the
population doubling time (Tq) was significantly (p<0.05) longer in the heavy metals

selected than in control populations.
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Table 7. Adult life table characteristics of non- selected control and various heavy metals
selected An. gambiae populations

Attribute Control Cadmium Copper Lead
e, male 7.35+0.52° 6.27 = 0.19° 736+ 0.72° 6.84 + 0.38°
female 7.01 % 0.32° 5.81 +0.52° 6.70 £ 0.28* 5.65 + 0.84°
€10 4.02 + 0.29° 3.04 + 0.46° 429 £ 0.47 3.39 + (.79°
R, 35021+ 13.00° 29.07+1.33°  4338+8.77°  34.52+10.88
To 7.68 + 0.52° 7.57 +0.41° 8.43+0.17° 9.19 + 0.69°
I'm 0.30+0.01° 0.23 + 0.00° 0.23 +0.01° 0.23+0.01°
G 19.57 £ 044  14.80+032°  16.14+0.31° 14.77£0.91°
b 0.32 + 0.01° 0.26+0.01° 0.27 + 0.00° 028 +0.01%°
d 0.02 % 0.00° 0.04 = 0.01° 0.04 £ 0.012 0.05 + 0.022
Ty 2.32+0.06° 3.05 + 0.06° 3.02+0.15° 3.01 +0.14°
I'm/b 0.94 + 0.01° 0.86 + 0.02° 0.84 + 0.04° 0.83 + 0.08?
b/d 2025+4.91°  7.44+0.96 7.18 +1.51° 9.43 + 4.32%

Different letters (superscripts) denote mean differences that are significant at the 0.05
level by Tukey HSD multiple comparisons in the row. The experiments were conducted
in three replicates, each consisting of cohorts of 30 males and 30 females, separately. el
= mean life expectancy from emergence in days; ejo = mean life expectancy at 10 days
post emergence. R,= net reproductive rate in living female progeny per female per
generation; T, =age in days at mean cohort reproduction; r, = instantaneous rate of
increase in living female per female; G = mean generation time in days; b = instantaneous
birth; d = death rate, assuming stable age distribution and T4 = population doubling time.
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33 Molecular Responses of An. gambiae s.s to Selection by Cadmium,

Copper and Lead Heavy Metals
Semi Quantitative RT-PCR analysis revealed differential induction of some specific
heavy metals responsive genes in third instar An. gambiae s.s larvae in response to
selection by heavy metals through various generations. Two dimensional gel
electrophoresis analysis similarly identified differential expression of proteins in third

instar An. gambiae s.s larvae, relative to the control.

3.3.1 Semi Quantitative RT-PCR Analysis of Metallothionein and Alpha Tubulin
Gene Responses in An. gambiae s.s to Selection by Cadmium, Copper and
Lead Heavy Metals

There were significant variations in expressions of metallothionein and alpha tubulin

heavy metals responsive genes to selection by cadmium, copper and lead heavy metals in

third instar An. gambiae larvae. None of the cDNA amplification products of

metalthionein screening of each cDNA sample had additional genomic DNA equivalent

amplification product (Fig 3) indicating that RNA extract from each sample was

essentially free of genomic DNA.
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3.3.1.1 Control for Competition between Primer Sets

Neither Metallothionein nor alpha tubulin primers sets competed with RP S7 in the
selected conditions of 5.5 mM MgCl,, 56°C for both genes and 22 and 25 cycles for
metallothionein and alpha tubulin respectively. There was similarity in both intensity and
expression volumes between alpha tubulin/metallothionein alone and when multiplexed
with RSP 7 (Fig 2). The expression volumes for RP S7 (314.908 + 62.684) alone and
when multiplexed with metallothionein (237.685 + 62.597) were similar, so were those of
metallothionein alone (181.764 + 64.037) and in RP S7 multiplex (216.012+ 61.613). RP
S7 volumes alone (347397 + 66.526), and when multiplexed with alpha tubulin
(395.452+ 73.374), were also similar, and so were those of alpha tubulin alone (153.903+
72.967) and when multiplexed with RP S7 (157.905+ 72.650). The volumes indicated are
nano-gram (ng) of cDNA amplicons + standard error of the mean (SEM). The conditions

were subsequently adopted as definitive test parameters.
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Fig 4: Control for Competition between both Metallothionein and Alpha Tubulin and RP S7 Primer Sets

Lane 1 and 4 represents amplification products of only RP S7 internal Control primer in the absence of
competition. Lane 2 represents amplification products of both RP 87 and metallothionein when
multiplexed (presence of competition). Lane 3 represents amplification products of only metallothionein,
primer in the absence of competition. Lane 5 represents amplification products of both RP S7 and alpha
tubulin when multiplexed (presence of competition). Lane 6 represents amplification products of only
alpha tubulin, primer in the absence of competition. Additionally, lanes 1-3 were are products of 22
thermocycle PCR while the rest are products of 25 cycles. The products were run on 3% Agarose.
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3.3.1.3 Semi-Quantitative RT-PCR

Alpha tubulin expression volumes increased with cadmium selection generations, in a
dose dependent manner, differentiating from all other treatments, including control in
fifth generation (Fig. 5). The increase was at least 1.5 fold against the other treatments in
the fifth generation (Fig 5c). However, expression volumes of alpha tubulin in control
and to copper, and lead selection were similar between all generations (Fig. 5). This in
fact seemed to be reducing in magnitude with generations, especially between the third
(Fig. 5b) and fifth (Fig .5c) generations. The expression levels were significantly
(p<0.05) different between individual heavy metals, generations and genes. Interactions
between heavy metals and generations, as well as between genes and generations were
also significant (p<0.05), though this was absent (p<0.05) between heavy metals and

generations.
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Metallothionein expression levels, in response to cadmium selection, were higher than
those of all other treatments, including control in all generations (Fig. 6a, b, c). The
response increases between the generations, relative to control though not clearly dose
dependent. However, metallothionein response volumes to copper selection dose,
dependent, which were similar to control in the first (Fig. 6a) before significantly
differentiating in the third (Fig. 6b) and more in the fifth (Fig. 6¢) generations. Response
volumes to lead selection were similar to control in all generations (Fig. 6a, b, ¢) and

marginally appeared to increase with selection relative to the control.
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A - Generation 1

500—»
400—»

<+—RPS7

150—> <«— Metallothionein

100—»

Vo.—» 174.294 + 47157 311.426 + 25553 233408 + 27.162  247.434 + 36.941

B Generation 3 C Generation 5

bp

Control ! ; Control ! ' I.ead

500—» <4+—RPS7

400—»

150—» <4—Metall

100—»

157.970 + 0.665 242.766 + 6.059 228.408 £ 23.022 179.881 £ 28.700

Vol.—> 120.765+ 14176 167.564:16.940  168.691: 14140 132.078+7.194
Fig 6: Response levels of Metallothionein Multiplexed with RSP7 Internal Control in Various Generations of Third Instar
An. gambiae s.s Larvae Control and to Selection by Various Heavy Metals

The lanes 1, 2, 3 represent replicate samples in the same treatment and the results are represents as volume. Volumes (Vol) are
metallothionein expressions in nanograms (ng), normalized against RP S7 internal control expressions.
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3.4 Two-Dimensional Gel Electrophoresis Analysis of Differential Expression of
Proteins in An. gambiae s.s Larvae in Response to Selection by Cadmium,
Copper and Lead Heavy Metals

Most of the differentially expressed spots had acidic charge and were of low molecular

weight among all metals and generations. The proportion of the spots with low pH

(acidic) increased with generations except for copper, where the third generation was

lower than the first. The proportions were 65.22 (Fig. 7), 64.29 (Fig. 8) and 60.00%(Fig.

