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ABSTRACT

This study was conducted in Khartoum state during March 2011 to February
2014 to assess the susceptibility status of Anopheles arabiensis the malaria vector
to different classes of insecticides in Khartoum state. Furthermore, insecticides
resistance genes (kdr, AChE) in concomitance with infection of Anopheles
arabiensis the vector of malaria were studied.

Anopheline mosquito larvae and pupae were collected from possible larval
habitats in nine sentinel sites using standard collection methods and reared to adult
in the insectary to conduct WHO-bioassays. Moreover, wild adult mosquitoes were
collected from resting places in 20 sites to conduct molecular analysis for detection
of knockdown resistance genes (kdr; L1014F and L1014S), acetylcholinesterase
(ace-1R; G119S) alleles and Plasmodium sporozoites infection. The collection sites
of larvae and wild adults were marked using Global Positioning System (GPS). A
sub-samples from emerged adult Anopheles mosquitoes from the colony-reared
and the wild ones were identified using proper entomological keys and analyzed by
PCR using species-specific primers. Using WHO procedure, susceptibility tests
were conducted on adults of An. arabiensis from nine sentinel sites in Khartoum
State using dichloro-diphenyl-trichloroethane (DDT 4%), fenitrothion 1%,
malathion 5%, propoxur 0.1%, permethrin 0.75%, deltamethrin 0.05% and
lambdacyhalothrin 0.05%. Mortality rates and knockdown times (KDTsy and
KDTgs) of insecticides for An. arabiensis were calculated. Moreover, a well-
designed socio-economic questionnaire was used to assess the knowledge, attitude
and practice of the public health workers and farmers on the uses of pesticides in
the field.

In this study, only two types of larval habitats were identified; these were

habitats formed from the drinking water pipes leakage and irrigation canal.



Moreover, a total of 8325 female An. arabiensis were exposed to insecticides.
Populations of An. arabiensis from Khartoum State were susceptible to only
fenitrothion 1% and lambdacyhalothrin 0.05% with overall mean percentage
mortalities 100£0.12 and 100+0.45 respectively. A significant differences in the
mortality rates in An. arabiensis due to DDT 4%, permethrin 0.75% and
deltamethrin 0.05% were observed between the sentinel sites. Moreover, An.
arabiensis from Khartoum North area was resistant to most insecticides used more
than populations from Khartoum and Omdurman areas. Anopheles arabiensis from
urban areas was resistant to only malathion 5% whereas in the periurban areas, it
was resistant to DDT 4%, malathion 5% and permethrin 0.75%. Although, the
spatial distribution of the resistant strains of An. arabiensis was clear for
insecticides used in different sentinel sites, the seasonal variation for the
susceptibility status in this species did not follow a clear pattern. Both kdr (L1014F
and L1014S) alleles and G119S mutation that confer resistance to pyrethroids and
organochlorines, and organophosphate and carbamates insecticides respectively
were detected in low frequencies An. arabiensis and with limited distribution in
Khartoum State to periurban and urban areas respectively. Although, P. falciparum
infection was detected in the An. arabiensis collected from three out of four sites,
no kdr or G119S mutations were detected in concomitance with malaria parasites
infections in this species. Plasmodium falciparum was detected in 6.7% of the
females An. arabiensis. However, no kdr mutations was observed in concomitant
with Plasmodium infection in these populations. The results of the KAP surveys
revealed that 5 insecticides have been used in agriculture and public health
practices in Khartoum State during the five last years. However, the public health
workers and the farmers showed a relatively low knowledge about the proper uses

of pesticides and insecticides in both practices respectively.



In conclusion, this study reports, for the first time, the identification of the
L1014S and G119S mutations in An. arabiensis populations in Khartoum.
Moreover, An. arabiensis the main malaria vector in different sentinel sites which
categorized as urban and periurban areas in the three administrative areas in
Khartoum showed multiple resistance to most insecticides used. However, the
cross-resistance between DDT and permethrin, in addition to the multiple
resistance in malaria vector has significant implications for the control of malaria
vector populations in Sudan since pyrethroids insecticides are used in LLINs and
indoor residual sprays (IRS). Therefore, more investigations are needed to
determine the occurrence and frequency of resistant gene(s) in Khartoum State and
other regions in Sudan to have a corrective management strategies and effective

vector control programmes in the future.
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CHAPTER ONE

