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Today, the WHO's objective is not the eradication of the disease, but reduction in mortality
and morbidity. To accomplish this goal, new strategies that aim at reducing malaria
transmission are needed (Killeen ez al., 2002). Many efforts are directed towards malaria
prevention by the control of its vectors, but these efforts are hampered because the biology of

the vector does not seem to be fully understood.

1.2 Statement of the problem

Several vector control strategies have been used in the African malaria endemic countries
including indoor residual spraying, insecticide-treated bednets, larval control and
environmental management. However, they have been limited to small scales and shown
limitations because the biology of mosquitoes and specifically their life in the wild (e.g.
nectar-feeding behaviour) is not fully understood. Sugar-feeding is a basic component of the
life of male and female mosquitoes (Yuval, 1992). Malaria vectors live and breed in habitats
with several plants on which they obtain their sugar meals (McCrae ef al., 1976; Laarman,
1968; Foster, 1995). However, to date, little information is available on the plant-feeding
behaviour of the African malaria vectors. Studies on the medical implications of the plant-
feeding by mosquitoes may be worthwhile. If mosquitoes feed on certain plants in nature,
these plants may be of indirect epidemiological importance by affecting lifespan, flight
capacity, fecundity of potential Anopheles vectors as well as their ability to develop mature
infections of human pathogens. These plant juices shape the biology of mosquitoes, their
physiology, behaviour, ecology, life history and ultimately their vectorial capacity.

This study was designed to assess the plant-feeding behaviour of the African malaria vector

Anopheles gambiae Giles and the effects of plants on its fitness and vector competence.



1.3 Justification

In Kenya, malaria is a problem that continues to place an unacceptable burden on health and
economic development of the country. A lot of efforts have been focused on the treatment of
malaria cases. Due to the fact that many patients do not have access or cannot afford
treatment, the control of vectors is therefore an alternative, long lasting and a cheap way to
control malaria. However, its success lies on proper knowledge of the biology of vectors
especially plant-feeding behaviour. Information acquired from this study will lead to the
identification of plants, growing around human communities that affect the fitness and vector
competence of An. gambiae, thus affect malaria transmission. It is also hoped that
understanding plant-feeding behaviour of An. gambiae can lead to the possibility of using

sugar sources for its biological control. This study will also contribute to new ideas for

malaria vector control.

1.4 Hypotheses

a. Female Anopheles gambiae feed on plants at all stages of their adult life.

b. Anopheles gambiae have high feeding preference on some plant species.

c. Plant juices affect the fitness of Anopheles gambiae.

d. Some preferred plants diets affect the development of malaria parasites in the midgut of

infected mosquitoes.
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in culverts, in termite mounds, in caves, and among rock fissures and cracks in the ground.
Anopheles gambiae routinely rest within houses after a blood meal, and the choice of resting
sites can be influenced by microclimate (Fialho and Schall, 1995). They usually aggregate at
particular sites within houses such as dark crevices, the inside of the roof and under furniture

(Gillies and De Meillon, 1968).

2.4.3.5 Oviposition behaviour of Anopheles gambiae

Generally after blood feeding, the female Anopheles usﬁally produces a brood of eggs, the
process known as gonotrophic concordance. It has been found that the smaller females
require multiple blood meals in order to produce their first batch of eggs (Lyimo and Takken,
1993). Anopheles gambiae is discriminative in its oviposition behaviour (Muirhead-
Thomsom, 1945). Its preferred larval habitats are fresh water pools that are generally small,
transient and sunlit, devoid of vegetation and often turbid with moderate temperature
(Service, 1993). Oviposition tendency might therefore be related to location and availability
of such sites. Oviposition behaviour can be both complex and highly specific, and various

physical and semiochemical factors affect the choice of oviposition site (Sumba, 2004).

2.4.3.6 Aestivation

A number of Anopheles mosquitoes have a resting phase known as aestivation. This is
similar to hibernation which enables them to survive adverse seasonal climatic conditions. In
the case of An. gambiae, this important malaria vector and members of this complex can
survive during adverse conditions by aestivating indoors for several months (Gillies and De

Meillon, 1968; Omer and Cloudsley-Thompson, 1970). It is normally the fertilized females
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that are found in this phase. The site selected is usually a dark and cool place, like caves
(Gillies and De Meillon, 1968). The female becomes immobile and does not blood-feed, her
oviposition activity is completely suspended during this time. This situation would help to
explain the fast reappearance of An. gambiae after the start of the rains. In Africa, females in

this state are quite able to survive throughout the adverse dry season.

2.4.3.7 Foraging behaviour

2.4.3.7.1 Sugar feeding

a. Dependence on sugar

The extensive studies on blood-feeding should not obscure the fact that feeding on sugar rich
foods is an integral part of mosquito life history. Sugar is the basic food of adult mosquitoes
(Foster, 1995). It is the only source of nutrition for males and contributes substantially to
energy requirements of female mosquitoes. In general, in many mosquito species, both male
and female mosquitoes sugar-feed soon after emergence and continue this behaviour
throughout adulthood (El-Akad, 1989; Haramis and Foster, 1990; Foster, 1995; Foster and
Takken, 2004). In the case of An. gambiae females, sugar-feeding practices in that species
have been controversial. Some authors have reported that they feed exclusively on blood
because no females appeared to contain any fluid in the oesophageal diverticulum at the time
of biting or when resting (Gillies, 1968), and that An. gambiae must rarély take sugar meals
in the wild although it would do so freely in the laboratory (Muirhead-Thomsom, 1951). But
McCrae (1968) and Laarman (1968), from field observations concluded that sugar feeding
was part of their life and strongly supported the view that sugar-feeding activity in
mosquitoes resulted from purposive appetitive behaviour showing distinct circadian rhythms

and was not simply the result of chance encounter of nectar sources in the course of random
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(WHO, 2006). Artemisinin-based combination therapy (ACTs) are the recommended
treatments for uncomplicated falciparum malaria, artesunate, artemether and quinine for
severe malaria (WHO, 2006). But these new treatments are substancially more expensive and

not accessible to patients from many endemic countries.