9) acidic in first generation, 70.83 (Fig. 10), 68.42 (Fig. 11) and 55.56% (Fig. 12) acidic

in the third generation, and 78.95 (Fig. 13), 76.19(Fig. 14) and 78.26% (Fig. 15) acidic in

the fifth generation for cadmium, copper and lead respectively. The low molecular weight
spots in this category were most expressed in the third generations and least in the fifth
respectively. The distributions were 71.74 (Fig. 7), 71.43 (Fig. 8) and 75.00%(Fig. 9) in
first generation, 50.00 (Fig. 10), 84.21 (Fig. 11) and 85.19 % (Fig. 12) in the third
generation, and 63.16 (Fig. 13), 66.67(Fig. 14) and 56.52% (Fig. 15) in the fifth
generation for cadmium, copper and lead respectively. There was no specific trend in
distribution of the neutral, basic as well as among medium, and high molecular weight
differentially expressed protein spots between metals and generations. Both molecular
weight and isoelectric point distribution patterns of both differentially and constitutively
expressed protein spots were similar (P>0.05). The magnitude of differentially exposed
proteins was significantly (P<0.05) influenced by interaction between type of heavy

metals and generation.
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Fig 7: Protein Spots from Third Instar An. gambfae Larvae First Generation Non-Selected Control
and Cadmium LCj3 Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to cadmium
selection in the first generation, consistently in the three replicates. Such spots in the control gel
(blue) are down-regulated while those in the exposed gel (red) are up-regulated
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Fig 8: Protein Spots from Third Instar An. gambiae Larvae First Generation Non-Selected Control
and Copper LCs Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to copper selection in
the first generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated
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Fig 9: Protein Spots from Third Instar An. gambiae Larvae First Generation Non-Selected Control
and Lead LCs Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to lead selection in
the first generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated
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Fig 10: Protein Spots from Third Instar An. gambiae Larvae Third Generation Non-Selected Control
and Cadmium LC3 Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to cadmium
selection in the third generation, consistently in the three replicates. Such spots in the control gel
(blue) are down-regulated while those in the exposed gel (red) are up-regulated
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Fig 11: Protein Spots from Third Instar An. gambiae Larvae Third Generation Non-Selected Control
and Copper LC3 Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to copper selection
in the third generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated



78

30—

25—
20 —»
. s
23 /
—p e - Control _ Exposed =

o
Fig 12: Protein Spots from Third Instar An. gambiae Larvae Third Generation Non-Selected Control
and Lead LCs Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to lead selection in
the third generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated
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Fig 13: Protein Spots from Third Instar An. gambiae Larvae Fifth Generation Non-Selected Control
and Cadmium LCs, Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to cadmium selection
in the fifth generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated
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Fig 14: Protein Spots from Third Instar An. gambiae Larvae Fifth Generation Non-Selected Control
and Copper LCso Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to copper selection
in the fifth generation, consistently in the three replicates. Such spots in the control gel (blue)
are down-regulated while those in the exposed gel (red) are up-regulated
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-

fth Generation Non-Selected Control
and Lead LCs Selection Exposure Survivors

Spots indicated by lines and numbers are differentially expressed in response to lead selection in

the fifth generation, consistently in the three replicates. Such spots in the control gel (blue) are
down-regulated while those in the exposed gel (red) are up-regulated
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However, the response magnitude to selection among individual metals between
generations was only significant (P<0.05) in cadmium selection, and was only similar
(p>0.05) between metals in the first generation (Fig 16). The magnitudes of response of
differentially expressed spots in control were similar (P>0.05) between generations
among metals and there was no significant (p>0.05) interaction between type of heavy

metal and generation (Fig 17)
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Fig 16: Protein Profiles in Third Instars An. gambiae Larvae Differentially Expressed in Response
Various Heavy Metals Selection at Various Generations
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Fig 17: Protein Profiles in Differentially Expressed Third Instars An. gambiae Larvae of Various
Heavy Metals Selection at Various Generations

* SEM not performed. Fewer than two cases observed

Table 8 illustrates distribution patterns of constitutively expressed protein spots following
various treatments in different generations. Briefly, there was significant (p<0.05)
variation in pattern of magnitude of constitutively expressed spots among generations in
both cadmium and copper while this was not the case (p<0.05) in lead selection. The
spots were most up-regulated in the third and fifth generations in copper and cadmium
selections respectively, and down regulated in the first generation of both metals. The
pattern was similar (P>0.05) in the first generation, but not in the third and fifth
generation (p<0.05) among the metals within generations. Copper and cadmium had most
up-regulated spots in the third and fifth generation respectively, while lead and copper

had most down regulated spots in the two generations respectively.
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Table 8: Percentage Distribution of Patterns of Common Protein Spots between Non-
Exposed Control and Heavy Metal Exposed Third Instar An. gambiae Selection
in Various Generations

Generation 1 Generation 3 Generation 5
Cadmium Copper Lead Cadmium Copper Lead Cadmium Copper Lead
‘'n 162 131 193 210 154 187 44 163 216
Up-regulated 27.16 22.14 29.53 2476 4351 3422 61.36 31.29 3241
Unchanged 44.44 48.85 48.19 48.10 37.66 3422 2045 54.60 48.15

Down-regulated 28.40 29.01 2228 27.14 18.83 31.55 18.18 14.11 19.44
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Chapter 4

Discussions, Conclusions and Recommendations
4.1 Discussion
4.1.1 Heavy Metals and their Impact on Mosquito Larval Habitats in Urban
Kisumu and Malindi, Kenya
This study has provided insights into the water and soil chemistry, as well as mosquito
larval ecology in potential larval habitats during the dry seasons in Kisumu and Malindi.

Prevalence of some of the heavy metals in the surface waters of habitats in both cities
were above the WHO acceptable limits for drinking water with, exception of chromium,
copper, iron, lead, manganese and zinc in Malindi. WHO recommended levels in dinking
water for cadmium, chromium, copper, iron, lead, manganese and Zinc are 0.003, 0.050,
2.000, 2.000, 0.010, 0.500 and 3.000 ppm respectively (WHO, 1996). The heavy metals
were higher than waters of Lagos lagoon (Okoye, 1991). The reverse was observed with
regard to the soil sediments (Okoye et al, 1991). The observed differences are
attributable to dilution, continuous water exchanges and sedimentation in the lagoon
(Okoye, 1991) and concentration of the heavy metals in the stagnant habitats in the
Kenyan cities by the tropical sun during the dry season when the study was done. High
levels of pollution are evident in larval habitats in both cities, and could significantly be

increasing

Differences in pollution between habitats in Kisumu and Malindi are attributable to
natural and anthropogenic heavy metals. The natural contribution may be through
inherent composition of soil substrate constituting basal geographic land profile in the
cities. The cities are more than 1000 km apart and are further separated by the Great Rift

Valley. Contribution of Sea Spray (Hutton, 1983) to the heavy metal deposits in the
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habitats cannot be discounted since these are riparian cities. Anthropogenic sources of the
heavy metals are probably the major contributors. These include atmospheric pollution
from waste incineration and fossil fuel combustion, releasing about 20 toxicologically
important metals in the environment, including, chromium, copper, manganese, zinc,
cadmium, lead and nickel as global aerosols (Chang and Cockerham, 1994; Nriagu and
Pacyna, 1988; Korte, 1983). Others sources include industrial waste from paints,
pigments, batteries and plastics manufacture or discarded products, and domestic sewage
waste. Among anthropogenic sources, domestic sewage waste and oil wastes from car
washes and repairs are probably the most significant contributors of the heavy metals

pollution observed. It may be noted that industrial activity is low in both study areas.

Most of the heavy metal detected in the surface water were anthropogenic, transient and
were coupled with temporal heterogeneity of the concentrations of each of the heavy
metals. This is underscored by absence of correlation between concentrations of each of
the heavy metals in the water and sediments. High correlations could have indicated
natural occurrence, permanence and homogeneity in heavy metal concentrations in the
habitats since under natural conditions, they originate from the sediments and are
released to the surface water or was introduced into permanent non-flowing habitats,
following which excess heavy metals would have settled on the bottom sediments. Either
way, there would have been a good correlation between concentrations of the heavy
metals in the sediments and in the water. In stable environments, sediments serve as a
repository of heavy metals in aquatic systems, sometimes accounting for 99% on the total

amount (Renfro, 1973). The heavy metals had a common source as evidenced by high
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correlation between levels of most of the metals, with higher correlations among the
concentrations in water than in sediments again emphasizing the anthropogenic and
transient nature, and temporal differences. Most of the heavy metals in the larval habitats
were therefore anthropogenic, with common sources including domestic sewage
discharge and products of petrochemical combustion whose compositions are generally

homogenous.

Planning and drainage did not significantly influence spatial distribution of heavy metals
suggesting that the factors responsible for heavy metals pollution in both cities
transcended planning and drainage limitations and are ubiquitous. The most probable
candidates once again include domestic sewage effluent and airborne products of
petrochemical combustion. Elevated concentrations of copper, iron and zinc at
unplanned, well drained sources indicate a localized pollution source and can be
attributed to localized activities of commercial or industrial nature. Slight variations in
heavy metal concentrations between natural and anthropogenic habitats, with consistently
higher concentrations in the latter suggest possible inter-linkage between the habitats,
with higher levels in the anthropogenic habitats. This phenomenon can also be attributed
to common source of most of the pollutants, such as ubiquitous airborne products of

petrochemical combustion and domestic sewage discharge

Lower correlation between concentrations of some of the heavy metals and presence of
An. funestus, An. gambiae, culicines of Aedes aegypti mosquitoes indicate that the

concentrations of the heavy metal in the habitats do not adversely affect the mosquito
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larvae, suggesting that the mosquito larvae are tolerant or adapted to proliferating in such
concentrations, especially anophelines following chronic exposure. This notion is
underscored by observations that mean heavy metal concentrations of metals such as
cadmium, in anopheline containing habitats are within the 0.098 ppm level, the threshold
chronic concentration levels established for 4n. gambiae under laboratory conditions.
Alternatively, possible antagonistic effects of the heavy metals among themselves and
with other contaminants might have also reduced bioavailability of the heavy metals to
the mosquito larvae. The larvae are capable of withstanding high iron, zinc and copper
concentrations since these metals are essential bio-molecules, becoming toxic only at
much higher concentrations (Hare, 1992), which may also be responsible for the positive
association between copper concentration and Ae. aegypti presence in water from larval
habitats in Kisumu. Culicines are more adaptive to pollution, especially organic
pollutants (Subra, 1981) than many other mosquito species. Therefore, the mosquitoes
seem to have developed a mechanism for countering the heavy metal toxicity in their
habitats, especially in the dry season when there is concentration of the heavy metals in

the habitats due to evaporation.