1. INTRODUCTION

Mosquito-borne diseases threaten the lives and livelihoods of millions
of people worldwide (Townson et al., 2005). Malaria remains the most
Important mosquito-borne disease. Malaria is remains the most common
vector-borne diseases prevalent in tropical and subtropical areas of the world
(Kamareddine, 2012). Malaria is caused by the protozoan parasites, belonging
to the genus Plasmodium. Malaria is considered to be endemic in about 104
countries and territories (WHO, 2013a). In 2010, over 1.2 million global
malaria deaths were reported in both children and adults (Murray et al., 2012).
Currently, an estimated 3.4 billion people are at risk of malaria with 207
million cases occurred in 2012 and 627 000 deaths worldwide (WHO, 2013a).
More than 80% of the cases and 90% deaths occurred in Africa especially in
children under 5 years of age (WHO, 2013a). However, worldwide, between
2000 and 2012, estimated malaria mortality rates fell by 42% and 48% in all
age groups and children under 5 years of age respectively (WHO, 2013a).

In Sudan, malaria is the leading cause of morbidity and mortality.
Symptomatic malaria accounts for 21% of outpatient clinic visits and
approximately 30% of hospital admissions (NMCP, 2010). The entire
population of Sudan is at risk of malaria with a different degrees which varied
from low to moderate risk of transmission to predominantly seasonal
transmission and epidemic outbreaks (NMCP, 2010). Transmission of malaria
in Khartoum State has been considered low to moderate in rural areas and
unstable seasonal in riverine areas especially to the north (NMCP, 2010).
Khartoum state, formerly and nearly malaria-free area, increasingly suffered

from malaria epidemics, with more than 700 000 cases annually between 1998
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and 2001 (WHO/EMRO, 2004). However, currently this area encountered for
300,000 cases of malaria and five hundred deaths each year (Malik et al.,
2003; Nourein et al., 2011).

Malaria is mainly transmitted by anopheline mosquitoes.
Approximately, about 460 anopheline species were identified; 100 are
reported as malaria vectors, and only 30-40 species of those reported vectors
commonly transmit Plasmodium parasites (Kamareddine, 2012). In Sudan,
An. arabiensis the member of An. gambiae complex, is the principle vector of
malaria (Dukeen and Omer, 1986; Hamad et al., 2002; Malcolm et al., 2009).
Anopheles arabiensis is most widely spread and it predominate in arid regions
throughout most of the Afrotropical region, extending northwards along the
River Nile to 20°N in Sudan (Dukeen and Omer, 1986). This species is

considered to be one of the most efficient malaria vector due to its ability to
tolerate rapid environmental changes caused by human activities such as
habitation and agricultural activities (Collins et al., 1994).

Recently, a decline in malaria prevalence has attributed to efficient
vector control strategies implemented in endemic areas (Nkya et al., 2014).
Vector control using insecticide campaigns in many countries have been
mainly applied against mosquitoes and so indirectly against other insect
vectors. In addition, the wide-scale use of ITNs and the increase in application
of Indoor Residual Spraying (IRS) has resulted in a major reduction in disease
burden in sub-Saharan Africa (WHO, 2010) including Sudan. However,
improper and intensive use of insecticide for public health and in agricultural
practice has led to the development of insecticide resistance in malaria vectors
in tropical countries (Hemingway and Ranson, 2000; Nauen, 2006; Abdalla
et al., 2008; WHO, 2013b). Development of insecticide resistance in the
malaria vectors threatens the effectiveness of the control measures and hence
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remains as one of the major challenges facing malaria control programs
(WHO, 2012). In Sudan, An. arabiensis the main malaria vector being
resistant to several insecticide of different classes (Abdalla et al., 2008;
Ranson et al., 2009; Himeidan et al., 201l1a; Seidahmed et al., 2012;
Abuelmaali et al., 2013).

1.2. Rationale

In Khartoum state few studies were carried out on detection of
insecticide susceptibility status of An. arabiensis (Seidahmed et al., 2012;
Abuelmaali et al., 2013). However, no data has been recently published on
the larval habitats and infection rates of malaria parasites in anopheline
mosquitoes. Therefore, this study was carried out to investigate the status of
resistance/susceptibility of malaria vectors, the distribution of larval habitats

and the Plasmodium parasites infection in mosquitoes in Khartoum state.

