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Abstract

To investigate the impact of urban agriculture on malaria transmission risk in urban Accra larval
and adult stage mosquito surveys, were performed. Local transmission was implicated as Anopheles
spp. were found breeding and infected Anopheles mosquitoes were found resting in houses in the
study sites. The predominant Anopheles species was Anopheles gambiae s.s.. The relative proportion
of molecular forms within a subset of specimens was 86% S-form and 14% M-form. Anopheles spp.
and Culex quinquefasciatus outdoor biting rates were respectively three and four times higher in
areas around agricultural sites (UA) than in areas far from agriculture (U). The annual
Entomological Inoculation Rate (EIR), the number of infectious bites received per individual per
year, was 19.2 and 6.6 in UA and U sites, respectively. Breeding sites were highly transitory in
nature, which poses a challenge for larval control in this setting. The data also suggest that the
epidemiological importance of urban agricultural areas may be the provision of resting sites for
adults rather than an increased number of larval habitats. Host-seeking activity peaked between 2—
3 am, indicating that insecticide-treated bednets should be an effective control method.

Background

There has been a resurgence of interest in the problem of
urban malaria in sub-Saharan Africa in recent years [1-5].
Urban malaria is likely to increase in importance as rapid
urbanization will result in the majority of Africa's popula-
tion living in cities in the near future [6]. It is commonly
assumed that urbanization leads to a decrease in malaria
prevalence because it results in fewer Anopheles breeding
sites, reduced biting rates due to the higher ratio of
humans to mosquitoes [2], better access to treatment and
better (mosquito-proof) housing (overview in [7]). How-
ever, there is a concern that areas with rapid, unplanned
urbanization, typically associated with low income, poor

education, poor health care and poor housing/sanitation,
may not experience such marked decreases in malaria
transmission[1].

Urban malaria epidemiology will pose different chal-
lenges to those in rural areas [2]. One concern is that
urban agriculture, promoted to increase food security and
alleviate poverty [8] might, especially when irrigated,
increase the urban malaria risk by creating breeding sites
for the Anopheles vector [9-12]. Several studies have
recorded breeding of Anopheles in urban agricultural sites,
but few studies have investigated the impact of urban agri-
culture on entomological and epidemiological indicators.
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In urban Bouaké, Cote d'Ivoire, higher vector densities
were found in rice growing areas than market garden
areas, although sporozoite infection rates were lower and
the impact on malaria epidemiology was not quantified
[13,14]. Robert et al [15]suggested that the market garden
wells in urban Dakar, Senegal, might not be the most
important mosquito breeding grounds as the presence of
larvae in the wells did not coincide with the vector density
peaks. Matthys et al [16] found that urban farming created
additional breeding sites for anophelines in the city envi-
ronment and that malaria risk was affected by the type of
farming present. However, in a recent study in two cities
in Kenya, Keating et al [12] found no association between
household level farming and vector breeding sites. Ento-
mological studies in Kumasi, Ghana, found higher Anoph-
eles biting rates and significantly more reported malaria
cases in urban areas with agriculture compared to urban
areas without agriculture [9], though later epidemiologi-
cal studies indicated that living near urban agriculture was
not associated with malaria parasitaemia in young chil-
dren in Kumasi [17].

Variously, findings of these earlier studies suggested that
urban agricultural areas, while supporting Anopheles
breeding, do not necessarily result in a detectable increase
in malaria risk.

Entomological and epidemiological studies were per-
formed in urban Accra, Ghana, to assess the impact of
urban agriculture on malaria transmission risk. Epidemi-
ological surveys indicated that in urban Accra, malaria
prevalence was significantly higher in children in commu-
nities near urban agriculture (UA) than in children in
communities far from it [10,17,18]. However, only in
some communities was there a significant inverse rela-
tionship between distance to agriculture and malaria prev-
alence. Also there were communities far from agriculture
with very high malaria prevalence, indicating that there
are likely to be other important risk factors for urban
malaria.

Data from a series of entomological studies carried out in
urban Ghana are presented and discussed with respect to
earlier epidemiological studies. Mosquito breeding and
densities in an urban setting were documented and Plas-
modium infected mosquitoes were identified.

The insecticide susceptibility status of Anopheles sp. is dis-
cussed because in addition to providing breeding sites,
urban agriculture and the associated extensive use of pes-
ticides, could select for resistance to the pesticides used in
public health [19-21].

http://www.malariajournal.com/content/7/1/151

Methods

Entomological surveys were carried out in the same com-
munities in Accra as the epidemiological surveys
described previously [10]. Communities were categorized
by their proximity to sites of agriculture as either an urban
agricultural community (UA) or if more distant, an urban
community (U). Details of the community selection and
categorization procedures were given in Klinkenberg et al
[10]. The study was approved by the ethical review com-
mittees of the Liverpool School of Tropical Medicine and
the Noguchi Memorial Institute for Medical Research,
University of Ghana.