4.1.2 Biological Cost of Heavy Metals Resistance in Anopheles gambiae ss

These findings demonstrate that 4n. gambiae ss, the principle vector on malaria in Sub-
Sahara Africa, can rapidly adapt to heavy metals exposure/challenge, as exhibited by
dramatic increase by more than 10 fold in heavy metals resistance over a span of only
five generations. This observation is particularly interesting, since this is contrary to the

classical dogma that anophelines are sensitive to pollution and proliferate in relatively
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unpolluted aquatic habitats (Gwadz and Collins, 1996). These findings negate this dogma
and probably provide insights into the adaptation process that mediated proliferation of
anopheline observed in polluted habitats in Kinshasa, Zaire (Coene, 1993) and man-made

aquatic habitats in Accra and Tema, Ghana (Chinery, 1984; Chinery, 1995).

The development of tolerance is facilitated by lower (LCsp) selection pressures than is
traditionally applied (LCsg) in selection studies, since with the latter selection regime,
none of the larvae survivors emerged as adults, probably due to delayed toxicity. In light
of this observation, it can be hypothesized that adaptation of An. gambiae ss to heavy
metal polluted habitats would most likely favor populations of An. gambiae ss that are
indigenous to the urban areas with higher (>*LCs;) heavy metals pollutions, than those
migrating from relatively unpolluted peri-urban and rural areas. This is because it can be
assumed that the former co-exist with the gradual changes in heavy metals pollution of
the habitats, and hence gradually adapt. Similarly, a rapidly urbanizing region,
concomitant with high heavy metals population, can significantly reduce An. gambiae
population density through selection, and may partially be responsible for the significant
reduction in mosquito species diversity in Accra and Tema, Ghana (Chinery, 1995),
Burkina Faso, Benin (Coluzzi, 1993), Kinshasha, DRC (Coene, 1993) and Braizaville,
Congo (Trape and Zoulani, 1987a). However, empirically, the magnitude of interaction
among heavy metals as well with other pollutants and components in the habitats may
significantly affect the process of adaptation, which may thus differ from those observed

here.
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Mechanistically, the resistance to heavy metals may be happening at both physiological
and genetic levels. Physiologically, the resistance may be due to reduced bio-availability
of the heavy metals through intracellular compartmentalization and sequestration, heavy
metal toxicity inactivation by binding to metallothionein (Hare, 1992), heat shock
proteins (Abe ef al., 1994) and glutathione (Singhal er al,, 1987) or apoptosis to eliminate
damaged cells (Habeebu er al., 1998). Genetically, the observed resistance could be due
to selection for alleles conferring resistance to heavy metals among the sample
populations, or to a modification of the pre-existing gene to those that confer the
resistance, since such alles are rarely synthesized de novo (Dujon et al, 2004).
Physiological mechanism may thus be operating generational resistances levels while
genetic mechanism may be operational at both intra and inter generational levels since
physiological mechanisms are reversible and non-inheritable, while genetic mechanisms

are heritable (Klerks and Weis, 1987; Okey, 1992).

The adaptation/resistance to heavy metal éxposure comes at an enormous cost to An
gambiae ss in heavy metal-free environments, and is empirically possible due to the
heterogeneous composition of aquatic An. gambiae habitats. The resistance trait
compromised egg viability in a heavy metal independent manner, suggesting that
resistance would empirically reduce emergent An. gambiae ss populations in nature and
that the molecular mechanisms mediating such reduction in viability of the eggs in the
different heavy metal resistant populations are under similar regulatory process. The
process could be adversely affecting egg viability by retarding egg maturity or fertility.

Thus, identification of the genetic factors/mechanism responsible for fertility in An.
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gambiae ss might provide more insights on the underlying process mediating the
reduction in egg viability following heavy metals selection. Despite the reduction in egg
viability, the egg stage had overall least contribution toward the juvenile generational
mortality as shown by the killing factor, though the impact was significantly lower in the

control than in the heavy metals selected populations.

Larval mortality was singly the largest juvenile generational killing factor, responsible for
the drastic reduction in subsequent emergent adults population among the non-selected
control and heavy metals selected populations, and the impact was several fold higher in
the latter than in the former. The high killing factor at this stage can partially be attributed
to natural mortality coupled to cannibalism of relatively younger larvae by older ones
(Koenraadt and Takken 2003). Despite that possibility, the heavy metals resistance also
seems to further significantly reduce the magnitude and rate of larval survivorship,
generally in a heavy metal dependent manner, relative to the control. The lower effect of
resistance to copper on larval mortality, than the other heavy metals may be attributed to
lower copper toxicity than lead and cadmium to insects. This is because copper mediates
functionally important biological process in insects at a lower physiological concentration
(Hare, 1992), while cadmium and lead are more toxic and have no known essential
biological function (Beyersmann and Hechtenberg, 1997; Bouton and Pevsner, 2000).
Empirically, the increased number and rate of larval mortality would reduce pupation and
emergent adult, and complement effects of other predators of juvenile An gambiae, such
as including dragon fly nymphs of the Chorixidae family and tadpoles (Beesley, 1973)

larvivorus fish such as Gambusia, Poecilia and Tilapia spp, Ctenopharyngodon idella,
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and parasitic nematode Romanomermis culicivorax and R. xyangari (Singh et al., 1977)

in reducing An. gambiae population.

The lower magnitude of pupation in the heavy metals selected than in non selected
population may partially be due to similarly lower preceding larval survivorships and the
higher killing factor impacting the heavy metals selected populations. However, the
delayed pupation in cadmium and copper selected relative to the control populations
suggests that the resistance would prolongs the aquatic stage of the life cycle of 4n.
gambiae, hence predispose them to more predation and reduce their natural population

increase.

The similarity of the sex ratio in emerging male and female population among the non-
selected and heavy metal selected populations, suggests that the potential effective
population size, which determines the populations characteristic intrinsic rate of increase
was not affected by the treatments. However, the heavy metal appears to reduce male
and female emergence in a heavy metal and non-heavy metal dependent manner,
respectively, though the rate of emergence was not significantly affected by selection in
both sexes. The selection did not also appear to affect the size of emerging females adults

as indicated by similar wing lengths among treatments.

Both male and female adults in control and heavy metals selected populations displayed
characteristic Type I mortality curves, characterized by increase in mortality at old age

and hence the selections do not significantly affect An. gambiae vectorial capacity. In



the same light, similarity in life expectancy at 10 days of age between heavy control and
heavy metals selected populations suggest that the vector competence would not be
significantly affected by the selection, relative to control. However, among heavy metals
selected populations the copper selected mosquitoes however seemed to have a higher
life expectancy at 10 days than cadmium selected populations, suggesting that among
heavy metals selected populations, copper selected populations would be more vector
competent, and hence influence local malaria epidemiology. This observation may once
more be attributable to the essential nutritional nature of copper to insects in low

concentrations (Hare, 1992).

The high (>>1) net reproductive rate among control and heavy metals selected
populations suggested that the populations show progressive increase (Elkinton, 1993),
though the adapted populations have a reproductive rate in the order of about 10 times
less. This suggest that in nature, the non-selected populations are better adapted and
would out-compete the heavy metal resistant populations and hence reduce their
presence, which in turn will only be established at low populations. However,
empirically, this cost and other costs of resistance may ultimately be compensated for by
compensatory mutations (Levin et al., 2000), for the population to stabilize in the natural
variable environments. The reduction the net reproductive rate may be attributable to
physiological stress load imposed by the resistance trait in the heavy metal selected
population, which might have adversely affected the An gambiae ss reproductive
competence. The competence could have been compromised through heavy metal

poisoning of the gonadal function, or may be a consequence of re-direction of the
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metabolic resources, especially proteins and energy, towards the synthesis of secondary
metabolites conferring tolerance to the heavy metals or bioprocessing of these

metabolites.

The insignificant effect of the heavy metals selection on mean generation time in selected
populations relative to non-selected controls suggests that both adapted and non adapted
populations attained maturity at about the same time and followed similar reproductive
patterns. Given that the net reproductive rate is a factor of the development time,
therefore the heavy metal selected individuals have delayed mortality effects, as indicated
by the mortality trend, - values, or most of their eggs would be laid towards the end of
adulthood, in a narrow window of time, which gives a higher product of the stage specific
fecundity estimate. Delayed oviposition, reaching a peak within a narrow window of
time, exposes single cohorts to greater environmental risk to survival or of extinction/

population collapse, due to greater competition within the cohort.