2.5.2 Vector control
The vector control options that are currently available are: indoor residual and space

spraying, biological control, larviciding, environmental management, and personnal

protection (WHO, 1995).

2.5.2.1 Indoor residual house and space spraying

In the past, the use of chemical insecticides such as DDT and organophosphate insecticides
for indoor residual house spraying or space spraying was the method of choice for mosquito
control. However, because of the appearance of mosquitoes resistant to insecticides (Roberts
and Andre, 1994; Chandre ef al., 1999; Hargreaves et al., 2000), coupled with long-term
detrimental effects of chemical insecticides to non-target organisms and the environment

(Attaran and Maharaj, 2000; Zaim and Guillet, 2002), the past successes are now eroded.

2.5.2.2 Larviciding and biological control

Both larvicides and biological control are usually used for larval control. Larval control with
either chemicals such as temephos, phenitrothion, chlopyrifos or biological agents such as
Bacillus thuringiensis var israelensis de Berjac and Bacillus sphaericus Neide is a relevant

method of vector control if high proportion of breeding sites are accessible and of
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CHAPTER THREE: GENERAL MATERIALS AND METHODS

3.1 Study area

The study was carried out in Suba District, located along the shores of Lake Victoria in
western Kenya, Nyanza Province, a region where malaria is holoendemic. The residents are
fishermen and/or traditional farmers who live adjacent to the lake due to accessibility of fresh
water. Communities belong to the "Luo" ethnic group, and the predominant economic
activities are fishing and farming with the main crops being maize, sorghum and millet. Most
of the houses are made of mud and wattle walls roofed with corrugated iron sheets, with 4 to
5 occupants per house. The major mosquito vectors are, besides An. gambiae s.s. Giles, An.
arabiensis Patton, and An. funestus Giles (Petrarca et al., 1991; Minakawa et al., 1999,
Mutero et al., 1998) which yield an exposure rate ranging between 0 and 53.8 infectious bites
per person per month (Shililu ez al., 2003). In Suba, P. falciparum malaria is a leading cause
of morbidity, accounting for 50% of all illness clinically diagnosed at the local health centre
(Gouagna et al., 2004). There are two rainy seasons at Suba, the long rains (March to May)
and the short rains (October to November). Mean annual rainfall is 700-1200 mm and, means
minimum and maximum daily temperature are 17°C and 34°C respectively. Permanent, semi-
permanent and temporary breeding sites are widespread. Vegetation consists of a wide
variety of indigenous and introduced plants, flowers, shrubs, trees and bushes growing
especially along the Lake shores, the roads and human habitations. Around houses, an
average of 10 very common flowering plants is found. These included herbacious plants
Ipomoea hildebrandtie, Senna didymobotrya, Datura stramonium, Psiadia punctulata, Senna

bicapsularis, Cassia hirsuta, Flaveria trinervia, and Pathernium hysterophorus. Two
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3.2 Mosquito colony and rearing

All laboratory and semi-field tests were carried out with the laboratory-reared An. gambiae
s.s maintained at the Thomas Odhiambo Campus of the International Centre of Insect
Physiology and Ecology (ICIPE), Mbita Point (00°25°S, 34°13’E). The colony was originally
initiated from the adults collected in 1996 at Njage village (70 km from Ifakara) southeast
Tanzania (chapter 5) and from adults collected from Mbita Point (Chapters 6, 7 and 8). All
individuals were reared at ambient temperature and humidity, with adults being maintained
on a diet human (chapters 5 and 6) or rabbit (to adapt them for feeding on artificial parafilm
membrane) (chapters 7 and 8) blood meals (three times per week), and continual glucose (6%
solution) on filter paper. Three days after each blood meal, oviposition cups were placed with
the females. Eggs were collected the following day and then dispensed into plastic pans (25
cm long x 20 cm wide x 14 cm high). Using fresh filtered water collected from Lake
Victoria, these pans were filled to a depth of 8 cm. Upon hatching, larvae were kept in these
pans at densities of 100-150 per tray and were fed fish food (Tetramin®) three times per day.
Pupae were collected daily and kept in mesh-covered cages (30 x 30 x 30 cm). Wet cotton
pads (distilled water) were kept on the top of each cage. The adults (both females and males)
used for the experiment were newly emerged (chapters 6, 7, and 8) or maintained only on

water alone, without access to blood and sugar until 2 days old (chapter 5).

3.3 Anthrone test
Cold Anthrone test (Van Handel, 1972) was used in Chapters 4, and 5 to determine the
presence of fructose (main monosaccharide unique to plant sugar) in the mosquito crop.

Therefore, 380 ml of concentrated sulfuric acid was carefully poured into 150 ml distilled
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3.4.4 Sample analysis

After trimethylsilylation, analyses were performed on a Hewlett Packerd (HP) 5890 series II
gas chromatograph, equipped with a split-less injector system, a 50 m x 0.2 mm (i.d.)
crossed-linked methylsilicone (0.33 um film thickness) capillary column, and FID coupled to
HP 3393 A Series Il integrator. The carrier gas was nitrogen, with flow set at 0.005 ml/min.
The initial temperature (100°C) was increased 30°C/min until 170°C and then 2°C/min until
210°C, followed by 50°C/min until a final isothermal temperature of 280°C that was
maintained for 30 min.