Adult collections

From the 8th September — 19th December 2003, eight
rounds of human landing catches (HLCs) were carried out
fortnightly in six selected communities in Accra to esti-
mate man biting rates, mosquito parity rates and noctur-
nal biting activity. Human landing catches were carried
out in three UA sites (Kotobabi, Dzorwulu and Korle Bu)
and three U sites (Kaneshie, La and Ushertown) (see Fig-
ure 1 in reference [10]). Two different communities were
surveyed per night (one UA and one U). Two fixed sam-
pling locations, a few houses apart, were used within each
community, and two pairs of catchers were based at each
sampling location. Catchers were selected from the local
community to facilitate acceptance from residents.
Informed consent was obtained from each catcher and
malaria prophylaxis was provided. All collections were
performed outdoors. Mosquitoes were caught from 6 pm
to 6 am and hourly collections were stored separately.
Mosquitoes were caught by a tube when landing on the
leg and transferred to a paper cup with a netting lid fol-
lowing methods described in Service [22]. The catchers
were trained to collect landing mosquitoes prior to blood
feeding, to minimise the risk of malaria transmission.
Catches were transported back to the laboratory in the
morning for identification and processing.

In addition to the human landing catches, monthly
rounds of pyrethrum knockdown catches (PKD) were
planned in 11 communities in Accra and started in Octo-
ber 2003 (all communities of the epidemiological survey
[12] except Cantonments, because of the low number of
residential houses around the UA zone). Due to the low
numbers of mosquitoes caught in the first three rounds,
more catches were not conducted (see results). In the
selected study communities, in 15 houses in different
parts of the community, PKDs were performed as
described by Service [22]. Briefly, white sheets were spread
over the floor of the room after which windows and doors
were closed and rooms were sprayed using locally availa-
ble aerosol insecticides ('Mortein' brand: Bioallethrin
0.12%, Bioresmethrin 0.08%, Tetramethrin 0.38%, sol-
vent and propellant 99.42%). After 15 minutes all mos-
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quitoes were collected from the sheets, transferred into
paper cups with a netting lid and transported back to the
laboratory for identification. Bloodmeals from fed Anoph-
eles mosquitoes were conserved by squashing the abdo-
men on filter paper and stored over silica gel. For each
house, the number of people that slept in the PKD room
the previous night was noted and house characteristics
such as presence of ceiling, type of wall, and socio-eco-
nomic score (as described previously [10]) were noted.

Larval collections

To investigate the range of sites where Anopheles could be
found breeding in urban areas, a larval survey was carried
out in five residential areas in Accra and in the three main
urban agricultural sites between September 2003 and
March 2004. Breeding sites were located in both UA and
U areas by searching through the area to identify and
investigate water bodies with the potential to harbour
mosquito larvae. Larvae were collected by the dipping
method [22]. Habitats were characterised using a standard
format for each site, recording presence of vegetation (in/
around site), presence of predators (i.e. dragonfly, water
beetle, water scorpion etc.), water quality (pH, Electrical
conductivity (EC), foul smell, clear or turbid), light condi-
tions (sunlit or shaded), substratum type, and whether the
site was manmade or natural. The pH and electrical con-
ductivity (EC) were measured using a portable pH/EC
meter (WTW, Germany pH/cond 340i).

In addition to the inventory of the range of breeding sites
as described above, specific surveys were carried out in the
UA areas to find out the pattern of breeding in the wells
used for irrigation. This was done at the three main agri-
cultural sites in Accra where wells were the most common
irrigation structure, Dzorwulu Farm, Kotobabi Farm and
Korle Bu Farm. In Korle Bu Farm, all wells were filled by
drain water (100%), at Kotobabi Farm nearly all were
filled by piped water (95%), while at Dzorwulu Farm, part
was filled by drain water (55%), part by piped water
(40%) and some by a mixture of piped and drain water
(5%). Between December 2003 and May 2004 three
inventories were made of the wells in all three areas to
assess the percentage of wells containing mosquitoes. This
was done by surveying the surface of each well using a
small fishing net after which the net was emptied in a
white tray to investigate if mosquito larvae or other fauna
were present. For each well it was noted if the well was
positive or negative for mosquito larvae, if positive,
number and type of larvae was noted, a distinction was
made between anophelines and other culicines. Habitat
characteristics were recorded as described above.

