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Abstract
Investigations were conducted to establish the magnitude and pattern of differential expression of
proteins due to generational selection of third instar An. gambiae s.s. larvae by cadmium, copper
and lead heavy metals, three possible common urban pollutants.

A susceptible strain of An. gambiae s.s. third instar larvae was separately placed under selection
pressure with cadmium, copper and lead at LC30 and controls through five generations. First, third
and fifth generation selection survivors were screened for differentially expressed proteins relative
to non-exposed control by two-dimensional gel electrophoresis. Distribution patterns of the spots
were analysed by Chi Square or Fishers exact test and variations in expressions between and
within generation by ANOVA. Most differentially expressed spots were acidic and of low
molecular weight among all metals and generations. Type of heavy metals and generation were
main indicators of variations in differential expressions. Variation between generations was most
significant among cadmium-selected populations of which most number of spots were induced in
the fifth generation. Most spots were induced in the copper-selected population in the third
generation. The induced protein spots may be products from respective genes that respond to
heavy metals and counter their toxicity, thus building An. gambiae s.s. tolerance to these
pollutants. The differential pattern and magnitude of expressed spots has potential application as
molecular markers for assessment of anopheline adaptation status to heavy metals, and provide
insight into the extent of environmental pollution.
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Introduction
The last century has witnessed the emergence and growth of many urban centers in Africa.
This urbanization has been accompanied by rapid population growth, random expansion in
industrial activities and lack of environmental regulation resulting in increase in poorly
planned and poorly drained cities, often leading to environmental pollution (Biney et al.,
1994). Urbanization has significantly affected mosquito ecology, leading to reductions in
mosquito species diversity through the elimination of favorable habitats (Chinery, 1995;
Chinery, 1984; Coluzzi, 1993; Coene, 1993; Trape and Zoulani, 1987). Although Anopheles
larvae traditionally grow exclusively in non-polluted habitats, recent observations have
confirmed the presence of Anopheles larvae in polluted habitats such as drains containing
domestic wastewater diluted by rain (Coene, 1993) and in man-made aquatic habitats
(Chinery, 1984; Chinery, 1995). Evidence suggests that Anopheles may be expanding their
niche into polluted habitats where intra-specific competition may be less intense than in
other more populated habitats, as demonstrated in Drosophila melanogater adaptation to
cadmium-contaminated environment (Bolnick, 2001) and further supported by the
adaptability of An. gambiae to environmental changes (Coluzzi, 1994; Coluzzi et al., 1979;
Toure et al., 1998)

Chronic exposure of aquatic insect populations such as Chironomus tentans and Baetis
thermicus to heavy metals has been shown to increase their tolerance to heavy metals
(Clements and Kifney, 1994; Hare, 1992; Krantzberg and Stokes, 1990; Suzuki et al., 1988;
Wentsel et al., 1978) through physiological heavy metals exclusion and/or active excretion
(Krantzberg and Stokes, 1990; Klerks and Weis, 1987) and bioaccumulation (Suzuki et al.,
1988). The heavy metal tolerance is both metal and concentration dependent (Rayms-Keller
et al., 1998). The tolerance is achievable at molecular level by transcription of various genes
encoding for defense and repair proteins, including immediate early genes, p53,
metallothioneins, glutathione, and heat shock proteins (Abe et al., 1994; Bagchi et al., 1996;
Beyersmann and Hechtenberg, 1997; Hechtenberg et al., 1996; Kim et al., 2000; Liao and
Freedman, 1998; Maroni and Watson, 1985; Matsuoka and Call, 1995; Ovelgonne et al.,
1995; Salovsky et al., 1992; Shimizu et al., 1997; Stohs et al., 2001).

The purpose of this paper is to report on the magnitude and pattern of differential induction
of proteins in third instar An. gambiae s.s. in response to generational selection by cadmium,
copper and lead heavy metals. The characteristic responses can empirically serve as
molecular markers for assessment of tolerance status of anopheline to heavy metals
pollution in habitats modified by human activities, and for determination of the magnitude
of environmental pollution through in such habitats.

Materials and Methods
Heavy metals

Cadmium, copper and lead were evaluated as cadmium chloride (CdCl2) 99.99% pure,
copper II nitrate hydrate (Cu (NO3)2 2.5H2O) 99–102% pure and lead II nitrate (Pb(NO3)2)
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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Test insects
Mosquito test populations colony of An. gambiae sensu stricto was received from the
Human Health Division of the International Center 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 are abundant. At the time of this work, the colony was in the 35th filial generations post
field sampling, away from any possible selection pressure by heavy metals.