The derivitized sugar standards were diluted by a factor of 40 with dichloromethane (DCM
99.9+ %, PRA grade) and the derivitized plant sugars were diluted by the same solvent (3
parts of the reactive mixture and 1 part of the solvent). Derivitized extracts from mosquitoes
were analyzed without dilution. One microlitre of each sample was injected into the gas
chromatograph. DCM was used as solvent to clean syringes between samples. It was
concluded that the sugar meal of the mosquito had been identified when the profiles of
extracts from mosquitoes matched the sugar profile of extracts from particular plant species.
Plant-derived sugars were identified by comparing retention times of sugar standards with
those present in the plant extracts. Quantification of different plant sugars (Chapter 6) was

done by using the peak area of each sugar standard with peak area of plant sugars and all the
dilution factors into the following formula: (Peak area of sample/Peak area of standard) x

(quantity of sugar standard injected).
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4.2.4.2 DNA amplification and Electrophoresis

Extracted DNA template was suspended into 100 pul of Tris-EDTA. The PCR reaction mix
was prepared in a total volume of 14 pl as follow: 10 x PCR buffer (1.5 pl), SmM of dNTP-
mix (0.6 ul), 2.5 mM MgCL, (1.8 pl), Tag™ (0.075 ul), 12.5 ng ml™ universal primer (0.6
ul), 6.25 ng ml™* An. gambiae primer (0.6 pl), 18.75 ng ml" An. arabiensis primer (0.6 pl),
12.5 ng ml™ An. merus primer (0.6 pl), 25 ng mI™ An. quadriannulatus primer (0.6 pl); 1 mg
ml™ BSA (1.5 pl), plus ddH,0 (5.525 ul).

PCR reaction mix (14 pl) was distributed into PCR tubes. DNA template of 1 ul was added
to the corresponding PCR mix and labelled. The samples were loaded into PCR machine
with the controls. The PCR products (15 pul of PCR product containing 3 pl of agarose dye)
were electrophorosed at 180 v in an electrophoresis unit containing TAE (running buffer),

and stained with ethidium bromide for 20 minutes. The lanes were visualized and scored.

4.2.5 Data analysis
Data were analyzed using Statistical Analysis System (SAS, version 8.2). Chi-square test was
used to compare the proportions of mosquitoes containing fructose among the different

species, sites of collection, seasons and physiological status and age. For all tests, o. was 0.05.
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4.3 Results

4.3.1 Proportion of plant-feeding Anopheles

A total of 870 Anopheles s.1. was collected from January-May 2003 in the study area, in
which 307 (35.3%) were An. gambiae s.s., and 563 (64.7%) were An. arabiensis. Out of the
Anopheles collected, 109 (12.5%) were positive for fructose. There was no significant
difference in the proportion of fructose positive females for all the two species (x* = 0.01, df
=1, P = 0.90); 12.7% (39/307) fructose positive An. gambiae s.s. and 12.4% (70/563)

fructose positive An. arabiensis.

4.3.2 Seasonal variation in plant-feeding

A total of 657 mosquitoes were collected during the wet season and 213 during the dry
season. The proportionl of fructose-positive females (i.e., species total) was similar between
the 2 seasons (> = 3.71, df = 1, P = 0.06). Figure 4.1 shows the proportion of fructose-
positive females of each Anopheles species per season. Females of An. gambiae s.s. sugar-
fed equally on plants during the dry and wet seasons (x* = 0.04, df = 1, P = 0.84). The same

was found for An. arabiensis (x*=1.93, df =1, P =0.16).
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Table 4.1 Percentages of mosquitoes positive for fructose in each Anopheles species, collected less than 200m from larval habitats and
more than 200m from larval habitats during dry and wet seasons.

Anopheles species Percentage fructose-positive mosquitoes (%)
Dry season Wet season Dry +Wet seasons
<200m >200m < 200m > 200m <200m >200m
An. gambiae s.s. 10.7 (3/28) 18.7 (3/16) 11.1 (22/199) 17.1 (11/64) 11.0 (25/227) 17.5 (14/80)
An. Arabiensis 11.1 (7/63) 17.9 (19/106) 9.5 (31/325) 18.8 (13/69) 9.8 (38/388) 18.3 (32/175)
Total 11.0 (10/91) 18.0 (22/122) 10.1 (53/524) 18.0 (24/133)  10.2 (63/615) 18.0 (46/255)
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4.4 Discussion

This study evaluated plant-feeding practices in wild populations of Anopheles s.I. in Lwanda
village, western Kenya. Results obtained from this study showed that some indoor resting
females An. gambiae s.s and An. arabiensis contained fructose in their crops, indicating recent
plant-feeding. The frequency of plant-feeding was similar in the two species of the An.
gambiae complex collected during both the dry and wet seasons, and in mosquitoes at all
physiological stages and ages. However, the proportion of fructose-positive of the indoor
resting An. gambiae s.1. collected (12.5%) in Lwanda, western Kenya was low and similar to
that found by Beier (1996) in Kisian, western Kenya (10.4%), but greater than that observed by
Beier (1996) in Saradidi, western Kenya (4.3%). This difference of fructose-positive in
mosquitoes between Lwanda and Saradidi areas may reflect a number of factors that may
influence mosquito plant-feeding in the wild, such as climate, availability of flowering plants
(Martinez-Ibarra et al., 1997), and availability of vertebrate hosts (Van Handel ez al., 1994). In
the present and previous studies on An. gambiae species, the low percentage of fructose-
positive females obtained could be explained by the fact that, mosquitoes were tested for
fructose, a plant sugar that is completely converted to other carbohydrates and lipids after it
leaves the crop. Therefore, the method used only detects recently plant-fed mosquitoes, and
can not give a real picture of the frequency or the rate of sugar feeding by female mosquitoes
in nature. Secondly, the collection time may also have had an influence because mosquitoes
were collected in the moming when resting indoor, and most of them may had spent their night

inside houses and may already had digested their sugar.
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In the present study, the percentages of plant-fed mosquitoes were similar in the two Anopheles
species (P = 0.91), suggesting that the propensity of feeding on sugar may be similar in all
mosquito species when sharing the same ecosystem. These two Anopheles species have
probably adapted similar plant-feeding behaviours. There may be a case of parallel evolution,
of the sugar-feeding strategies, given the two species are sympatric in this area of Kenya.
Similar results were reported by Beier (1996) on An. gambiae s.l. and An. funestus in Kisian
and Saradidi, also in western Kenya. Russel and Hunter (2002) also reported similar results on
other mosquito species Ochlerotatus canadensis and Ochlerotatus provocans feeding on nectar

and honeydew in Algonquin Provincial park, Ontario, Canada.