Mosquito identification and processing
All anophelines were identified to species level, culicines
to genus level, e.g. Culex, Aedes, Mansonia etc. Anopheles

http://www.malariajournal.com/content/7/1/151

larvae from the larval collections were reared in the labo-
ratory to adult stage for easier identification. All adult
Anopheles were identified to species level following the key
of Gillies and de Meillon [23]. A sub sample of the Anoph-
eles gambiae s.1. caught in human landing catch was iden-
tified to species level by polymerase chain reaction (PCR)
following Scott et al [24]. All A. gambiae s.s. of this sub
sample were identified further to molecular form follow-
ing Fanello et al [25].

For the subsample of A. gambiae s.l. for PCR, DNA was
extracted from the abdomen and legs using a modified
version of the Livak protocol [26] for subsequent species
identification by PCR. Heads and thoraces of all Anopheles
caught during the human landing catch (including the
trial round) were processed by sandwich ELISA after Wirtz
et al [27] to assess sporozoite infection level.

Insecticide resistance testing

Anopheles spp. collected either as larvae and raised to adult-
hood or adults collected by light trap in 2004/2005 were
tested for permethrin susceptibility status using the stand-
ard WHO protocols [28]. Up to 20 mosquitoes were
exposed for one hour in a WHO tube test containing
insecticide-treated paper (0.75% permethrin) and
allowed to recover for 23 hours after which mortality was
recorded. In addition, cone tests were performed on del-
tamethrin-treated nets (PermaNet®, Vestergaard-Frand-
sen). Up to 10 mosquitoes were put in a cone on the net
for an exposure time of one hour after which they were
transferred to paper cups and mortality was assessed 23
hours later.

Statistical analysis

Man biting rates (+1) estimated from human landing
catch and PKD collections were log transformed to nor-
malize the data and analysed by t-tests or, if they could
not be normalized, by Mann-Whitney U tests. Differences
between geometric means were calculated by a two sam-
ple t-test using the general linear model in SPSS (version
12.0.1). For the larval study, habitat characteristics were
linked to presence of mosquitoes by t-test for difference
between means.

Results

Species composition and man biting rates (MBR)

A total of 21,801 mosquitoes were collected by human
landing catch in 192 man nights; species composition is
given in Table 1. The majority (92%) were Culex spp. and
the remainder were Anopheles spp, over 99% of which were
Anopheles gambiae s.l. The six Anopheles coustanii were all
caught in the same night at one site (Dzorwulu). A subset
of 112 of the A. gambiae s.l. caught was successfully iden-
tified by PCR and all specimens were A. gambiae s.s. of
which 96 (85.7%) were S-form and 16 (14.3%) were M-
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Table I: Species composition of mosquitoes collected in human landing collections and pyrethrum knockdown catches in Accra.

Method Human landing Pyrethrum knockdown
collection collection
No. of rounds 8 3
No. man nights or houses 192 408
Total mosquitoes caught 21,801 4,135
No. of Culex spp. 20,100 (91.8%) 3,915 (94.7%)
No. of Anopheles spp. 1,648 (7.6%) 153 (3.7%)
A. gambiae s.l. 1,642 (99.6%) 146 (95.4%)
A. funestus 0 (0%) 7 (4.6%)
A. coustani 6 (0.4%) 0 (0%)
No. of Aedes spp. 111 (0.5%) 67 (1.6%)
No. of Mansonia spp. 32 (0.1%) 0 (0%)

form. The results from the pyrethrum knockdown collec-
tions showed a similar species composition (Table 1),
with the majority being Culex spp.

Daily man biting rates (MBR) estimated from the human
landing catch and pyrethrum knockdown collections were
markedly different, pyrethrum knockdown collection
MBRs were much lower (Table 2). The geometric mean of
the daily biting rates obtained by human landing catch
was about three times higher in UA compared to U com-
munities for A. gambiae s.I. and four times higher for Culex
spp (Table 2). The mean biting rate showed marked varia-
tion between communities (Table 3). The human popula-
tion received from five to fifty-five times as many Culex as
Anopheles spp bites.

Sporozoite rate and EIR

A total of 11/1,672 (0.65%) Anopheles from the human
landing catch were circumsporozoite protein positive, and
all were A. gambiae s.1. Seven of these were from Kotobabi,
two from Korle Bu, one from Kaneshie and one from
Dzorwulu. Combining the sporozoite rate with the MBR
from the human landing catches, annual EIRs of 19.2 and
6.6 were calculated for UA and U communities respec-
tively. The estimated EIR for each community is shown in
Table 3 although it should be noted that the number of
circumsporozoite protein positive mosquitoes were few.

Nocturnal biting pattern

Anopheles gambiae s.l. nocturnal biting peaked at 2.00-
3.00 hrs with the majority biting between 23.00 and 5.00
hrs (Figure 1). Culex spp. biting increased after dusk but
did not show such a marked peak (Figure 2).