Mosquito rearing
The standard procedure for rearing Anopheles mosquitoes was followed. All life stages were
reared in an insectary (28±2°C, 75–80%Relative Humidity) at the Animal Rearing and
Quarantine Unit of ICIPE, Nairobi, Kenya. From the day of emergence, adult mosquitoes
were provided with a 10% sugar solution soaked in cotton wool. Three days 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 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 (3 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.

Selection for heavy metal resistance and sampling for gene expression studies
Third instar larvae An. gambiae s.s. were separately placed under selection pressure at
cadmium, copper and lead concentrations that caused ~30% mortality (LC30). Selection with
median lethal concentration (LC50) was evaluated and discarded after the survivors failed to
emerge as adults, hence necessitating reduction in the selection pressure. F1–F5 instar larvae
survivals were raised as usual in the insectary. Nine hundred larvae were selected for each
generation and specific metal exposure in three replicates each consisting of 300 larvae in
1500 ml water in polypropylene cylindrical pans with radius and height of 10.5, 24.14 cm,
respectively. The tolerance level of An. gambiae s.s. to each heavy metal in successive
generations was monitored by determining the LC30 values. A control colony not exposed to
any heavy metal was reared simultaneously and handled in the same manner through all
manipulations. The larvae were not fed during the 24 h exposure. Three replicates, each
consisting of 25 larvae, were randomly sampled from survivors of the selection by each
heavy metal treatment and control, and from each first, third and fifth generation. The
samples were placed in eppendorf tubes and immediately frozen at −70°C for subsequent
two dimensional (2D) gel analysis. Remaining survivors were normally propagated.

Physiological resistance diagnostic test and controls
Cadmium, copper and lead toxicity studies were conducted using third instar An. gambiae
larvae. After determining the upper and lower ranges for each metal, a 24 h acute toxicity
test was 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 LC30 determined.

Protein extraction and quantification
Protein was separately extracted from the triplicate samples, 50 larvae each, sampled and
frozen (− 70°C) from each generation and controls using phenol extraction followed by

Mireji et al. Page 3

Int J Trop Insect Sci. Author manuscript; available in PMC 2010 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



methanolic ammonium acetate precipitation methods of Hurkman and Tanaka (1986).
Protein contents of the extracts were determined by the Bradford assay (1976).

Two-dimensional gel electrophoresis
Two-dimensional polyacrylamide 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, 30 min at 30 V and 30 min at 40 V. Protein sample (50 μg) was loaded and
isoelectrically focused for 15 h at 40 V and 1 h at 80 V. Gels were then equilibrated in 0.06
M Tris-HCl, pH 6.8, 2% SDS, 100 mM DTT and 10% glycerol. Separation in the second
dimension was performed in 12–15% gradient polyacrylamide (SDS-PAGE) gel. Proteins
spots in the 2D-PAGE gels were visualized by coomasie blue staining and digitized with gel
documentation system (Biosystematica, UK).

Two dimensional gel image processing and data analyses
Acute mortality responses were corrected by Abbott’s formula (Busvine, 1971), transformed
to probits for linear regression analyses, and 30% lethal concentration (LC30) determined
(Finney, 1971). Data sets with more than 10% control mortality were not considered for
analysis (Finney, 1971). Second dimension gels were analyzed by Phoretix software
(Nonlinear Dynamics, Newcastle, UK). Apparent molecular weights of proteins were
determined by analysis against the co-electrophoresed 10–200 KDa SDS-PAGE molecular
weight standards (Fermantas). Apparent isoelectricpoints (pIs) of proteins were determined
by calibration against the 3–10 pH gradient of IEF electrophoresis. Results obtained by
computer-aidedevaluation were carefully compared with 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- or down-regulated (if the differences were ≥ 1.5 or ≤ 1.5, respectively) or
unaffected (if the differences were within ±<1.5 fold change). If these differences were
reproduced in additional experiments, they were held to be consistent. Both differentially
and constitutively expressed protein spots 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
proteins were analysed by Chi Square or Fishers exact test. Comparison of magnitude of
differentially expressed spots, between and within generations, among metals and controls
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 profile between categories were determined by Chi Square. All statistical
analyses were conducted through SPSSR (SPSSR Corporation, Chicago, Illinois Statistical
Package version 11.5).