The frequency of plant-feeding was similar during both seasons in all the two Anopheles
species tested (P = 0.06), indicating that there is probably no sugar-feeding appetitive season,
However, Van Handel ef al. (1994), and Costero et al. (1998) in their studies on Aedes, found
seasonal differences in sugar feeding and or digestion of sugar meals. Martinez-Ibarra et al.
(1997) on Ae. aegypti, and Schiein and Jacobson (1999) on the sand fly Phlebotomus papatasi,
a non mosquito species, indicated that sugar feeding was strongly influenced by the availability
of specific flowering plants. The presence of plants may increase the incidence of sugar
feeding in nature. Although plant growth is always negligible during the dry season, in this
study area, which is located on the shores of Lake Victoria, plants remain verdant during the
dry season, therefore available as sugar sources to mosquitoes. This can probably explain the

results obtained in this study.
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CHAPTER FIVE: IDENTIFICATION OF PREFERRED PLANTS OF ANOPHELES
GAMBIAE IN A MALARIA ENDEMIC AREA OF WESTERN KENYA

5.1 Introduction

Plant-derived sugars appear to be the primary food source for male mosquitoes (Clements,
1999). Emphasis is usually placed on the female mosquito’s avidity for blood meals (Gillett,
1971; Klowden, 1995), because it is this habit that mediates disease transmission. Nevertheless,
plant-derived sugars also feature in the diet of female mosquitoes (Yuval, 1992; Foster, 1995),
because it provides for their immediate energy needs. The role of plant-derived sugars in the
biology of the mosquito An. gambiae Giles (Diptera, Culicidae) is of particular interest because
females of this mosquito are the major vectors of Plasmodium falciparum in tropical Affica,
the parasite that causes the most severe form of human malaria (White, 1974; Service, 1980;

Collins and Paskewitz, 1995).

Adult mosquitoes may take sugar meals from various sources, including floral and extrafloral
nectaries, honeydew, sap, rotting or damaged fruits and leaves and discarded plant materials
such as sugar-cane trash (Foster, 1995). However, the primary source of plant-derived sugars
for most mosquitoes is assumed to be nectar from flowers and extra-floral nectaries, with
numerous plant species having been implicated (Sandholm and Price, 1962; Grimstad and
DeFoliart, 1974; Magnarelli, 1977, 1978). Other than the observations of McCrae ef al. (1969,
1976) and McCrae (1968, 1989), nothing is known of the preference, if any, mosquitoes may
have for feeding from particular plant species common in malarious areas of Africa. Given that

mosquitoes are dependant on nutrients from plants, an important question is how the mosquito-
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needed, cuttings (branches with inflorescences) were obtained and taken to the laboratory for

testing with mosquitoes, care being taken not to damage the inflorescences.

5.2.3 Mosquitoes

Laboratory colony of An. gambiae s.s. mosquito Ifakara strain reared as described in Chapter 3
was used. Newly emerged adult female and male mosquitoes used for experiments were
maintained only on water (they were not given blood meals and they had no access to sugar)

and exposed to plants when they were 2-days old.

5.2.4 Choice arena bioassay

The arena was a large (3.5 x 3.5 x 2.0 m high) mesh-covered cage placed in a screen-walled
hazard-proof greenhouse (11.5 m x 7.1 m) (glass roof with a layer of reed mats to prevent
temperature extremes). Cuttings (weight 45 — 50g) from each of the 13 plant species were used.
Each was being held in a 500-mi Erlenmeyer flask filled with distilled water, plugged with
cotton wool and, sealed with Parafilm® to deny the mosquito access to the water.

Using a Latin square design (13 x 13), mosquitoes inside the cage were tested during each trial
with all 13 plant species present in the cage at the same night and equidistant one another (95
cm). Trial done each individual night was a single replicate and for each replicate, we used
fresh cutting of the same plant. In addition, the experimental set up of each replicate was varied
by randomly changing the position of the plant material in the cage every night to avoid any
positional or neighbouring bias. The experiment was replicated 39 nights (3 blocks). In each
block, a combination of 13 plants was presented in random order per night over 13 nights.

Thus each plant was assigned 3 times to all the 13 positions inside the cage, providing 39
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combined. The average percentage positive for fructose per replicate was 56 + 2.6%.

Significantly more females (68 = 2.6%) than males (44 + 3.2%) tested positive for fructose ( yf

=45.92, df=1, P <0.001) per trial.
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Fig. 5.1 Mean percentages (mean % standard error) of An. gambiae that were perching
(resting on plant) per experimental night in the choice assay. Means sharing the same letter
are not significantly different at Tukey-Kramer test.















66

5.3.3 Gas-chromatography analysis

5.3.3.1 Standards

The purity of most standards was greater than 95%, and most standard sugars had a single main
peak and several small peaks representing different isomeric forms (Fig. 5.5). The fructose
standard, however, gave four peaks, at 29.0 min (16%), at 31.2 min (24.0%), at 31.5 min

(49.2%), and at 30.4 min (9%), indicating isomerisation during derivitization.

FID response

Retention time (mins)

Fig. 5.5 Chromatogram of MSTFA sugar derivatives from mixed sugar standards. Letters on top or
down of peaks represent different types of sugars.

Legend a= Fructose, b= Sucrose, c= Galactose, d= Mannose, e= Gulose, f= Raffinose, g= Glucose, h= Allose,
i= Altrose, j= Lactose

FID = Flame ionization detector
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Table 6.1 Average longevity (median and mean + SE), and range in days of adult mosquito An. gambiae when provided with various
nutrition sources under semi-field conditions: pooled data for 6 replicates of approximately 50 mosquitoes.

Nutrition regime N Median (days) ~ Mear® (days) +SE Range (days) (C-T)/C P
Glucose (6%) 300 16.0 17.1a 04 2.0-35.0 0.00* NA
T. stans 294 12.0 134b 0.5 2.0-55.0 0.18* 0.06
S. didymobotrya 278 11.0 11.6¢ 0.3 2.0-340 0.30* 0.03
R. communis 293 10.0 114c¢ 0.4 2.0-37.0 0.32° 0.01
H. patens 288 7.0 7.7d 0.3 2.0-32.0 0.50° 0.001
L. camara 286 6.0 72d 0.2 2.0~-26.0 0.58" <0.001
P. hysterophorus 290 4.0 4.7 e 0.2 2.0-260 0.72° <0.001
Water 297 3.0 38¢ 0.1 2.0-12.0 0.77° <0.001
Starved 296 3.0 30e 0.0 2.0-6.0 0.80° <0.001

N, total number of mosquitoes tested; SE, Standard error.