Larval surveys

Anopheles spp. were found breeding in both agricultural
and residential areas. Larval breeding sites found in the
urban residential communities included broken water
pipes, pools at construction sites, areas with 'up-welling'
water, poorly maintained drains filled with rain water and
garbage and rain pools or flooded areas in low lying areas
after heavy rains. The first four were typical urban sites
although the latter could also be found in rural areas.
Open drains were common breeding sites for Culex spp
mosquitoes.

In the agricultural areas, Anopheles were found breeding
mainly in the wells used for irrigation, although some
could be found in foot prints and seepage areas. A total of
490 wells were examined on thirteen different dates
between September 2003 and May 2004. Overall, 6% of
the wells were positive for Anopheles and 11% for Culex
spp. There were significant differences in number of posi-
tive wells, for both Anopheles and Culex, between the three
farm sites linked to water quality (Table 4). In Dzorwulu
and Kotobabi, where wells were filled with drain or piped

Table 2: Mean nightly man biting rate, with 95% confidence intervals, from human landing collections and pyrethrum knockdown

collections for urban communities with and without agriculture.

Human landing catch

Pyrethrum knockdown collection

A. gambiae Culex A. gambiae Culex
Urban Agriculture 8.1 (5.1-13.0) 161.8 (132.1-198.1) 0.43 (0.4-0.5) 1.1 (0.9-1.3)
Urban 2.8 (1.84.3) 41.0 (27.8-60.4) 0.37 (0.3-0.4) 0.7 (0.6-0.8)
All communities 4.7 (3.3-6.7) 81.4 (60.8-109.1) 0.40 (0.34-0.42) 0.9 (0.8-1.0)
Data were analysed based upon a log4(n+1) transformation.
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Table 3: Mean nightly man biting rate, with 95% confidence intervals, from human landing collections for the six study communities.

Community Type MBR MBR EIR
Culex spp. A. gambiae s.l. A. gambiae s.I.

Dzorwulu UA 234.4 (180.0-305.2) 11.7 (7.9-17.3) 27.82
Korle Bu UA 141.4 (99.2-201.8) 2.6 (1.54.4) 6.07
Kotobabi UA 127.8 (94.4-173.1) 18.8 (9.4-37.7) 44.72
Kaneshie U 48.5 (26.9-87.3) 10.6 (6.0-18.9) 25.15
La U 384 (19.2-76.8) 2.1 (1.4-3.1) 4.94
Ushertown U 36.9 (16.6-81.9) 1.1 (1.0-1.2) 2.57

The annual entomological inoculation rates is estimated from the mean nightly man biting rate multiplied by 365 and the sporozoite rate 0.65%
MBR = man biting rate; EIR = annual entomological inoculation rate; UA = community near urban agriculture; U = community far from urban

agriculture. Data were analysed based upon a logo(n+1) transformation.

water, there were significant more wells positive for
Anopheles that were filled with piped water than wells
filled with drain water (P = 0.017 and P = 0.046 Pearson
Chi-square for Dzorwulu and Kotobabi respectively).
Average EC was significantly higher in wells where Culex
larvae were present (P < 0.001) and there were signifi-
cantly more Culex larvae in water with a foul smell (P <
0.001) while significantly more Anopheles larvae were
present in non foul smelling water (P = 0.017).

Bioassays to determine insecticide susceptibility status
Between July and December 2004, a total of 305 adult A.
gambiae s.l. were tested for resistance to permethrin (1 hr.

exposure to 0.75% permethrin, WHO paper): 157
(51.5%) were resistant, i.e. still alive 23 hrs post a one
hour exposure. Resistance was calculated at 55% (106/
194) in females and 46% (51/111) in males. There was no
significant difference in resistance between mosquitoes
from UA and U areas (P = 0.31). The cone tests on the
insecticide treated nets showed similar results. Of the 119
lab-reared adult A. gambiae s.I. that were tested on the
insecticide-treated nets (PermaNet®, Vestergaard-Frand-
sen) in five series between July and September 2004, 77
(64.7%) were resistant, i.e. still alive 23 hr after recovery
from one hour exposure.
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Figure |

Hourly man biting rate (with standard error) for Anopheles gambiae s.I. (average of eight rounds) in selected

communities in Accra.
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Discussion

The data presented show malaria vectors breeding and bit-
ing in urban areas in Accra and the presence of infective
mosquitoes demonstrates that malaria transmission
occurs within households in these communities. The
importance of local transmission is reinforced by associ-
ated epidemiological studies, where no association was
found between travel outside Accra and presence of
malaria parasites in local communities [10]. Clearly, sig-
nificant levels of malaria are transmitted by local vector
populations. The importance of urban agriculture in sus-
taining such levels is demonstrated by the higher EIR
recorded from localities closer to cultivated sites than in
those further away.