Results
Heavy metal tolerance increased approximately 13-fold for cadmium, 11-fold for copper,
and 78-fold for lead between the first and fifth generations following successive selections
by the respective metals. The LC30 responses were 0.47 (0.36–0.58) − 6.15 (2.83–8.70) for
cadmium, 1.04 (0.57–1.30)−11.15 (2.35 –18.33) for copper and 10.37 (5.56 – 12.99) −
810.00 (680.51 – 2261.95) for lead where the figures in parentheses represent 95 %
confidence intervals.
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Overall, more protein spots were differentially expressed in the selected than in control
populations in all generations and treatments. In this regard, only four protein spots were
down-regulated against each heavy metal selection while, in contrast, 33, 18 and 20 spots
were up-regulated following cadmium (Fig. 1), copper (Fig. 2) and lead (Fig. 3) selections
respectively in the first generation. A similar trend was observed in the third generation
selection where six spots were down-regulated in both cadmium and copper selections and
only one in that of lead, against 24, 20 and 22 up-regulated following cadmium (Fig. 4),
copper (Fig. 5) and lead (Fig. 6) selections, respectively. In the fifth generation, 11, 2 and 2
spots were down-regulated following cadmium, copper and lead selections, respectively,
while 20, 22 and 23 were up-regulated against cadmium (Fig 7), copper (Fig 8) and lead
(Fig 9) selections, respectively.

Overall, most of the differentially expressed proteins were acidic and of low molecular
weights among all metals and generations. The proportion of the acidic proteins increased
with generations except in lead selection, where the third generation was lower than the first.
The proportions were 65.22 (Fig. 1), 64.29 (Fig. 2) and 60.00 % (Fig. 3) in the first
generation, 70.83 (Fig. 4), 68.42 (Fig. 5) and 55.56% (Fig. 6) in the third generation, and
78.95 (Fig. 7), 76.19(Fig. 8) and 78.26% (Fig. 9) in the fifth generation in cadmium, copper
and lead selected populations, respectively. The low molecular weight proteins in this
category were most expressed in the third generations and least in the fifth, respectively. The
distributions were 71.74 (Fig. 1), 71.43 (Fig. 2) and 75.00 %( Fig. 3) in the first generation,
50.00 (Fig. 4), 84.21 (Fig. 5) and 85.19 % (Fig. 6) in the third generation, and 63.16 (Fig. 7),
66.67(Fig. 8) and 56.52% (Fig. 9) 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 proteins within and
between the heavy metals and generations. The magnitude of differentially expressed
proteins was significantly (F(4,197)= 4.082, P=0.003) influenced by interaction between type
of heavy metal and generation. However, the response magnitude to selection among
individual metals between generations was only significantly (F(2,72)= 6.130, P=0.004)
different in cadmium-selected population. Mean differential expression of proteins due to
cadmium selection were 0.157 ± 0.026, 0.112 ± 0.025 and 0.307 ± 0.067, while that due to
copper selection were 0.241 ± 0.061, 0.209 ± 0.044 and 0.162 ± 0.042 in the first, third and
fifth generations, respectively. The expressions due to lead selection in the first, third and
fifth generations were 0.166 ± 0.025, 0.221 ± 0.043 and 0.136 ± 0.030, respectively.

As reported in Table 1, there were significant variations in patterns of constitutively
expressed proteins among generations in selected populations (cadmium, χ2

df=4 =22.483,
p<0.001; copper, χ2

df=4 =21.339, p<0.001; and lead, χdf=4 =11.741, p<0.050). The proteins
were most up-regulated in the fifth and third generations in cadmium and copper selections,
respectively, and most down-regulated in the first generation of both metals. The pattern was
significantly different in the third (χ2

df=4 =18.403, p<0.010) and fifth (χ2
df=4 =17.919,

p<0.010) generation among the heavy metals within generations. Copper and cadmium had
most up-regulated proteins in the third and fifth generation, while lead and copper had most
down-regulated spots in the two generations, respectively.

Discussion
Our findings demonstrate development of tolerance in An. gambiae s.s. larvae to increasing
heavy metals challenge, as evidenced by the several fold increases in tolerance to heavy
metals over five-generations selection, a process that appears to be mediated by differential
expression of a series of proteins. The physiological responses appear to be both metal and
concentration dependent, as previously observed in Aedes aegypti larvae responses to
cadmium and copper (Rayms-Keller et al., 1998).
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The predominantly low molecular weight proteins expressed may be metallothioneins and/or
mucins, which appear to play important role in cellular defense system against heavy metals
toxicity (Beyersmann and Hechtenberg, 1997; Coogan et al., 1994; Rayms-Keller et al.,
2000) or they may be involved in biomineralization as a strategy of countering increasing
cellular levels of the heavy metals. The relatively low expression of these proteins in the
fifth generation may be related to concurrent development of other mechanisms of
countering the toxicity of the metals. Further studies may throw some light on this question.
Factors such as neoplastic transformation induced by non-cell-specific carcinogenic metals
such as cadmium (Terracio and Nachtigal, 1988) may be responsible for the differentially
expressed non-acidic proteins of high molecular weights that did not display specific
patterns across all metals and generations. The proteins with similar pattern of molecular
weight and isoelectric point distributions between differentially and constitutively expressed
proteins may be enzymes in the cellular signal transduction pathways that also mediate
heavy metals toxicity (Beyersmann and Hechtenberg, 1997; Jin and Ringertz, 1990).