The significant reduction in intrinsic rate of natural increase in the heavy metals selected,
relative to the none selected control populations suggests that the resistance to heavy
metals once again confers a general reproductive load on the selected populations since
the intrinsic rate of natural increase is a factor of the reproductive effort and age specific
reproductive effort. Furthermore, due to the progressively increasing nature of the
population, the empirical magnitude of the load will depend on the availability of
competing populations and aquatic environmental niches polluted with the respective

heavy metals for exploitation by the resistant populations.
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The ratios of birth and death rate (b/d) and rm/b used to depict relative theoretical
colonizing ability is much higher than estimated for A4 stephensi and A culicufascies
(Reisen and Mahmood 1980). Importantly the difference in both ratios between the heavy
metal selected and control populations is not significant. Thus while heavy metal
resistance may exert a physiological and reproductive load on the populations, their
colonizing ability and competitive advantage may not be significantly affected. In
ecological terms, it is possible to hypothesise that heavy metal resistance creates
populations that will equally competently exploit the heavy metal polluted environments
leading to their gradual adaptation to heavy metal polluted habitats in the urban
environments, under high heavy metal selection pressure. This would also occur in the
emerging in areas where anophelines were not hitherto important vectors. The heavy
metal resistant An gambiae ss strain can very easily expand its niche into other extreme
environments unrelated to heavy metals presence, and be a potent evolutionary agent
(Laland et al,, 1999) since adaptation to one stress leads to long term higher fitness levels
in the presence of an unrelated stress (Reed et al,, 2003). The overall observed cost of
heavy metals resistance in 4n gambiae ss may be associated with maintaining the genes
for heavy metal resistance or an increased frequency of deleterious mutations in case of

modifications of pre-existing genes (Mukai et al., 1972; Fry 2001; Zeyl et al, 2001).
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4.1.3 Analysis of Responses of Metallothionein and Alpha Tubulin Genes in
Anopheles gambiae sensu stricto by Semi Quantitative RT PCR to Selection
by Heavy Metals

Contemporary bioinformatic tools were applied to identify heavy metal responsive alpha

tubulin and metallothionein gene functional homologues from Chironomus tentans

(Mattingly et al., 2001) and Drosophila melanogastaer (Maroni et al.,1987) respectively

in An. gambiae s.s and design An. gambiae specific primers. The primers were

successfully applied in semi-quantitative RT PCR (Marone et al., 2001) to establish
expression responses of these genes to heavy metals selection in several generations.

However, no changes in responses of both alpha tubulin and metallothionein to lead

between generations was detect, attributable to either low sensitivity of the semi

quantitative RT PCR or statistically insignificant absolute expression of the affected
genes and generations. Despite this limitation, the results suggest that the method can be

a relatively rapid and economical approach of molecular screening of large An. gambiae

larval population for adaptation and bio-monitoring of some heavy metals environmental

prevalence in urban environments, where 4n gambiae s.s larvae are environmentally
ubiquitous, supplementing other traditional arthropod indicators such as May-fly. Other
relatively accurate competitive PCR demands design and synthesis of specific internal

competitor for each specific individuals (Ali et al, 1997; Corey and Corey, 1998.),

relatively large amount of cDNA and amplification reactions per sample (Marone ef al,,

2001). Real-time PCR requires a dedicated instrument generally unavailable in standard

laboratories (Marone et al,, 2001). An. gambiae s.s larvae rapidly adapt physiologically to

heavy metals challenge as indicated by the several fold increases in tolerance during
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selection over five-generations. However, the underlying physiological and/or genetic
mechanism behind the rapid increase between third and fifth generations in cadmium
selection and third and fifth generation in the rest of the metals is not clear. The
resistance/ tolerance was both metal and concentration dependent, as previously observed

in Aedes aegypti larvae responses to cadmium and copper (Rayms-Keller et al., 1998).

Alpha tubulin appears to be only cadmium sensitive and specific to third instar A4n.
gambiae s.s. among the metals evaluated. The same gene was similarly induced in C
tentans in response to cadmium challenge, indirectly possibly through calmodulin-
mediated signaling pathway (Mattingly et al, 2001). Cadmium and lead activate
cadmodulin-mediated pathway by substitution of calcium in binding to calcium binding
sites (Behra and Gall, 1991; Goldstein and Ar, 1983). This induction was however not
evident by lead and copper probably due to differences in their toxicity mechanism and
/or potency in third instar An. gambiae s.s larvae. Alpha tubulin is primarily a
housekeeping gene (Eisenberg and Levanon, 2003) and is therefore less amenable to
effect by many xenobiotics. Additionally, effects of lead on gene expression via
calmodulin are not as dramatic as via other pathways such as Protein Kinase C (PKO)
probably because 100 fold more lead is required for calmodulin induction relative to PKC
(Goldstein, 1993). Most effects would therefore be elicited via the PKC pathway. This in
turn suggests that alpha tubulin may be applicable in detection of higher lead prevalence

in habitats or where there is higher selection pressure.
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On the other hand, responses of metallothionein are consistent with expectation since
earlier induction of metallothionein is expected, as constituent vanguard molecules,
including glutathione (Singhal et al, 1987), against broad-spectrum heavy metals
challenge. The sharp drop in metallothionein expression in the third generation could be
attributed to developments of additional physiological or genetic heavy metal
adaptations, reducing heavy metal pressure on metallothionein. With respect to cadmium,
the initial relatively lower cadmium selection pressure in the first generation could have
provided protection against cadmium-induced toxicity, hence the lower response in the
third generation. Low-concentration cadmium pretreatment has been shown to provide
protection against cadmium-induced genotoxicity in TRL-1215 cells (Coogan et al,
1994). Additionally, copper is an essential element, becoming toxic only at elevated
levels (Hare, 1992), hence most copper challenge in the first generation may have been
normally metabolized, with any additional eliciting  glutathione response or
metallothionein response within undetectable limits. Glutathione provides first line of
defense against cadmium toxicity before induction of metallothionein synthesis (Singhal
et al., 1987; Chin and Templeton, 1993). The lack of detection of lead by metallothionein
can be due to its weakness as an inducer of metallothionein at transcriptional level

(Kramer et al., 1996; Kaji et al,, 1994).

Metallothionein and alpha tubulin have both qualitative and quantitative application
potential for assessment of both heavy metals prevalence and duration in polluted 4n.
gambiae s.s. larval habitat as well as adaptation/ resistance of the same to the pollutants.

In this respect, alpha tubulin can effectively be applied to monitor prevalence of higher
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cadmium presence and larval adaptation status in the habitats than metallothionein, which
iIs more sensitive by detecting prevalence\adaptation following fewer selection
generations. Thus alpha tubulin would ideally be used to evaluate both cadmium
prevalence and mosquito adaptation where rapid urbanization is taking place since
cadmium has general industrial origin. On the other hand, metallothionein is a good
marker for detection of heavy metal prevalence and adaptation of An. gambiae to the
metals in both new and old urban centers with cadmium emission. Metallothionein would
also be applicable in agricultural areas where copper pollution is common from
fertilizers. However, the efficiency of this molecular screening approach is critically
dependent on bioavailabilty of the heavy metals of interest since in the environment. The
heavy metals co-exist with other essential and heavy metals in various complexes that
may affect their assimilation and sequestration. For example, cadmium uptake in rat
hepatocytes is inhibited by copper, iron, zinc and mercury in a competitive manner, and
the efflux is not inhibited by the metals except mercury thus affecting overall cadmium
bioaccumulation (Blazka and Shaikh, 1992). This phenomenon is dependent on transport

pathway, morphological and functional differences between the cell membranes (Shaikh

etal, 1995).

4.1.4 Differential Induction of Proteins in An. gambiae ss Larvae in Response to
Selection by Heavy Metals

The findings demonstrate that adaptation of dn. gambiae s.s larvae to increasing heavy

metals challenge, is mediated by differential expression of several genes. The

physiological responses appear to be both metal and concentration dependent, as
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observed in Aedes aegypti larvae responses to cadmium and copper (Rayms-Keller ef al,

1998).

may be metallothionein and mucin, which appear to play important role in the cellular
defense system against heavy toxicity (Coogan et al, 1994; Beyersmann and

Hechtenberg, 1997; Rymes-Keller et al., 2000), and biomineralization, as a strategy of

getting into the insect hemocoel. However, relative low expression in the fifth generation

eXpectation when overall effect of the heavy metals on gene expression is considered. For

example, induction of cadmium  specific genes are generally mediated thorough
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interference with  cellular signal transduction pathways, ang mostly consist of

constitutively EXpressed genes (Jin and Ringertz, 1990; Beyersmann and Hechtenberg,
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genes counteracting toxicity. This is underscored by observed cadmium chloride
induction of some IEGs with differing time courses (Matsuoka and Call, 1995) and
simultaneously enhance glutathione peroxidase and xanthine oxidase, and reduce
glutathione reductase and catalase (Koizumi and [ (1992). Additionally, sub-letha]
cadmium has potential to simultaneously inhibit protein synthesis and differentially

increase synthesis of certain heat shock proteins (Ovelgonne et al., 1995).