(C-T)/C is [(Control glucose-Treatment)/Control glucose] and represents the average effect of each treatment on survival of
mosquitoes relative to the control, glucose.

* Reference group

SMeans with different letters are significantly different as determined by SNK test for multiple comparison at o = 0.05.
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Table 6.2 Means (+ SE) survival in days and sex differences between survival curves of adult male and female An. gambiae
mosquitoes placed in cages with various nectar sources in semi-field conditions: pooled data for 6 replicates of approximately 25
males and 25 females.

Nutrition regime Males (N) Females (N) (C)* P Longer survival
Means + SE Means + SE
Glucose (6%) (148) 17.3+0.6 (151) 17.2+£0.6 0.004 0.94 No difference
T. stans (145) 14.2+0.8 (154) 13.2+0.6 0.89 0.34 No difference
S. didymobotrya (131) 11.9+£0.5 (142) 11.4+0.5 0.01 0.88 No difference
R. communis (143) 10.9+0.5 (142) 12.6£0.6 3.07 0.07 No difference
H. patens (136) 8.1+0.4 (150) 7.4£0.4 0.88 0.34 No difference
L. camara ' (149) 7.6+0.3 (145) 6.7+0.3 2.93 0.08 No difference
P. hysterophorus (138) 4.7£0.3 (141) 4.7£0.3 0.002 0.96 No difference
Water ’ (148) 3.8+0.1 (149) 3.8+0.1 0.01 0.90 No difference
Starved (144) 2.9+0.07 (143) 3.1+0.07 2.58 0.10 No difference

* Test statistic for log-rank analysis: survival distribution comparison between male and female mosquitoes in each respective
nutrition regime. P is the probability indicating the level of significance of the difference between the survival distribution of both
sexes. N is number of mosquitoes tested, SE is standard error.
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Table 6.3 Means number of eggs developed, retained and laid by individual laboratory-reared female An. gambiae that were offered
various nutritional regime and three consecutive blood meals, average percentage of eggs hatching into larvae per group, and percentage of
mosquitoes that oviposited per group: pooled data for 7 replicates of approximately 15 females each.

Nutritional N Eggs Eggs retained  Eggs laid % eggs % mosquitoes % mosquitoes P
regime developed Mean + SE Mean + SE hatched ovipositing ovipositing

Mean + SE (per female (per female Mean + SE Mean+ SE (C-1)/C

retaining) laying)

Glucose (6%) 117  76.5+3.5ab 60.4 £52a 77.0 £ 4.6ab 67.4+12a 71.2+6.7a 0* NA
T. stans 115 63.4+3.1ab 50.1+4.0a 67.4+3.9ab 69.0 + 6.8a 69.2+ 6.7a 0.02a 0.85
S. didymobotrya 115 70.1+3.2ab 63.1+5.0a 68.0 + 4.2ab 61.9+33a 64.5+ 6.82a 0.09a 0.78
R. communis 90 782+3.7a 67.4+55a 793 x4.7a 583+77a 60.5+ 7.3a 0.15a 0.75
H. patens 95  66.0+3.5ab 60.5+4.5a 67.7 = 5.8ab 67.3+9.1a 46.8+ 8.0ab 0.34b 0.46
L. camara 82  70.6+3.8ab 65.0+5.8a 75.6 £ 5.1ab 67.8+4.1a 40.2+ 7.6b 0.43b 0.03
P. hysterophorus 80 60.4 +3.6b 53.7+6.1a 578 +4.1b 34.4+49a 39.1+ 10.7b 0.45b 0.02
Water 69 60.7 +£3.9b 67.2+4.8a 58.5+6.1b 61.6+174a  27.5+6.8b 0.60c 0.007

N, number of mosquitoes tested. SE, standard error.
(C-T)/C is [(Control glucose-Treatment)/Control glucose] and represent the effect of each treatment on the percentage of mosquitoes
ovipositing relative to the control glucose.

* Reference group

Any two means sharing a letter in common are not significant at 5% level of significance (SNK test).
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Table 6.5 Sugars present in plant species and quantity in 1 mg of dried plant parts extracts, and
correlation between each sugar, total amount of sugars in the preferred plants and median survival times of mosquitoes.

Plants Plant parts  a-D-Glucose B-D-Fructose Sucrose  D-Mannose D-Gulose D- D-Raffinose D-Altrose  D-Allose Total % sugar
(ug) (1) (ug) (ug (ug Galactose (ug) (ug) (ug) (ug) types
(vg)
H. patens Flower 5.1 0 12.8 3.0 0 0 0 0 0 20.9 33.3
Leaf 0 0 0 0 0 0 0 0 0 0 0
L. camara Flower 43.8 30.6 24 8.6 134.6 0 0 0 0 220 55.5
Leaf 4.6 0 0 0 0 0 0 0 0 4.6 1.1
R. communis Flower 23.3 0 0 22 0 0 0 0 0 25.5 22.5
Stem 73 15.2 0 0 0 0 0 0 0 22.5 225
Leaf 0 0 0 134 124 0 0 0 0 25.8 225
S. didymobotrya  Flower 78.8 5.4 2.5 14.8 110.8 7:3 0 0 0 219.6 66.6
Leaf 24 10.5 1.1 0 38.9 0 0 0 0.9 53.8 55.5
P, Flower 0 0 0 0 0 0 0 0 0 0 0
hysterophorus Leaf 0 0 1.2 0 0 0.8 0 0 0 2 22.2
T. stans Flower 58.5 161.7 0.3 3.9 263.3 0 ’ 395 14.5 0 506.2 77.7
Leaf 2.0 0 - 0 0 0 0 -0 0 . 0 2.0 11.1
r 0.94 0.97 -0.30 0.60 0.97 0.11 ‘0,70 0.70 0.35 1
Probability 0.003* 0.04* 0.62 0.28 0.004* 0.85 0.18 0.18 0.55 <0.0001*