Significant variations in pattern of constitutively expressed proteins among generations and
treatments can be attributed to relative difference in the ability of the metals to induce metal
responsive proteins such as metallothionein (Goldstein, 1993; Kaji et al., 1994; Kramer et
al., 1996) and toxicity (Hare, 1992). Induction of metal-independent early response genes
such as metal-responsive transcription factor protein (Zhang et al., 2001), immediate early
genes (Matsuoka and Call, 1995) and glutathione (Singhal et al., 1987; Chin and Templeton,
1993) may be evidenced by the similarity in protein induction pattern in the first generation
among the metals. These proteins are known to provide cellular systems with initial
protection against heavy metals toxicity (Beyersmann and Hechtenberg, 1997). Some of the
up-regulated proteins may be those that mediate reduction in intracellular concentration of
cytotoxic substances. Such proteins include ATP binding cassette (ABC) drug transporter
proteins and multi-drug resistance-associated protein 1 (MRP1) (Gros et al., 1986; Hipfner
et al., 1999; Konig et al., 1999)

Development of tolerance in An. gambiae s.s. to heavy metals challenge was rapid and
appears to have been mediated by differential induction of some specific heavy metal
responsive proteins. The magnitude and pattern of the differential induction of these proteins
may be related to inherent toxicity of the respective heavy metals. These characteristic
protein induction can potentially serve as empirical molecular marker for assessment of
tolerance status of anopheline to heavy metal pollution in habitats modified by human
activities. The magnitude and pattern of differential induction of proteins can also be applied
in assessment of the magnitude and extent of environmental pollution through, anopheline
larval habitats. Mass spectrometry of the heavy metal induced proteins isolated from gels, in
conjunction with information from the annotated An. gambiae genome can further facilitate
characterization of the proteins (Holt et al., 2002). This will undoubtedly provide additional
information on the specific roles played by these proteins in enhancing heavy metal
tolerance in An. gambiae s.s.
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Fig 1.
Protein spots from third instar An. gambiae s.s larvae first generation non-selected control
and cadmium LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially expressed in response to cadmium
selection in the first generation, consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated
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Fig 2.
Protein spots from third instar An. gambiae larvae first generation non-selected control and
copper LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to copper
selection in the first generation, consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated
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Fig 3.
Protein spots from third Instar An. gambiae larvae first generation non-selected control and
lead LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to lead selection
in the first generation, consistently in three replicates. Such spots in the control gel are
down-regulated while those in the exposed gel are up-regulated
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Fig 4.
Protein spots from third instar An. gambiae larvae third generation non-selected control and
cadmium LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to cadmium
selection in the third generation consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated
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Fig 5.
Protein spots from third Instar An. gambiae larvae third generation non-selected control and
copper LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially expressed in response to copper
selection in the third generation, consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated

Mireji et al. Page 14

Int J Trop Insect Sci. Author manuscript; available in PMC 2010 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6.
Protein spots from third instar An. gambiae larvae third generation non-selected control and
lead LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to lead selection
in the third generation, consistently in three replicates. Such spots in the control gel are
down-regulated while those in the exposed gel are up-regulated
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Fig 7.
Protein spots from third instar An. gambiae larvae fifth generation non-selected control and
cadmium LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to cadmium
selection in the fifth generation, consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated
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Fig 8.
Protein spots from third instar An. gambiae larvae fifth generation non-selected control and
copper LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to copper
selection in the fifth generation, consistently in three replicates. Such spots in the control gel
are down-regulated while those in the exposed gel are up-regulated
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Fig 9.
Protein spots from third instar An. gambiae larvae fifth generation non-selected control and
lead LC30 selection exposure survivors
Spots indicated by lines and numbers are differentially induced in response to lead selection
in the fifth generation, consistently in three replicates. Such spots in the control gel are
down-regulated while those in the exposed gel are up-regulated
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