4.2 Conclusions

distribution of the heavy metals in Malindi. The metals appears to have a common
origin in both cities. Although presence of Ae. aegypti and An gambiae was
influenced by concentrations of some heavy metals, most mosquitoes species,

including some anophelines, do not appear to be influenced by the current

possible vector-borne diseases epidemiological implications since some vectors are
supported by habitats that are Ccustomarily overlooked in environmental/habitat

management programs in eradication of malaria mosquito vector.,
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2 Anopheles gambiae s.s. can rapidly develop resistance to heavy metals exposure. The
resistance comes at significant biological costs that would reduce biological fitness of
the resistant populations in non-polluted habitats in nature by adversely affecting all
the developmental stages by reducing their capacity to grow and proliferate, relative
to the naive population. The reduced biological fitness may be attributed to both

genetic and non-genetic factors.

3 Expressions of heavy metal responsive metallothionein and alpha tubulin genes are
able to distinguish responses to different heavy metals and/or the selection
pressure/duration in third instar An. gambiae larvae. This has the potential application
in assessment of both heavy metals prevalence in polluted An. gambiae s.s. larval
habitat and adaptation/ resistance status of local An. gambiae populations to heavy
metal pollution. This in turn will provide insight on the potential contribution of

polluted habitats to malaria epidemiology

4 Development of resistance in 4n. gambiae 5.5 to heavy metals challenge is rapid and
appears to be mediated by differential expression of some specific heavy metals
responsive genes. The magnitude and pattern of the differential responses of the
genes may be related to inherent toxicity of each respective heavy metal. The
characteristic response can empirically serve as a molecular marker for assessment of
anopheline adaptation status to heavy metals pollution in their natural habitats. The

magnitude and pattern of differential expressions can also be applied as molecular
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markers to determine the magnitude and extent of environmental pollution through,

anopheline larval habitats.

Overall, this study will facilitate designing of environmenta] management programs
for mosquito control by lending insights into the potential contribution of heavy metal
polluted larval habitats as sites where vectors proliferate. These sites are traditionally
overlooked in such programs especially those targeting anophelines. Such program
includes vector surveillance and application of biocides, larvicides, adulticides and
drainage. The study also suggests that the An. gambiae s.s in more polluted
environments e.g urban areas and in less polluted environments e.g rural environment
may have different ecology and hence may warrant different approach in the control

program.

Recommendations
Despite low level of industrial activities in urban Kisumu and Maliindi, the high
levels of heavy metals presence in the larval habitats suggests that there should be an
increased awareness for rational management of aquatic pollution, including control

of waste discharges into environment,

The effect of heavy metals resistance in 4z, gambiae ss vector competence should be
investigated since this wil] provide putative insight into the effect of adaptation of the
mosquitoes to heavy metals pollution in nature on malaria epidemiology in polluted

environments where the heavy metals resistant strain predominates..



zation of the spots by
mass spectrometry apd establish putatjve function by anal

ysis of the Spots against 4p,
gambiae protein database (Ribeiro etal, 2004).



106

References

€Xposure to cadmium in rat 1§ myoblasts can result in both enhancement and suppression
of malignant progression in vivo. Carcinogenesis. 17 1349-1356.

Acan NL, Tezcan EF (1995). Inhibition kinetics of sheep brain glutathione reductase by
cadmium ion. Biochem, Mol. Med. 54:33-37.

Ali SA, Sarto I, Steinkasserer A (1997). Production of PCR mimics for any
semiquantitative PCR application. BioT, echniques. 6: 1060-1062.

Bagchi D, Bagchi M, Tang L, Stohs SJ (1997). Comparative in vigrg and in vivo protein
kinase C activation by selected pesticides and transition metal salts, Toxicol. Lett. 91: 31-
37.

Beesley NW (1973). Control of arthropods of medical and veterinary importance: Ady
Parasitol] 1973; 11: 115-118.

Behra R, Gall R (1991). Calciurn/calmodulin—dependent phosphorylation and the effect of
cadmium in cultured fish cells. Comp. Biochem, Physiol. 100: 191-195.

Belfiore NM, Anderson SL (2001). Effects of contaminants on genetic patterns in aquatic
Organisms: a review. Rey. Mut. Res. 489: 97-122.

Beyersmann D, Hechtenberg S (1997). Cadmium, gene regulation and cellular signaling
in mammalian cells, T oxicol. Appl. Pharmacol. 144- 247-261.



107

Biney C, Amazu AT, Calamari D, Kaba N, Mbome IL, Naeve H, Ochumba PBO,
Osibanjo O, Radegonde V, Saad MAH (1994). Review of heavy metals in the African
aquatic Environment. Ecotoxicol Environ. Safery. 28: 134-159,

Birch LC (1948). The intrinsic rate of natural increase of an insect population. J. Anim,
Ecol 17:15-26

Bjérkholm B, Sj6lund M, Falk PG, Berg, OG, Engstrand L, Andersson DI (2001).
Mutation frequency and biological cost of antibiotic resistance in Helicobacter pylori.
PNAS. 98:14607-14612

Blazka ME, Shaikh ZA (1992). Cadmium and mercury accumulation in rat hepatocytes:
Interactions with other meta] ions. Toxicol. Appl. Pharmacol. 113: 118-25

Blazka ME, Shaikh ZA (1991). Differences in cadmium and mercury uptakes by
hepatocytes: role of calcium channels. Toxicol. Appl. Pharmacol. 110: 355-363.

Bolnick DI (2001). Intra-specific competition favours niche width expansion in
Drosophila melanogaster. Nature, 410: 463-466.

Bourguet D, Genissel A, Raymond M (2000). Insecticide resistance and dominance
levels. J. Econ. Entomol 93- 1588-1595

Bouton CM, Pevsner J (2000). Effects of lead on gene expression. Neuroz‘oxicology. 21:
1045-1055.

Bradford, M (1976). A Rapid and Sensitive Method for the Quantitation of Microgram
Quantities of Protein Utilizing the Principle of Protein-Dye Binding" Anal. Biochem. 72:
248-254.

Bressler JP, Kim, Chakraborti T, Goldstein CG (1999). Molecular mechanisms of lead
neurotoxicity. Neurochem. Res. 24- 595-600.

Briegel H (1990). Fecundity, metabolism, and body size in Anopheles (Diptera:
Culicidae), vectors of malaria. J. Med. Entomol. 27- 839-850.

Bryant EH, McCommas SA, Combs LM (1986). The effect of an experimental
bottleneck upon quantitative genetic variation in the housefly. Generics. 114:1191-1211.

Busvine JR (1971). 4 Critical Review of the Technigues Jor the T, esting Insecticides.
Farnham Royal, Commonwealth Agricultural Bureux, London.

Chakraborti T, Kim KA, Goldstein GG, Bressler JP (1999). Increased AP-1 DNA binding
activity in PC12 cells treated with lead. J. Neurochem, 73:187-194.



108

Chang LW, Cockerham L (1994). Toxic metals in the Environment. In: Basic
Environmental T, oxicology (Cockerham LG and Shane BS Eds.). CRC Press Inc, Florida.
p 109-132

Charlesworth, D., and B. Charlesworth (1987). Inbreeding depression and its
evolutionary consequences. Annu. Rev, Eco] Syst. 18: 237-268.

Chin TA, Templeton DM (1993).  Protective elevations of glutathione and
metallothionein in cadmium-exposed mesangial cells. 7 oxicology. 29: 145-156.

Chinery WA (1995). Impact of rapid urbanization op mosquitoes and thejr disease
transmission potential ip Accra and Tema, Ghana. Afr. J. Med. Sci. 24- 179-188.

Chomczynskj P, Sacchi N (1987). Single-step method of RNA isolation by acid
guanidinium thiocyanate—phenol-chloroform extraction. Annal Biochem. 162: 156-159.

Coene J (1993). Malaria in urban and rura] Kinshasa: The entomological input. Med. Ver
Entomol. 7- 127-137.

Coluzzi M (1994). Malaria and the Afrotropical ecosystems: Impact of man-made
environmenta] changes. Parasitologig. 36: 223-227.

Coogan TP, Bare RM, Bjornson EJ, Waalkes MP (1994). Enhanced metallothionein gene
€Xpression is associated with protection from cadmium-induced genotoxicity in cultured
rat liver cells. J Toxico/ Environ Health, 41: 233445,



109

Corey E, Corey MJ (1998). Detection of disseminated prostate cells by reverse
transcription-polymerase chain reaction (RT-PCR): technical and clinical aspects. Int. J.
Cancer. 77: 655-673.