1.3. Objectives
1.3.1. General objectives

This study was carried out during 2011 — 2014 to verify the insecticide
susceptibility status, occurrence and distribution of knock down resistance
gene (kdr) and acetylcholinesterase 1 (ace.1®) in concomitance with
Plasmodium sporozoites infection in An. arabiensis in selected sites spread

over the three administrative areas in Khartoum state.

1.3.2. Specific objectives

1. To identify the types of larval habitats in nine sentinel sites used for An.

arabiensis susceptibility status investigation.



. To determine the susceptibility/resistance status of An. arabiensis for
commonly used insecticides in Khartoum state.

. To determine the spatial and temporal distribution of insecticide
resistance strains of An. arabiensis in Khartoum state.

. To determine occurrence and distribution of both knock down gene
resistance (L1014F and L1014S-kdr) and gene encoding
acetylcholinesterase 1 (ace.1R; G119S) mutations in An. arabiensis in
Khartoum state.

. To determine Plasmodium sporozoites infection in concomitance with
kdr and ace.1R mutations in populations of An. arabiensis in Khartoum
state.

. To assess the knowledge, attitude and practice of farmers and public

health workers towards the uses of insecticides.



CHAPTER TWO

2. LITEREATURE REVIEW
2.1. Malaria

Malaria is the world’s most deadly parasitic disease that causes a major
health public problem in the tropical areas especially in the sub-Saharan
Africa. Malaria threatens the lives of 40% of the world’s population. It is
estimated that the disease is endemic in 104 countries and territories with
approximately 3.4 billion people are at risk (WHO, 2013a). Currently, 207
million malaria cases and 627 000 deaths occur worldwide where the majority
occur in Africa especially in children under 5 years of age (WHO, 2013a).
The disease causes serious adverse effects in pregnant women including
abortion, low birth weight and maternal anaemia (Newman et al., 2003;
Rogerson et al., 2007). Besides, malaria has an indirect negative impacts on
economic development, productivity and quality of life in endemic areas
(Sachs and Malaney, 2002). The annual costs of malaria control in Africa have
been estimated to be about two billion US$ (WHO, 2008).

Malaria is a parasitic disease belonging to a protozoan of the genus
Plasmodium. There are five species of parasite which affect humans:
Plasmodium falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi.
Plasmodium falciparum and P. vivax are the most important and the most
widely spread species and cause the most infections worldwide. Malaria due
to P. falciparum is the most deadly form which is responsible for the majority
of deaths that occurs in sub-Saharan Africa (Breman et al., 2007). Besides, P.
knowlesi was previously known as a malaria parasite of Old World monkeys

(Cox-Singh et al., 2008), it has been proposed as human malaria parasite since



it is associated with human infections in Southeast Asia countries (White,
2008; Jiang et al., 2010).

Malaria is transmitted by a bite of infected female Anopheles
mosquitoes. In addition to the female Anopheles, the malaria parasite requires
a vertebrate host such as human to complete its lifecycle. The infected female
Anopheles mosquito injects malaria parasites (sporozoites stage) into human
during taking a blood meal which is needed to produce eggs. Contrariwise,
the female Anopheles mosquito takes up malaria parasite (male and female
gametocytes) from infected human during blood feeding. Therefore, the
transmission of malaria mainly to humans in the communities is a result of
periodic blood-feeding behaviour of Anopheles mosquitoes. In Africa, the
transmission of the lethal malaria parasite P. falciparum predominantly occur
due to the feeding behaviour of the females belonging to the members of
Anopheles gambiae complex which are highly efficient, widespread and
difficult to control (WHO, 2008).

2.2. Malaria in Sudan

In the Sudan, malaria represents a serious major health problems and it
spreads all over the country. The transmission of the disease occurs as a
seasonal trend in the Northern states (WHO, 2008), with level of endemicity
varying in the different climatic zones (Fig. 2.1). In Sudan, malaria annually
accounts for 9 million cases and more than 44 thousand (Abdalla et al., 2007),
with hundreds of deaths especially among infants and pregnant women
(Elmahdi et al., 2012). The disease causes morbidities and mortality among
all age groups and was responsible for more than 95,000 hospital admissions

in 2011 (Gadalla et al., 2013). However, during the last few years a marked



decreases in malaria burden has been observed in Sudan as well as worldwide
(WHO, 2010; Elmardi et al., 2011).