This study showed that biting rates were markedly hetero-
geneous across the urban landscape. Similar heterogenei-
ties in malaria prevalence have also been observed in
human populations in both Accra and Kumasi, Ghana
[10,17,18]. The differences in malaria prevalence can be
remarkably stable overtime [17,18] and suggests that in a

resource limited setting that focal vector control for urban
areas may be appropriate [2,5,7,29]. Outdoor biting activ-
ity, which is likely to reflect indoor biting activity, peaked
around 2.00 - 3.00 a.m., suggesting that ITNs are likely to
be an effective malaria control strategy in this setting. The
low numbers of mosquitoes obtained by indoor knock-
down catches compared to outdoor landing catches sug-
gests that indoor residual spraying (IRS) may be less
effective although this requires further investigation for
confirmation. The observed high resistance levels are wor-
rying and could jeopardize the success of a bednet or
other control programme dependent on the insecticides
used. A recent paper from Benin, West Africa, reported
that in an area close to the capital Cotonou, where the vec-
tors are known to display pyrethroid resistance, mosquito
feeding was uninhibited by ITNs and mosquito mortality
rates were only 30% in an experimental setting [29].
Development of resistance in West Africa has been
reported by others [30-34] but further studies are needed,
particularly as ITNs ares currently being scaled-up to
national levels in several countries in West Africa.

Table 4: Overview of agricultural wells surveyed, with number positive for Anopheles and Culex spp. and average pH and EC at the

three main farm areas in Accra.

Farm area No. of Wells No. positive for No. positive for pH (SEM) EC (SEM)
Anopheles Culex
Dzorwulu 370 23 (6.2%) 16 (4.3%) 7.2 (0.09) 726 (68.2)
Kotobabi 59 7 (11.9%) 1 (1.7%) 6.8 (0.07) 519 (61.3)
Korlebu 6l 0 (0%) 36 (59.0%) 7.2 (0.08) 1709(55.3)
EC = Electrical conductivity; SEM = standard error of mean.
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The larval surveys revealed breeding of A. gambiae s.l. both
in the agricultural sites as well as the normal urban hous-
ing areas and although larvae were found in irrigation
wells, on average, only 6% of these wells were found to
harbour Anopheles larvae. This could make targeted larval
control difficult because as in rural areas, other breeding
sites, often transitory were found in the residential areas.
In Dar Es Salaam, Tanzania, for example, larval control
implementation at community level was affected by a
similar problem [35].

Outdoor man biting rates were significantly higher in UA
communities than in U communities, as found in other
cities in West Africa [9,13,14]. Interestingly, indoor
Anopheles spp. man biting rates obtained from pyrethrum
spray catches were very low, at approximately 1 per person
per night, and did not differ between UA and U. This
could indicate that Anopheles spp. prefer resting outdoors
in this urban setting and that the epidemiological impor-
tance of urban agricultural areas may be in providing rest-
ing sites for mosquitoes. Robert et al [15] earlier suggested
that the importance of UA may not solely be the provision
of breeding sites as in their study of agricultural wells in
Dakar, Senegal, they found that adult density patterns did
not follow larval breeding patterns in the wells. Addi-
tional behavioural studies are required to characterise the
feeding and resting behaviour of these populations

In addition, urban agriculture may promote the rapid
development of insecticide resistance in urban areas as
urban agriculture, apart from being dependent on a con-
tinuous supply of water and nutrients, also uses high
inputs of pesticides in intensive crop cultivation [36].
High pesticide use in farming could favour selection for
resistance to pesticides used in vector control [19,20].
Moreover, high use of mosquito coils and aerosols in
urban areas could add to this selection pressure (e.g.
35.7% of households used coils daily and 28.8% used aer-
osols at a weekly basis in Accra, data this study). Although
the resistance test carried out in this study did not show a
significant difference between UA and U areas, additional
studies are needed to investigate this further. Other
researchers have also found high resistance levels in mos-
quitoes from urban areas and sites with intensive agricul-
ture [32].

Although A. gambiae s.1. is known to prefer relatively clean
water for breeding they were also found breeding in more
polluted e.g. foul smelling sites with floating garbage. The
breeding of Anopheles spp. in polluted water in urban areas
has been reported previously [12,37-39] and could point
to a local adaptation or phenotypic plasticity. There are no
published results on possible adaptations of A. gambiae to
more polluted sites but a small common garden experi-
ment carried out in Kumasi [40], wherein urban A. gam-

http://www.malariajournal.com/content/7/1/151

biae s.s. mosquitoes were reared in rural (clean) water and
rural Anopheles in urban (polluted) water, and vice versa,
indicated that that median time to pupation was longer
for rural larvae in urban water. The potential for A. gam-
biae s.1. to adapt to breeding in polluted water is clearly an
important area that needs further study as this could have
important implications for urban malaria epidemiology.