Corpet F  (1988). Multiple sequence alignment with hierarchical clustering
Nucl. Acids. Res.16: 10881-10890.

Denholm I, Rowland MW (1992). Tactics for managing pesticide resistance in
arthropods: theory and practice. Annu. Rev. Entomol. 37:91-112.

Dobzhansky T, Lewontin RC, Pallovsky O (1964). The capacity for increase in
chromosomally polymorphic and monomophic populations of of Drosophila
pseudoobscura. Heredity. 19: 597-614

Dujon B, Sherman D, Fischer G, Durrens P, Casaregola S, Lafontaine I, De Montigny J,
Marck C, Neuveglise C, Talla E, Goffard N, Frangeul L, Aigle M, Anthouard V, Babour
A, Barbe V, Barnay S, Blanchin S, Beckerich JM, Beyne E, Bleykasten C, Boisrame A,
Boyer J, Cattolico L, Confanioleri F , De Daruvar A, Despons L, Fabre E, Fairhead C,
Ferry-Dumazet H, Groppi A, Hantraye F, Hennequin C, Jauniaux N, Joyet P, Kachouri R,
Kerrest A, Koszul R, Lemaire M, Lesur I, Ma L, Muller H, Nicaud JM, Nikolski M,
Oztas S, Ozier-Kalogeropoulos O, Pellenz S, Potier S, Richard GF, Straub ML, Suleau A,
Swennen D, Tekaia F, Wesolowski-Louvel M, Westhof E, Wirth B, Zeniou-Meyer M,
Zivanovic I, Bolotin-Fukuhara M, Thierry A, Bouchier C, Caudron B, Scarpelli C,
Gaillardin C, Weissenbach J, Wincker P, Souciet JL (2004). Genome evolution in yeasts.
Nature. 430: 35-44.

Eisenberg E, Levanon EY (2003). Human housekeeping genes are compact. Trends in
Genetics. 19: 362-365.

Elkinton JS (1993).Insect Population Ecology, An African Perspective. ICIPE Science
Press, Nairobi. pp 33 — 58.

Enger MD, Flomerfelt FA, Wall PL, Jenkins PS (1987). Cadmium produces a delayed

mitogenic response and modulates the EGF response in quiescent NRK cells. Cell Biol
Toxicol. 3: 407-416.

Felsenstein, J (1976). The theoretical population genetics of variable selection and
migration. Annu. Rev. Genet. 10: 253-280.

Ferna'ndez, J, Lo'pez-F anjul C (1996). Spontaneous mutational variances and
covariances for fitness-related traits in Drosophila melanogaster. Genetics 143: 829-837.

Finney DJ (1971). Probit Analysis. Cambridge University Press, London.



110

Fowler K, Whitlock MC (1999). The variance in inbreeding depression and the recovery
of fitness in bottlenecked populations. Proc. R. Acad. Lond B 266:2061-2066.

Fowler K, Whitlock MC (2001). Environmental stress, inbreeding, and the nature of
phenotypic and genetic variance in Drosophila melnogaster. Proc. R. Acad. Lond. B 269:
677-683.

Fry JD (2001). Rapid mutational declines of viability in Drosophila. Gener. Res. 77: 53-
60.

Fry, JD, Keightley PD, Heinsohn SL, Nuzhdin SV ( 1999). New estimates of the rates of
and effects of mildly deleterious mutations in Drosophila melanogaster. Proc. Natl.
Acad. Sci. USA. 96: 574-579.

Georghiou, GP, Taylor CE (1977). Operational in-influences in the evolution of
insecticide resistance. J. Econ. Entomol. 70: 653-658.

Gillespie JH., Turelli M (1989). Genotype-environment Interactions and the maintenance
of polygenic variation. Generics. 121:129-138.

Gillett J (1972). Common African Mosquitoes and their Medical Importance. William
Heinemann Medical Books Limited, London.

Githeko AK, Service MW, Mbogo CM, Atieli F, Juma FO (1993). Plasmodium
Jalciparum sporozoite and entomological inoculation rates at the Ahero rice irrigation

scheme and the Miwani sugar-belt in western Kenya. Ann. Trop. Med Parasitol. 87: 379-
391.

Glass EH, Carlson GA, Croft BA, Davis DE, Eckert JW, Georghiou GP, Jackson WB,
LeBaron HM, Levin B R, Plapp FW, Jr, Roush RT, Sisler HD (1986). Eds. Genetic,
biochemical, and physiological mechanisms of resistance to pesticides. in Pesticide

resistance: strategies and tactics for management. National Academy Press, Washington,
DC. pp. 45-53

Goering PL (1993).  Lead-protein interactions as a basis for lead toxicity.
Neurotoxicology. 14: 45-60.

Government of Kenya (1999). Executive Report: Summary Statistics, Kenya National
Bureau of Statistics, Government Press, Nairob, Kenya.

Goldstein GW (1993). Evidence that lead acts as a calcium substitute in second
messenger metabolism. Neurotoxicolog. 14: 97-101

Goldstein GW, Ar D (1983). Lead activates calmodulin sensitive processes. Life Sci. 33:
1001-1006.



111

Gram WK, Sork VL (2001). Association between environmental and genetic
heterogeneity in forest tree populations. Ecology. 82:2012-2021.

Greichus Y.A, Greichus A, Ammann BD, Hopkraft J (1977). Insecticide,
polychlorinated biphenyls and metals in Africa lake ecosystems. 1. Hartbeespoort Dam,

Transvaal and Voelvlei Dam, Cape Province, Republic of South Africa. Arch Environ,
Contam. Toxicol. 19: 444-453.

Groeters FR, Tabashnik BE (2000). Roles of selection intensity, major genes, and minor
genes in evolution of insecticide resistance. .J Econ. Entomol. 93: 1580-1587.

Gwadz R, Collins FH (1996). In The Biology of Disease Vectors. Beaty B J, Marquardt
W C.,, editors; Beaty B J, Marquardt W C., editors. Niwot, CO: Univ. Press of Colorado;
1996. pp. 73-83.

Habeebu SS, Liu J, Klaassen CD (1998). Cadmium-induced apoptosis in mouse liver.
Toxicol. Appl. Pharmacol. 149: 203-209.

Haldane JBS (1949). Disease and evolution . In:Symposium sui fattori ecologici e
genetici della speciazone negli animali. Ric.Sci 19(suppl.), pp. 3

Hanas JS, Rodgers JS, Bantle JA, Cheng YG (1999). Lead inhibition of DNA-binding
mechanism of Cys(2)His(2) zinc finger proteins. Mol Pharmacol 56:982-988.

Hare L (1992). Aquatic insects and trace metals: Bio-availability, bio-accumulation and
toxicity. Critical. Rev. Toxicol. 22: 327-369.

Hartwig A, Schlepegrell R, Dally H, Hartmann M (1996). Interaction of carcinogenic
metal compounds with deoxyribonucleic acid repair processes. Ann. Clin. Lab. Sci. 26
31-38.

Hatcher EL, Chen Y, Kang YJ (1995). Cadmium resistance in A549 cells correlates with
elevated glutathione content but not antioxidant enzymatic activities. Free. Radic. Biol.
Med. 19: 805-812.

Hechtenberg S, Schafer T, Benters J, Beyersmann D (1996). Effects of cadmium on
cellular calcium and proto-oncogene expression. Ann. Clin. Lab. Sci. 26: 512-521.

Hinkle PM, Osborne ME (1994). Cadmium toxicity in rat pheochromocytoma cells:
studies on the mechanism of uptake. Toxicol. Appl. Pharmacol. 124- 91-98.

Hurkman WJ, Tanaka CK (1986). Solubilization of plant membrane proteins for analysis
by two-dimensional gel electrophoresis. Plant. Physiol. 81: 802-806.



112

Hussain T, Shukla GS, Chandra SV (1987). Effects of cadmium on superoxide dismutase

and lipid peroxidation in liver and kidney of growing rats: in vivo and in vitro studies.
Pharmacol. Toxicol. 60: 355-358.

Hutton, (1983). Sources of cadmium in the environment. Ecotoxicol. Environ. Safety 7
9-24.

Jacobs-Lorena M, Shen Z (1998). A type I peritrophic matrix protein from the malaria
vector Anopheles gambiae binds to chitin. Cloning, expression, and characterization.
J. Biol. Chem. 273: 17665- 17670.

Jin P, Ringertz NR (1990). Cadmium induces transcription of proto-oncogenes c-jun and
c-myc in rat L6 myoblasts. J. Biol. Chem. 265: 14061-14064.

Johnston MO, Schoen JD (1995). Mutation rates and dominance levels of genes affecting
total fitness in two angiosperm species. Science. 267: 226-229.