In Sudan, malaria is mainly due to P. falciparum and transmitted by
Anopheles arabiensis, as in other Sub-Sahara African countries, more than
95% of malaria cases in Sudan are due to P. falciparum although P. malariae,
P. ovale and P. vivax have been occasionally recorded (El Sayed et al., 2000).
However, severe malaria due to P. vivax has been reported to emerge and
spread over the eastern part of the country (Mahgoub et al., 2012; Abdalla et
al., 2013). The situation is further complicated by the spread of insecticide
and drug resistance (Mukhtar et al., 2007; Gadalla et al., 2010; Himeidan et
al., 2004).

2.3. Life cycle and malaria transmission

Malaria is transmitted among humans by infective female mosquitoes
of the genus Anopheles. The transmission of malaria often passive, where the
female mosquitoes injects the parasite when they takes blood meals for eggs
production, and hence initiate the link between the human and the mosquito
hosts in the parasite life cycle. When bites an infected human, female
Anopheles sucks gametocytes (sexual stages) along with into its gut and lead
to formation of gametes (Aly et al., 2009). These gametocytes continue the
sexual phase of the cycle within the mosquito gut and the sporozoites that
develop then fill the salivary glands of the infected mosquito. The mosquito
then becomes infective and approximately, about one week later, when it takes
its next blood meal, the sporozoites mixed with the mosquito’s saliva are
injected into the person being bitten (Prato et al., 2012). The sporozoites, once
in the blood stream they invade the liver and penetrate hepatocytes, where

they remain for 9-16 days, multiplying within the cells. The parasites return

7



to the blood and penetrate red blood cells, where they produce both
merozoites, which reinfect the liver, micro- and macro-gametocytes, which
are the infective stage for mosquitoes.

Malaria parasites can also be transmitted in rare cases from an infected
to another person through blood transfusion, organ transplant, or the shared
use of needles or syringes contaminated with blood (Slinger et al., 2001;
Chauhan et al., 2009). In addition, malaria can also be transmitted from a
mother to her unborn infant before or during delivery (“congenital™ malaria)
(Valecha et al., 2007; Sotimehin et al., 2008).

2.4. The malaria vectors

Mosquitoes are two winged Nematocera insects (true flies), belong to
the family Culicidae of the order Diptera. There are approximately about 3100
species of mosquitoes from 34 genera has been identified (Goma, 1966).
Three subfamilies are recognized among the Culicidae: these are;
Toxorhynchitinae, Anophelinae and Culicinae (Nasci and Miller, 1996). The
subfamily Anophelinae comprises 3 genera however; members of the genus
Anopheles are the exclusive vectors of human malaria (Service, 2008).
Approximately, there are 460 recognised species of anopheline mosquitoes,
of which over 60 species have been implicated as malaria vectors worldwide
(WHO, 1997; Kamareddine, 2012). Of these species, members of the An.
gambiae complex Giles and An. funestus Giles of the An. funestus group; are
the most efficient malaria vectors in sub-Saharan Africa, (Gillies and De
Meillon, 1968; Gillies and Coetzee, 1987; Coetzee et al., 2000).



2.4.1. The malaria vectors in African

In African malaria vectors, members of the An. gambiae Giles complex
(sensu lato; i.e. wide sense) and An. funestus group Giles comprise a highly
efficient and widespread vector (White, 1974; Hunt et al., 1998; WHO,
2008a). These species are highly efficient because of their competence as
vectors of the parasite, anthropophagic biting behaviour and longevity
(Collins and Besansky, 1994: Miller and Greenwood 2002).

2.4.1.1. Anopheles gambiae Giles complex

Anopheles gambiae complex Giles is the most efficient vector of human
malaria in the Afrotropical region (Hunt et al., 1998) therefore, it is called
African malaria mosquitoes. The complex comprises a group of genetically
distinct species but morphologically cryptic species “sibling species” which
reproductively isolated and varies in their distribution and behaviour (Coetzee
et al., 2000; Fanello et al., 2002; Coetzee et al., 2013). Until 2013, the An.
gambiae s.l. consisted of seven species: An. gambiae senso stricto (s.s.) Giles,
An. arabiensis Patton, An. quadriannulatus Theobald (species A; South
African), An. quadriannulatus Hunt (species B; Ethiopian species), An. melas
Theobald, An. merus Donitzand An. bwambae White (White, 1974; Hunt et
al., 1998: Fanello et al., 2002). However, more recently, two new species of
An. gambiae s.I. have been described and named; An. amharicus Hunt,
Wilkerson & Coetzee and An. coluzzii Coetzee and Wikerson (Coetzee et al.,
2013). Therefore, to date, the An. gambiae s.l. comprises eight sibling species
because the An. amharicus has been referred to the Ethiopian species An.
quadriannulatus B.