r is Spearman coefficient of correlation, * probability significant at a = 0.05 (significant association of sugar with survival)
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The present study also showed that the effect of P. hysterophorus on the malaria parasite
varied with the gametocyte densities of the feeds. A total inhibition of the parasite
development was obtained only when mosquitoes were infected with less than 200
gametocytes /ul of blood, and a partial inhibition \yith higher gametocyte densities. Although
the implication of the gametocyte densities as controlling infection have been controversial,
Graves (1980), Boudin ef al. (1989) and Tchuinkam et al. (1993) found that there was a
relation between high gametocyte densities and success of infection. The present study also
showed a positive correlation between gametocyte densities and oocyst prevalence (P <
0.01). The lethal effect of P. hysterophorus may therefore be parasite density dependant in

the mosquito midgut.

In the present study, significant variation in oocyst prevalences and intensities was observed
during intermittent plant/glucose exposure, each given at different times in relation to
infection, suggesting that the deleterous effect of a plant species on P. falciparum varies
depending on the time mosquitoes were allowed to feed on it. In all cases, the deleterous
effects of plants on P. falciparum was optimal when mosquitoes were allowed to feed on
plants throughout, but reduced when glucose was also part of the mosquitoes meal, given
either before infection or after. However, in such cases, the lethal effect was higher when
mosquitoes were exposed to plants after infection compared to before infection. The same
tendency of plant effects was observed in a study on sandfly when post infection plant diet
caused high impaired infection compared to preinfection feeding (Schlein and Jacobson,
1994). These results suggest that the possible harmful components of the sugar meals may

affect specific stages of the parasite sporogonic cycle. Alternatively, the long duration of the
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such as temperature, humidity (Okech ez al., 2004). Other important factors which can affect
these stages in the midgut are sugar meals ingested by mosquitoes from plants. These plant
substrates are also directed to the mosquito midgut (Schlein and Muller, 1995), and may
either compete with the parasites in any stage of their development for various receptors or
simply lyse or agglutinate them. However, knowledge is lacking on the stage-specific targets

of these plants on the early P. falciparum sporogonic development in the mosquito.

8.2 Materials and Methods
8.2.1 Study area

The study was conducted in Suba District. The study area is described in Chapter 3.

8.2.2 Mosquitoes
Mosquitoes used in this study were female An. gambiae s.s. mosquitoes Mbita strain, reared

as described in Chapter 3 and adapted for the ability to feed through Parafilm® membrane.

8.2.3 Plants

Four plant species were used in this study: Ricinus communis L., Lantana camara L., Senna
didymobotrya ¥., and Pathernium hysterophorus L. They were identified in Chapter 7 as
reducing infection rate and parasite intensity (L. camara, S. didymobotrya and P.

hysterophorus).
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magnification of x100 using the x10 objective lens. Because pool mosquitoes were used for
macrogametes and ookinetes enumeration, macrogamete and ookinete prevalences could not
be estimated. Macrogamete and ookinete intensities were calculated as the total of
macrogametes and the total of ookinetes divided by the number of mosquitoes in the pool.
The intensity of oocyst infection was defined as the total number of oocysts counted on
infected midguts. The average oocyst intensity was calculated by dividing the total number of
oocysts on the infected mosquito midguts by the total number of infected mosquitoes in each

experimental group and is expressed as the number of oocyst per mosquito midgut.

8.2.7 Data analysis
Infection outcome variables included macrogamete intensity, ookinete intensity, oocyst
intensity and the overall mortality coefficient (k) for parasites as they developed from

gametocytes to oocysts via the gamete and ookinete stages (Vaughan et al., 1992; Gouagna ef

al., 1998).

Comparisons of the mean intensities of macrogametes, ookinetes and oocysts were calculated
using analysis of variance (ANOVA) in SAS version 8.2 for Windows® and means were
separated using LSD (least significant difference). The loss in parasite numbers was
estimated by a population mortality coefficient (k), representing the differences between
intensities at 2 consecutive stages. These were calculated for the transitions in early parasite
development from macrogametocytes to macrogametes (k-1), macrogametes to ookinetes (k-
2) and ookinetes to oocyts (k-3), as previously described (Vaughan ef al., 1992; Gouagna ef

al., 1998), where k-1 represents logo (macrogametocytes) minus log)o (macrogametes), k-2
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represents logio (macrogametes) minus logie (ookinetes), k-3 represents logio (ookinetes)
minus logio (oocysts), whereas overall mortality , K, is the sum of 4-1, k-2 and &-3. The
antilog of K gives a quantitative measure of the magnitude of that loss (Vaughan ef al., 1992,
1994). However, this may sometimes be represented by parasite yield, ¥, which is the inverse

of the antilog K, expressed as a percentage.

8.3 Results

For this study, 22 gametocyte carriers successfully infected mosquitoes. A total of 11946
mosquitoes were dissected, oocyst detection was done on an average batch size of 32
mosquitoes dissected per replicate and per experimental treatment, and batches of 5
mosquitoes were dissected for macrogametes and ookinetes per replicate and per treatment.

The average gametocyte density per carrier was 275.80 gametocytes/ul of blood.

Data on the mean parasite intensities (macrogametes, ookinetes and oocysts) per infected
mosquito in all treatments (feeding time) of each plant tested are presented in Fig. 8.1, 8.2,
8.3 and 8.4 respectively for R. communis, L. camara, S. didymobotrya and P. hysterophorus.
When mosquitoes were allowed to feed on R. communis at different times in relation to
infection, and on the control glucose, there was no variation on the macrogamete (F = 2.15,
df =3, P =0.09), ookinete (F = 1.89, df =3, P =0.13) and oocyst (F = 1.86, df =3, P =0.13)
intensities per infected mosquito (Fig. 8.1).