Kaji T, Suzuki M, Yamamoto C, Imaki Y, Mishima A, Fujiwara Y, Sakamoto M, Kozuka
H (1994). Induction of metallothionein synthesis by bismuth in cultured vascular
endothelial cells. Res. Commun. Mol. Pathol. Pharmacol. 86 25-35.

Kalow W (1997). Pharmacogenetics in biological perspective. Pharmacol. Rev. 49: 369-
379.

Keating J, Macintyre K, Regens JL, Swalm C, Mbogo CM, Githeko A, Ndenga B,
Steinberg L, Kibe L, Githure JI, Beier JC (2003). A geographic sampling strategy for
studying relationships between human activity and malaria vectors in urban Africa.

Am. J. Trop. Med. Hyg. 68: 357-365.

Kim KA, Chakraborti T, Goldstein GW, Bressler JP (2000). Immediate early gene
expression in PC12 cells exposed to lead: Requirement for protein kinase C. J
Neurochem. 74: 1140-1146

Kimura M (1983). The neutral theory of molecular evolution. Cambridge
Univ. Press, Cambridge, U.K.

Klerks PL, Weis JS (1987). Genetic adaptation to heavy metals in aquatic organisms: A
review. Environ. Pollut. 45: 173-205.

Koenraadt CJM, Takken W (2003). Cannibalism and predation among larvae of An.
gambiae complex. Med. Vet. Entomol. 17: 61-66.

Koizumi T, Li ZG (1992). Role of oxidative stress in single-dose, cadmium-induced
testicular cancer. J. Toxicol. Environ. Health. 37: 25-36.



113

Korte F (1983). Ecotoxicology of cadmium: General review. Ecotoxicol. Environ. Safety
7: 3-8.

Kramer KK, Liu J, Choudhuri S, Klaassen CD (1996). Induction of metallothionein
mRNA and protein in murine astrocyte cultures. Toxicol. Appl. Pharmacol. 136: 94-100.

Krantzberg G, Stokes PM (1 990). Metal concentration and tissue distribution in larvae of
Chironomus with reference to X-ray microprobe analysis. Arch. Environ. Contam.
Toxicol. 19: 84-93.

Laland, KN, Odling-Smee FJ, Feldman MW.(1999). Evolutionary consequences of niche
construction and their implications for ecology. Proc. Natl. Acad. Sci. USA. 96:10242—
10247.

Levin BR, Perrot V, Walker N (2000). Compensatory mutations, antibiotic resistance and
the population genetics of adaptive evolution in bacteria. Genetics. 154: 985-997.

Li WH (1978). Maintenance of genetic variability under the joint effect of mutation,
selection and random drift. Genetics. 90:349-382.

Liao VH, Freedman JH (1998). Cadmium-regulated genes from the nematode
Caenorhabditis elegans. Identification and cloning of new cadmium-responsive genes by
differential display. J. Biol. Chem. 273: 31962-31970.

Lynch M, Walsh B (1998). Genetics and analysis of quantitative traits. Sinauer
Associates, Sunderland, MA.

Manca D, Ricard AC, Trottier B, Chevalier G (1991). Studies on lipid peroxidation in rat
tissues following administration of low and moderate doses of cadmium chloride.
Toxicology 67:303-323.

Marone M, Mozzetti S, De Ritis D, Pierelli L, Scambia G (2001). Semiquantitative RT-
PCR analysis to assess the expression levels of multiple transcripts from the same
sample. Biol. Proced. Online. 3:19-25.

Maroni G, Otto E, Lastowski-Perry D, Price DH (1987). The metallothionein gene of
Drosophila. Experientia. Suppl. 52:385-392.

Maroni G, Watson D (1985). Uptake and binding of cadmium, copper and zinc by
Drosophila melanogaster larvae. Insect. Biochem. 15- 55-63.

Matsuoka M, Call KM (1995). Cadmium-induced expression of immediate early genes in
LLC-PK1 cells. Kidney. Int. 48: 383-389.



114

Mattingly K8, Beaty BJ, Mackie RS, McGaw M, Carlson JO, Rayms-Keller A (2001).
Molecular cloning and characterization of a meta] responsive Chironomus tentans alpha-
tubulin cDNA. Aquar. Toxicol. 54- 249-260.

Mbogo CM, Snow RW, Khamala CP, Kabiru EW, Ouma JH, Githure JI, Marsh K, Beier
JC (1995). Relationships between of Plasmodium Jalciparum transmission by vector

populations and the incidence of severe disease at nine sites on the Kenyan coast. A4m. J
Trop. Med. Hyg. 52:201-206.

McKenzie J A. (1994). Selection at the diazinon resistance locus in overwintering
populations of Lucilia cuprina (the Australian sheep blowfly). Heredity. 73:57-64
McKenzie JA, Batterham P. (1994). The genetic, molecular and phenotypic consequences
of selection for insecticide resistance. Trends. Ecol. Evol 9- 166-169.

Mckenzie JA, Batterham, P (1994). The genetic, molecular and phenotypic consequences
of selection for insecticide resistance. Trends. Ecol. Evol 9:166-1609.

McKenzie JA, Parker AG, Yen JL (1992). Polygenic and single gene responses to
selection for resistance to diazinon in Lucilia cupring. Genetics 130: 613-620.

McKenzie JA, Whitten MJ >, and Adena MA (1982). The effect of genetic background on
the fitness of diazon resistance genotypes of the Australian sheep blowfly, Lucilia
cuprina. Heredity.19: 1-19.

McKenzie JA (2000). The character or the variation: the genetic analysis of the
insecticide-resistance phenotype. Bull. Entomol Res. 90: 3-7.

Mombeshora C, Osibajo O., Ajayi SO (1983). Pollution studies on Nigerian rivers: The
onset of lead pollution of surface waters in Ibadan City. Environ. nt 9: 81-84.

Mukai T, Chigusa S I, Mettler LE, Crow JF (1972). Mutation rate and dominance of
genes affecting viability in Drosophila melanogaster. Genetics. 72 335-355.

Nriagu JO, Pacyna J (1988). Quantitative assessment of worldwide contamination of air,
water and soils by trace metals, Nature. 333: 134-139.

O'Farrell PH ( 1975). High resolution two-dimensional electrophoresis of proteins. J. Biol.
Chem. 250: 4007-4021.



115

Okey AB (1992). Enzyme induction in the cytochrome P-450 system. In
Pharmacogenetics of Drug Metabolism (International Encyclopedia of Pharmacology and
Therapeutics Series), ed. by W. Kalow, vol. 137, pp. 549-608, Pergamon Press, New
York, 1992.

Okoye BCO, Afolabi OA, Ajao EA (1991). Heavy metals in Lagos lagoon sediments. Jnt.
J. Environ. Stud. 37: 131-141.

Onyari JM, Wandiga SO (1989). Distribution of Cr. Pb, Cd, Zn, Fe, and Mn in Lake
Victoria sediments, East Africa. Bull Environ Contam. Toxicol. 42: 807-813.

Orr HA (2000). Adaptation and the cost of complexity. Evolution. 54: 13-20.

Orr HA (1998). The population genetics of adaptation: the distribution of factors fixed
during adaptive evolution. Evolution. 52: 935-949

Ovelgonne JH, Souren JE, Wiegant FA, Van Wijk R (1995). Relationship between
cadmium-induced expression of heatshock genes, inhibition of protein synthesis and cell
death. Toxicology. 99: 19-30.

Palumbi SR (2001). Humans as the world’s greatest evolutionary force. Science. 293:
1786-1790.

Rayms-Keller A, Olson KE, McGaw M, Oray C, Carlson JO, Beaty BJ (1998). Effect of
heavy metals on Aedes aegypti (Diptera: Culicidae) larvae. Ecotoxicol. Environ. Safety.
39:41-47.

Rayms-Keller A, McGaw M, Oray C, Carlson JO, Beaty BJ (2000). Molecular cloning
and characterization of a metal responsive Aedes aegypti intestinal mucin cDNA. Insect.
Mol. Biol. 9: 419-426.

Reed DH, Lowe EH, Briscoe DA, Frankham R (2003). Fitness and adaptation in a novel
environment: Effect of inbreeding, prior environment, and lineage evolution, 57:1822—
1828.

Reisen WK, Mahmood F (1980). Horizontal life table charactraristics of the malaria
vectors Anopheles culifacies and Anopheles stephensi (Diptera: Culicidae). J Med
Entomol. 17: 211-217

Renfro WC (1973). Transfer of Zn 65 from sediments by marine polychaete worms. Mar
Biol. 21:305-316.

Ribeiro JM, Topalis P, Louis C (2004). AnoXcel: an Anopheles gambiae protein
database. Insect Mol Biol. 13: 449-57.)

Robert V, Macintyre K, Keating J, Trape JF, Duchemin IB, Warren M, Beier JC (2003).
Malaria transmission in urban sub-Saharan Africa. Am. J. Tro.p Med. Hyg. 68:169-76.