In urban malaria control there is a clear role for munici-
palities and public works departments [5]. Proper con-
struction of drains and sewage systems would reduce the
amount of open drains proliferating high nuisance Culex
spp breeding at present. The larval inventory revealed that
broken pipes and pools formed at construction sites were
major Anopheles larval breeding sites in the urban housing
areas and this is clearly related to urban expansion outpac-
ing infrastructure development. This was also stressed by
Keating et al, who found the majority of breeding sites in
unplanned, poorly-drained areas in urban Kenya.

The overall EIR calculated from the human landing
catches in central Accra was 11.2 ranging from 2.6 - 44.7
infective bites per person per year in the different commu-
nities, with an FIR of 19.2 for UA and 6.6 for U areas.
These values are comparable to the mean annual EIRs of
7.1 in the city centres, 45.8 in periurban areas, and 167.7
in rural areas reported by Robert et al. [2] in a review of
urban EIRs. However they are lower than the results of
Afrane et al. [9] who reported EIRs of 57 and 112.8 for UA
and 1.2 and 18 for U in dry and rainy season respectively,
in Kumasi, Ghana (their monthly figures were multiplied
by 12 for comparison to the data presented herein).

Conclusion

The results of this study show that urban malaria trans-
mission is ongoing in Accra and that the EIR seems
increased in urban areas where irrigated farming takes
place. In addition, the urban setting seems to pose a
number of unique challenges to malaria control that need
further investigation, e.g. anophelines may be adapting to
more polluted larval habitats, may be more exophilic than
in rural settings thereby decreasing the efficacy of IRS and
the intensive use of pesticides in urban agriculture is likely
to increase the speed with which insecticide resistance
develops.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

EK designed and carried out the survey and drafted the
manuscript. MD and PMcC helped to design the study
and finalized the manuscript. MW helped in the design of
the study, provided backstopping during the fieldwork
and provided critical comments on the manuscript. FA

Page 7 of 9

(page number not for citation purposes)



Malaria Journal 2008, 7:151

helped to design the study and helped to initiate the
whole project. All authors (apart from FA) have read and
approved the final manuscript. Sadly, Felix passed away in
June 2005, but his invaluable contribution to the study
merits his posthumous inclusion as co-author.

Acknowledgements

We thank the field teams who assisted with data collection; and the assem-
bly men and people in the study communities for their cooperation. This
project was carried out under the umbrella of the Consultative Group on
International Agricultural Research system-wide Initiative on Malaria and
Agriculture. The study was partially supported by the Environmental Health
Project of the United States Agency for International Development
(USAID). The views in this paper are the opinions of the authors and do
not necessarily reflect the policy of USAID.

References

Keiser |, Utzinger ], De Castro MC, Smith TA, Tanner M, Singer BH:
Urbanization in sub-Saharan Africa and implication for
malaria control. Am | Trop Med Hyg 2004, 71:118-127.

Robert V, MacIntyre K, Keating ], Trape JF, Duchemin JB, Warren M,
Beier JC: Malaria transmission in urban sub-Saharan Africa.
Am | Trop Med Hyg 2003, 68:169-176.

Hay S, Guerra C, Tatem A, Atkinson P, Snow R: Urbanization,
malaria transmission and disease burden in Africa. Nat Rev
Microbiol 2005, 3:81-90.

Omumbo JA, Guerra CA, Hay SI, Snow RW: The influence of
urbanisation on measures of Plasmodium falciparum infection
prevalence in East Africa. Acta Trop 2005, 93:11-21.

Donnelly M), McCall PJ, Lengeler C, Bates |, D'Alessandro U, Barnish
G, Konradsen F, Klinkenberg E, Townson H, Trape JF, Hastings IM,
Mutero C: Malaria and urbanization in sub-Saharan Africa.
Malar | 2005, 4:12.

World Urbanization Prospects: The 2003 Revision.
York: Publisher; 2004.

Warren M, Billig P, Bendamane D, Wijetaratne P: Malaria in urban
and peri-urban areas in sub-Sahara Africa. Publisher 1999.
Smit J, Ratta A, Nasr J: Food, jobs and sustainable cities. New
York: UNDP; 1996.

Afrane YA, Klinkenberg E, Drechsel P, Owusu-Daaku K, Garms R,
Kruppa T: Does irrigated urban agriculture influence the
transmission of malaria in the city of Kumasi, Ghana? Acta
Trop 2004, 89:125-134.