In the case of L. camara, macrogamete, ookinete and oocyst intensities varied significantly
across treatments. Macrogamete and ookinete intensities were significantly low when

mosquitoes fed on the plant preinfection (F =3.45, df =3, P=0.01) and (F= 113, df=3, P
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Fig. 8.2 Mean parasite intensities + SEM of macrogamete (grey bars), ookinete (dotted bars)
and oocyst (clear bars) in the midgut of experimentally infected An. gambiae dissected 30
min, 24h and 7 days post infection, respectively, and fed on glucose throughout (Glucose-
Glucose), on Lantana camara preinfection only (Plant-Glucose), postinfection only
(Glucose-Plant) and throughout (Plant-Plant).
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P. hysterophorus
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Fig. 8.4 Mean parasite intensities = SEM of macrogamete (grey bars), ookinete (dotted bars)
and oocyst (clear bars) in the midgut of experimentally infected An. gambiae dissected 30
min, 24h and 7 days post infection, respectively, and fed on glucose throughout (Glucose-
Glucose), on Pathernium hysterophorus preinfection only (Plant-Glucose), postinfection only
(Glucose-Plant) and throughout (Plant-Plant).
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In S. didymobotrya, parasite loss in the transition macrogametocyte-macrogamete (k-1) was
statistically comparable in all the groups (F = 5.45, df = 3, P = 0.13). A significant loss in the
transition macrogamete-ookinete (k-2) (F = 5.81, df = 3, P = 0.008) was obtained in all the
treatments where mosquitoes were exposed to the plant preinfection. A significant loss was
obtained on the transition ookinete-oocyst (k-3) when mosquitoes were exposed to the plant
postinfection (F = 87.07, df = 3, P < 0.001). However, the highest overall lost was obtained
when the plant was given to mosquitoes throughout (pre and post infection) and the lowest

was obtained on mosquitoes which fed on the control glucose throughout (F = 11.76, df = 3,

P < 0.001).

In P. hysterophorus, parasite loss in the transition macrogametocyte-macrogamete (k-1) was
statistically comparable in all the groups (F = 1.85, df =3, P = 0.13). A significant loss in the
transition macrogamete-ookinete (k-2) (F = 62.34, df = 3, P < 0.001) was obtained in all the
treatments where mosquitoes were exposed to the plant prior to infection. A significant loss
was also obtained on the transition ookinete-oocyst (k-3) when mosquitoes were exposed to
the plant postinfection (F = 56.78, df = 3, P < 0.001). However, the highest overall lost was
found on mosquitoes which were exposed to the plant throughout the experiment and the
lowest was obtained on mosquitoes which fed on the control glucose throughout (F = 41,59,

df =3, P <0.001).
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Restricting analysis to the effect of plants and time of plant-feeding on the different stages of
the sporogonic cycle of P. falciparum in An. gambiae; this study has for the first time
quantitatively examined against which transition stages, during the mosquito phases of
parasite development , plant substrates exert their action. The targets of plant substrates and
time of plant-feeding on parasite development efficiency were assessed directly by
quantifying the number of parasites at successive stages when they develop from
gametocytes to oocysts within the vector. Apart of physiological and immunological factors
from mosquitoes and human host that have been reported to affect the transition
macrogamete-ookinete (Quakyi et al., 1987; Healer et al., 1997, Lensen et al., 1997), the
identification of the transition macrogamete-ookinete as first target of plant substrates, when
mosquito fed on plants before infection, suggests the presence of compounds from plants that

suppress the macrogametes fertilization, prevent ookinetes formation, agglutinate or lyse

them.

The identification of ookinete-oocyst transition as second target of plant substrates when
mosquito fed on plants after infection appeared evidenced. Naturally, the development from
ookinetes to oocysts can be strongly impaired by the necessity for ookinetes to cross the
peritrophic matrix and the midgut wall (Huber e? al., 1991; Sieber et al., 1991; Billingsley
and Rudin, 1992; Shahabuddin, 1998). In the case of this study, it is possible that plant
substrates might have prevented effective crossing of the peritrophic membrane by ookinetes.
An initial requirement for penetration is the presence of appropriate receptors and ligands on

the membrane cells (Leake, 1992; Billingsley, 1994). Compounds from plant substrates may
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largely on collections of indoor resting and biting females that either contained no fluid in
their crops (Gillies, 1968) or mostly tested negative for fructose (Beier, 1996), a plant sugar
that is completely converted to other carbohydrates and lipids after it leaves the crop.
However, the present study indicates that sugar-feeding is probably a natural behaviour of
females of this mosquito species in the wild, because females fed on plants even when the
human host was readily available. There was no seasonal variation on the proportion of
fructose positive females, but Van Handel et al. (1994) and Costero et al. (1998) found
season difference on sugar-feeding on Aedes. The proportion of fructose-positive females
was similar at all the gonotrophic status. These results confirmed those of previous studies in
some Culex and Aedes species (Nasci and Edman, 1984; Reisen et al., 1986; Anderson and
Jaenson, 1987), and are opposed to others (Edman ef al., 1992; Yee and Foster, 1992; Yee et
al., 1992; Holliday-Hanson et al., 1997). Similar results were obtained in nulliparous and
parous mosquitoes, similar to those reported on species of Culex and Aedes (Martinez-Ibarra
et al., 1997, Anderson, 1990; Haramis and Foster, 1990) but opposed to other studies on
some species of these genera (Magnarelli, 1977; Vargo and Foster, 1984; Anderson and
Jaenson, 1987). However, in this study An. gambiae plant-fed more when they moved far
from larval habitats. This study therefore suggests that plant-feeding is undertaken by
mosquitoes to satisfy their energy requirements at any particular time. Its expression may be
species specific, molded by the environment in which a species evolved and modulated by

hierachical interactions with other physiological and behavioural processes.