116

Roush RT, McKenzie JA (1987). Ecological genetics of insecticide and acaricide
resistance. Annu. Rev. Entomol. 32 361-380.

Rozen S, Skaletsky H (2000). Primer3 on the WWW for general users and for biologist
programmers. Methods. Mol. Biol. 132:365-86.

Salovsky P, Shopova V, Dancheva V, Marev R (1992). Changes in antioxidant lung
protection after single intra-trachea] cadmium acetate instillation in rats, Hum. Exp.
Toxicol 11:217-222

Sambrook J, Fritsch EF, Maniatis T (1989). Molecular cloning: A laboratory manual, 2nd
edn. Cold Spring Harbour Laboratory Press, New York.

Schrag SJ, Perrot V, Levin BR (1997). Adaptation to the fitness costs of antibiotic
resistance in Escherichia coli. Proc. R. Soc. Lond. B. 264:1287-1291.

Shaikh ZA, Blazka ME, Endo T (1995). Metal transport in cells: Cadmium uptake by rat
hepatocytes and renal cortical epithelial cells. Environ. Health, Perspect. 103: 73-75.

Shaw RG, Byers DL, Darmo E (2000). Spontaneous mutational effects on reproductive
traits of Arabidopsis thaliana. Genetics 155:369-378.

Shimizu M, Hochadel JF, Waalkes MP (1997). Effects of glutathione depletion on
cadmium-induced metallothionein synthesis, cytotoxicity, and proto-oncogene expression
in cultured rat myoblasts. J. Toxicol. Environ, Health. 51: 609-621.

Shirley MDF, Sibly RM (1999). Genetic basis of a between —environment trade-off
involving resistance to cadmium in Drosophila melanogasta. Evolution. 53 826-836.

Siddons LB (1944). Observation of the influence of atmospheric temperature and

humidity on the infectivity of Anopheles culicifacies Giles. J. Malar. Inst India. 3: 363-
384.

Singh SB, Dary RK, Reddy PVKG (1977). Observation on feeding of young grass carp
on mosquito larva. Aquaculture 12: 361-364.

Singhal RK, Anderson ME, Meister A (1987). Glutathione, a first line of defense against
cadmium toxicity. FASEB J |- 220-223.

Smith JB, Dwyer SD, Smith L (1989). Cadmium evokes inositol polyphosphate
formation and calcium mobilization. Evidence for a cell surface receptor that cadmium
stimulates and zinc antagonizes. J. Biol. Chem 264: 7115-71 18.

Son MH, Kang KW, Lee CH, Kim SG (2001). Potentiation of cadmium-induced
Cytotoxicity by sulfur amino acid deprivation through activation of extracellular signal-
regulated kinasel/2 (ERK1/2) in conjunction with p38 kinase or c-jun N-terminal kinase



117

(INK). Complete inhibition of the potentiated toxicity by U0126 an ERK1/2 and p38
kinase inhibitor(1). Biochem. Pharmacol. 62 1379-1390.

Stohs SJ, Bagchi D, Hassoun E, Bagchi (2001). Oxidative mechanisms in the toxicity of
chromium and cadmium ions. J. Environ. Pathol. T, oxicol. Oncol. 20: 77-88.

Stuart, GW, Searle PF, Chen HY, Brinster RL, Palmiter RD (1984). A 12-base-pair DNA
motif that is repeated several times in metallothionein gene promoters confers metal
regulation to a heterologous gene. Proc. Natl. Acad Sci USA. 81:7318-7322.

Subra R (1981). Biology and control of Culex pipiens quinquefaciatus Say, 1983
(Diptera, Culicidae) with special reference to Africa. Insect. Sci. Appli. 1:319-338.

Suzuki KT, Sunaga H, Aoki Y, Hatakeyama S, Sugaya Y, Sumi Y, Suzuki T (1988).
Binding of cadmium and copper in the mayfly Baetis thermicus larvae that inhabit a river
polluted with heavy metals. Comp. Biochem. Physiol. 91C: 487-492.

Tabashnik, BE, Croft BA (1982). Managing pesticide resistance in crop-arthropod
complexes: interactions between biological and operational factors. Environ. Entomol.
11: 1137-1144.

Tabashnik, BE (1992). Resistance risk assessment: realized heritability of resistance to
Bacillus thuringiensis in diamondback moth (Lepidoptera: Plutellidae), tobacco budworm
(Lepidoptera: Noctuidae), and Colorado potato beetle (Coleoptera: Chrysomelidae). J.
Econ. Entomol. 85:1551-1559.

Tang N, Enger MD (1993). Cd(2+)-induced c-myc mRNA accumulation in NRK-49F
cells is blocked by the protein kinase inhibitor H7 but not by HA1004, indicating that
protein kinase C is a mediator of the response. Toxicol. 81: 155-164.

Templeton DM, Wang Z, Miralem T (1998). Cadmium and calcium-dependent c-fos
expression in mesangial cells. Toxicol Letr. 95: 1-8.

Teoto’nio H, Rose MR (2001).Perspective: reverse evolution. Evolution. Int. J. Org.
Evolution. 55:653-660.

Terracio L, Nachtigal M ( 1988). Oncogenicity of rat prostate cells transformed in vitro
with cadmium chloride. Arch. Toxicol. 61: 450-456.

Tiffany-Castiglioni E (1993). Cell culture models for lead toxicity in neuronal and glial
cells. Neurotoxicology. 14: 513-536.

Toure YT, Petrarca V, Traore SF, Coulibaly A, Maiga HM, Sankare O, Sow M, Di,
DMA, Coluzzi M (1998). The distribution and inversion polymorphism of
chromosomally recognized taxa of the Anopheles gambiae complex in Mali, West Africa.
Parasitologia. 40: 477-511.



118

Trape JF, Zoulani A (1987a). Malaria and urbanization in central Africa: the example of
Brazzaville. Part II: Results of entomological surveys and epidemiological analysis.
Trans. Royal Soc. Trop. Med. Hyg. 81: 10-18.

Trape JF, Zoulani A (1987b). Malaria and urbanization in central Africa: The example of
Brazzaville. Part III: Relationships between urbanization and the intensity of malaria
transmission. Trans. Royal. Soc. T rop. Med. Hyg. 81:19-25.

Varley GC, Gradwell GR (1960). Key factors in population studies. J. Anim. Ecol. 29:
399401

Wagbatsoma VA, Ogbeide O (1995). Towards malaria control in Nigeria: A qualitative
study on the population of mosquitoes. J. R. Soc. Health. 115: 363-365.

Wang Z, Templeton DM (1998). Induction of c-fos proto-oncogene in mesangial cells by
cadmium. J. Biol. Chem. 273 73-79.

Warren MJ, Cooper JB, Wood SP, Shoolingin-Jordan PM (1998). Lead poisoning, haem
synthesis and 5-aminolaevulinic acid dehydratase. Trends Biochem Sci. 23:217-221.

Wentsel R, McIntosh A, Atchinson G (1978). Evidence of resistance to metals in larvae
of the midge Chironomus lentans in a metal contaminated lake. Bull. Environ, Contam,
Toxicol. 20: 451-455.

WHO (1996). Guidelines for Drinking Water Quality, Second Edition, Vol. 2. Health
Criteria and other Supporting Information. WHO, Geneva. 2:1-6

Yu BP (1994). Cellular defenses against damage from reactive oXxygen species. Physiol
Rev. 74:139-162.

Zawia NH, Harry GJ ( 1996). Developmental €Xposure to lead interferes with glial and
neuronal differential gene expression in the rat cerebellum. 7 oxicol. Appl . Pharmacol
138: 43-47.



119

Zeyl C, Mizesko M, de Visser JAGM (2001). Mutational meltdown in laboratory yeast
populations. Evolution. 55 909-917.



120

Appendices
6.1. Kisumu Sampling Base Map
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Kisumu Sampling Topology Map
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6.3  Malindi Sampling Base Map
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6.5. Identification of Expressed Protein Spots Spot in Anopheles gambiae Third Instar Larvae Control and Heavy Metal selected Populations
(Example- Fifth Generation Lead Selection)

Control Population Lead Selected Population, Fifth Generation
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6.6. Calibration of Molecular Weights of Expressed Protein S

pots Spot in Anopheles gambiae Third Instar Larvae Control and Heavy Metal selected
Populations (Example- Fifth Generation Lead Selection)

Control Population Lead Selected Population, Fifth Generation
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6.7. Calibration of Iso-electric Points (PI) of Expressed Protein Spots Spot in
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6.8. Expressed Protein Spots Spot in Anopheles gambiae Third Instar Larvae Control and Heavy Metal selected Populations Gels Overlaid and
Wrapped to each other (Example- Fifth Generation Lead Selection)

Overlaid Protein Spots Wrapped Protein Spots
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Black spots = common, Pink spots= Non exposed (down regulated) and
Green spots= Exposed (up regulated)