Klinkenberg E, McCall PJ, Hastings IM, Wilson MD, Amerasinghe FP,
Donnelly M): High malaria prevalence and urban agriculture in
Accra, Ghana. Emerg Infect Dis 2005, 11:1290-1293.

Keating J, Macintyre K, Mbogo C, Githeko A, Regens ], Swalm C,
Ndenga B, Steiberg L, Kibe L, Githure J, Beier J: A geographic sam-
pling strategy for studying relationships between human
activity and malaria vectors in urban Africa. Am | Trop Med Hyg
2003, 68:357-365.

Keating J, Macintyre K, Mbogo C, Githure I, Beier J: Characteriza-
tion of potential larval habitats for Anopheles mosquitoes in
relation to urban land-use in Malindi, Kenya. Int | Health Geogr
2004, 3:9.

Dossou-Yovo ], Doannio }, Riviere F, Duval J: Rice cultivation and
malaria transmission in Bouake City (Cote-d'lvoire). Acta
Trop 1994, 57:91-94.

Dossou-Yovo |, Ouattara A, Doannio JM, Riviere F, Chauvancy G,
Meunier JY: [Aspects of malaria in a village of the humid
savannah of the Ivory Coast]. Med Trop (Mars) 1994, 54:331-336.
[Article in French]

Robert V, Awono-Ambene HP, Thioulouse J: Ecology of larval
mosquitoes, with special reference to Anopheles arabiensis
(Diptera: Culcidae) in market-garden wells in urban Dakar,
Senegal. | Med Entomol 1998, 35:948-955.

Matthys B, Vounatsou P, Raso G, Tschannen AB, Becket EGG, Goso-
niu L, Cisse G, Tanner M, N'Goran EK, Utzinger J: Urban farming
and malaria risk factors in a medium-sized town in Cote
D'lvoire. Am | Trop Med Hyg 2006, 75:1223-1231.

New

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

http://www.malariajournal.com/content/7/1/151

Klinkenberg E, McCall P}, Wilson MD, Akoto AO, Amerasinghe FP,
Bates |, Verhoeff FH, Barnish G, Donnelly M): Urban malaria and
anaemia in children: a cross-sectional survey in two cities of
Ghana. Trop Med Int Health 2006, 11:578-588.

Ronald LA, Kenny SL, Klinkenberg E, Akoto AO, Boakye |, Barnish G,
Donnelly M): Malaria and anaemia among children in two
communities of Kumasi, Ghana: a cross-sectional survey.
Malar | 2006, 5:e105.

Diabate A, Baldet T, Chandre F, Akogbeto M, Guiguemde TR, Darriet
F, Brengues C, Guillet P, Hemingway ], Small GJ, Hougard JM: The
role of agricultural use of insecticides in resistance to pyre-
throids in Anopheles gambiae s.I. in Burkina Faso. Am | Trop
Med Hyg 2002, 67:617-622.

Lines JD: Do agricultural insecticides select for insecticide
resistance in mosquitoes — a look at the evidence. Parasitol
Today 1988, 4:S17-S20.

Herath PRJ, Joshi GP: Pesticide selection pressure on Anopheles
subpictus in Sri Lanka; comparison with 2 other Sri Lankan
anophelines. Trans R Soc Trop Med Hyg 1989, 83:565-567.

Service MW: Mosquito Ecology: Field Sampling Methods. 2nd
edition. London: Elsevier Applied Science; 1993.

Gillies MT, De Meillon BT: The Anophelinae of Africa South of
the Sahara. Volume 54. 2nd edition. Johannesburg: South African
Institute of Medical Research; 1968.

Scott JA, Brogdon WG, Collins FH: Identification of single speci-
mens of the Anopheles gambiae complex by the polymerase
chain reaction. Am J Trop Med Hyg 1993, 49:520-529.

Fanello C, Santolamazza F, della Torre A: Simultaneous identifica-
tion of species and molecular forms of the Anopheles gambiae
complex by PCR-RFLP. Med Vet Entomol 2002, 16:461-464.
Livak KJ: Organization and mapping of a sequence on the Dro-
sophila melanogaster X and Y chromosomes that is tran-
scribed during spermatogenesis. Genetics 1984, 107:611-634.
Wirtz RA, Burkot TR, Graves PM, Andre RG: Field evaluation of
enzyme linked immunosorbent assays for Plasmodium falci-
parum and Plasmodium vivax sporozoites in mosquitoes (Dip-
tera, Culicidae) from Papua New Guinea. | Med Entomol 1987,
24:433-437.