Differences on the feeding responses of An. gambiae on the 13 candidate plants tested were

observed in this study. Both choice and no-choice arena bioassays coupled to GC analysis of
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sugar signatures of plant-fed mosquitoes and plants extracts showed a preferential feeding
pattern of An. gambiae on plants, with 4 plants species (P. hysterophorus, R. communis, T.
stans, and S. didymobotrya) consistently ranking high and H. patens in two out of the three
methods. These results indicated that mosquitoes are selective in choosing a host plant for
feeding, and confirmed previous observations on other mosquito species (Sandholm and
Price, 1962; McCrae et al., 1969, 1976); McCrae, 1968, 1989; Andersson and Jaenson,
1987). Mosquitoes fed primarily on flowers of the plant tested, but feeding was also observed
on the leaves and stems of some plant species (P. hysterophorus, L. camara and R. communis
respectively), confirming previous observation by Impoinvil ez al. (2004) on An. gambiae
feeding on droplets (extrafloral nectar) from the stem of R. communis. Except for one plant
species (P. hysterophorus), flowers of all the plant tested contained more sugar types
identified than leaves. This probably explained why flowers were more preferred for feeding
than leaves. However, in L. camara, leaves were mostly fed on despite the floral part being
rich in sugar, probably because of the long corolla of the flower which could prevent the

mosquitoes to access the nectar.

Apart from one preferred plant species (P. hysterophorus), fitness benefits in terms of
survival and fecundity were observed on An. gambiae fed on the preferred plants as opposed
to those which fed on one of the least preferred plant (L. camara). These observations
support the evolutionary theory which predicts that those that are preferred should provide
better fitness than those that are less preferred. The study also showed a positive correlation
between sugar quality and quantity in preferred plants and survival and fecundity, with 3

sugar types (glucose, fructose and gulose) particularly important. Previous studies (Gary and
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Foster, 2004; Impoinvil ef al., 2004) also found that survival of Aﬁ. gambiae in plants was
correlated with the intensity of anthrone coloration, indicating the amount of fructose in the
plant. However, this study has the merit of identifying particular sugars important for
mosquito survival. The results of this study also indicated that if offered less preferred plant,
mosquitoes could replace sugars with the increased blood meals without suppressing their
reproductive fitness. This will consequently increase human biting rate. Survival and biting
rate being important coefficients of the vectorial capacity equation, the availability of some

plant species in nature will therefore impact on the malaria transmission.

This study also investigated the effect of plants on P. falciparum development in An.
gambiae. When mosquitoes infected with P. falciparum gametocytes fed continuously on
different plant species, 4 plants species ((L. camara, S. didymobotrya, R. communis and P.
hysterophorus) significantly reduced the prevalence of mosquitoes becoming infected, with
the last two having the highest effects. Studies on sandfly, a non mosquito vector also
observed mortality of Leishmania major in Phlebotomus papatasi caused by plant-feeding of
the sand flies (Schlein and Jacobson, 1994; Jacobson and Schlein, 1999). Three (L. camara,
S. didymobotrya, and P. hysterophorus) out of the four plant species which reduced infection
prevalences in mosquitoes also significantly reduced the intensities of parasites in the midgut
of the infected mosquitoes. Apart of the deleterious property on P. falciparum development
in the mosquito, the whole plant of L. camara also showed antimalarial activity (Oliver-
Bever, 1982). The highly significant adverse effect of P. hysterophorus on the parasite
development in An. gambiae may justify why this plant is preferred by that mosquito species

(Chapter S5) despite the poor fitness benefit (Chapter 6), and this may also justify feeding on
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APPENDICES
APPENDIX 1: RECRUITMENT OF GAMETOCYTE CARRIERS

INDIVIDUAL RECRUITMENT IFORMATION

Site/Location -—-—----—------ Date of screening: =-—---=e-—---— Serial Number -------=----

Identification code:

IDENTIFICATION
First Name: Surname:
Sex: Age: or Date of Birth
District: Locality:
Parent/Guardian:
CLINICAL PRESENTATION
ID number; ~-m=-emmmmmmmeme Weight: ----—=eemeem -- Body temperature -----—---=smm-mmeun
I-Major complains and symptoms: (yes = 1, No = 0)
Shiver ----—- Abdominal pain —------ Vomiting ----—-- Dhiarrea --—-—- Headache -----—-
Constipation —---— Convulsion -—--- Aching pains ---——- Cough —---— Asthnia -----—--
Fever -- Initial date of feverache Anemia
Previous druf history: date -------—------—- type of drugs --~-—----------—-- dosage ---------—-
(within the last two weeks)
Other complains and signs
1I- Parasitological presentation
Thick blood film (Positive = +, Negative = 0) ~~——n-=-=-- Species
Asexual parasitemia (relative) —-—-—-————--- (absolute) ~—---~-----—enmmm- parasite/mm’
Gametocytemia (relative) (absolute) gcts / mm’
TREATMENT
Drug: 1) dosage
2) dosage

Rendez-vous:
LABORATORY EXPERIMENTS
Blood collection (yes = ok, NO) -===-—----- —- Volume collected: mil

Experimental infections

Observations
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Appendix 1 continued
INFORMED CONSENT FORM FOR MINORS

Confidentiality: The medjcal information will be kept private and your blood sample that is fed to the
mosquitoes will have no bearing to you/your child’ name

Payment: Yowyour child will not receive any payment for your participation in this study. We may
however previde some moncy for your transportation costs and for meals if necessary.

| SR eeteeiaveennen ‘ .................. (name of parent/zuardian) being the fawful

parent/guardian for my child do hereby consent for the child

s Y £ B S 5 SRS § R 5 £ i AR Y to participate in the research project titled:

““Vector Competence of African Malaria Vectors’, -~

I have beed given the opportunity to ask questions concerning this project. Any such questions have been
answered to my full satisfaction. Shpuld any ‘further questions arise conceming the right of this child, I
may contact Dr. John Githure, the Major Foreign Collaborator, ICIPE, P.O, Box 30772, Telephone:
261680, Nairobi. : ;

I falso understand that I may revoke this consent at any time without penalty or Joss of benefits, if any.

e
s

Parent/Guardian signeture snd dute. ... ... .. S s Saes siEs Sl
T

a

3B 5 R

»

~

Village address .....c......ovene X PP ————— =4
Witness name, signatire and date.....voveirismriraceniiiiiraa e

Investigator’s name, signature and date.........ccooeirniiieiennieinn