Onori E, Beales P, Gilles H: Chapter 10: Rationale and technique
of malaria control. In Bruce-Chwatt's Essential Malariology 3rd edi-
tion. Edited by: Gilles HM, A Warrell D. (International Student). Lon-
don: Arnold Publishers; 1993.

N'Guessan R, Corbel V, Akogbeto M, Rowland M: Reduced efficacy
of insecticide-treated nets and indoor residual spraying for
malaria control in pyrethroid resistance area, Benin. Emerg
Infect Dis 2007, 13:199-206.

Tripet F, Wright |, Cornel A, Fofana A, McAbee R, Meneses C,
Reimer L, Slotman M, Thiemann T, Dolo G, Traore S, Lanzaro G:
Longitudinal survey of knockdown resistance to pyrethroid
(kdr) in Mali, West Africa, and evidence of its emergence in
the Bamako form of Anopheles gambiae s.s. Am | Trop Med Hyg
2007, 76:81-87.

Yawson AE, McCall P}, Wilson MD, Donnelly M): Species abun-
dance and insecticide resistance of Anopheles gambiae in
selected areas of Ghana and Burkina Faso. Med Vet Entomol
2004, 18:372-377.

Tia E, Akogbeto M, Koffi A, Toure M, Adja AM, Moussa K, Yao T,
Carnevale P, Chandre F: [Pyrethroid and DDT resistance of
Anopheles gambiae s.s. (Diptera: Culicidae) in five agricultural
ecosystems from Cote-d'lvoire]. Bull Soc Pathol Exot 2006,
99(4):278-282. [Article in French]

Coetzee M, van Wyk P, Booman M, Koekemoer LL, Hunt RH: Insec-
ticide resistance in malaria vector mosquitoes in a gold min-
ing town in Ghana and implications for malaria control. Bull
Soc Path Exot 2006, 99:400-403.

Muller P, Donnelly M), Ranson H: Transcription profiling of a
recently colonised pyrethroid resistant Anopheles gambiae
strain from Ghana. BMC Genomics 2007, 29:36.

Vanek M|, Shoo B, Mtasiwa D, Kiama M, Lindsay SW, Fillinger U, Kan-
nady K, Tanner M, Killeen GF: Community-based surveillance of
malaria vector larval habitats: a baseline study in urban Dar
es Salaam, Tanzania. BMC Public Health 2006, 6:154.

Tallaki K: The pest control systems in the market gardens of
Lomé, Togo. In AGROPOLIS The social, political and environmental
dimensions of urban agriculture Edited by: Mougeot L. London: Earths-
can; 2005:51-67.

Page 8 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15331827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15331827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15331827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12641407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15589793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15589793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15720713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14732235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14732235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16102322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16102322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12685645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12685645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12685645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15125778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15125778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7942359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7942359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7746125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7746125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9835685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9835685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9835685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17172397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17172397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17172397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16640609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16640609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16640609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12518852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15463085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15463085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2617615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2617615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8214283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8214283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12510902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12510902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6430749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6430749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3305949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3305949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17479880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17479880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17479880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17255234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17111979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17111979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17253060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17253060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17253060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17261191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17261191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16776829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16776829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16776829

Malaria Journal 2008, 7:151 http://www.malariajournal.com/content/7/1/151

37. Sattler MA, Mtasiwa D, Kiama M, Premji Z, Tanner M, Killeen GF,
Lengeler C: Habitat characterization and spatial distribution
of Anopheles sp. mosquito larvae in Dar es Salaam (Tanzania)
during an extended dry period. Malar | 2005, 4:e4.

38. Awolola T, Oduola A, Obansa ], Chukwurar N, Unyimadu J: Anoph-
eles gambiae s.s. breeding in polluted water bodies in urban
Lagos, southwestern Nigeria. | Vector Borne Dis 2007,
44:241-244.

39. Chinery WA: Effects of ecological changes on the malaria vec-
tors Anopheles funestus and the Anopheles gambiae complex
of mosquitoes in Accra, Ghana. | Trop Med Hyg 1984, 87:75-81.

40. Findlay-Cooper K: Larval ecology of Anopheles gambiae s.s. and
resistance to pyrehtroid insecticides in Kumasi, Ghana. Liv-
erpool: University of Liverpool; 2005.

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18092529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18092529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6748132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6748132
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/
https://www.researchgate.net/publication/23149622

	Abstract
	Background
	Methods
	Adult collections
	Larval collections
	Mosquito identification and processing
	Insecticide resistance testing
	Statistical analysis

	Results
	Species composition and man biting rates (MBR)
	Sporozoite rate and EIR
	Nocturnal biting pattern
	Larval surveys
	Bioassays to determine insecticide susceptibility status

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