Of these siblings, only two species; An. gambiae s.s. Giles and An.

arabiensis Patton are the major malaria vector in Africa (White, 1974;
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Coetzee et al., 2000), and that due to their competence as vectors of the
parasite, anthropophagic biting behaviour and longevity (Collins and
Besansky, 1994; Miller and Greenwood 2002). In addition, the two species
are broadly distributed in a wide geographical region in Africa (White, 1974).
The two species occur sympatrically in most areas of the Afro tropical area
(White, 1974; Gillies and Coetzee, 1987). Anopheles arabiensis is
desiccation-tolerant or “drought resistant” species (Lindsay et al., 1998). It
has a high tolerance to high temperatures and low humidity than An. gambiae
s.s. (Kirby and Lindsay, 2004). Unlike, An. gambiae s.s., An. arabiensis is
better adapted to severely dry environments than An. gambiae s.s. (Lindsy et
al., 1998; Petrarca et al., 2000), and therefore, tends to dominate over other
member of the complex during extended dry periods (Lindsay et al., 1998;
Coetzee, 2004; Fournet et al., 2010). Anopheles arabiensis is also more likely
to change its behaviour to avoid contacts with indoor residual spray (IRS) or
insecticide treated nets (ITNs) than An. gambiae s.s. (Govella et al., 2010;
Russell et al., 2011; Yohannes and Boelee, 2012), and hence it acts as a sole
vector of malaria (Lindblade et al., 2006). Anopheles arabiensis is believed to
be uniform “panmictic” (i.e. freely mating) species as demonstrated by
cytogenetic data from Sudan (Petrarca et al., 2000). Furthermore, this species
Is more likely zoophilic (Killeen et al., 2001; Torr et al., 2008; Obala et al.,
2012) although, it showed some degree of anthropophagic feeding but less
frequently than An. gambiae s.s. (Gillies and Coetzee, 1987). Anopheles
arabiensis also showed both endophilic and exophilic resting behaviour in
different African regions (Paaijmans, and Thomas, 2011; Gone et al., 2014).

Anopheles gambiae s.s is the most efficient malaria vector in the
complex (Gillies and De Meillon, 1968) and within the complex it has the

highest vectorial capacity. In addition, it is the most widely spread species in

10



most African countries especially in more humid regions with high rainfall
(Minakawa et al., 2006; Sogoba et al., 2007) and thus, its breeding is mostly
restricted to the rainy seasons. Although, An. gambiae s.s. is highly
anthropophagic (Obala et al., 2012), it was found to feed readily on other
animals like horses and cattle in West Africa (Diatta et al., 1998; Bagh et al.
2001). Anopheles gambiae s.s exhibits a high degree of indoor resting
(endophilic) (Molina et al., 1996; Cano et al., 2004). Unlike an. arabiensis,
An. gambiae has an extreme genetic heterogeneity where it shows five
chromosomal different forms namely are; Bamako, Bissau, Forest, Mopti and
Savanna (Touré et al., 1998; della Torre et al., 2002). These forms showed
assortative mating (i.e. mating isolation) in areas where they occur in
sympatry (Touré et al., 1998; Wondji et al., 2005). Furthermore, two distinct
genotypes in the ribosomal DNA are recognized; namely molecular forms M
and S (Favia et al., 1997). These molecular forms are assorted independently
from the chromosomal forms (Wondji et al., 2005). However, more recently,
based on molecular and bionomical evidence, the An. gambiae molecular "M
form™ is named An. coluzzii Coetzee and Wilkerson and the "S form™ retains
the nominotypical name An. gambiae Giles (Coetzee et al., 2013).
Anopheles melas, An. merus and An. bwambae are of minor importance
(White, 1985; Coetzee et al, 1993; Coetzee, 2004; Pates et al., 2006) because
they have a limited range of distribution. Anopheles melas breeds only in the
brackish water of the mangrove swamps in the coastal area of West Africa
from Senegal to Angola (White, 1974). This species tends to dominate during
the rainy season and a short period in spring during which the larval habitats
formed of rainfall-water and tidal sea-water (Gillies and DeMeillon, 1968). It
also showed difference in feeding preferences where it tends to be more

anthropophagic and highly zoophagic (Snow, 1983; Akogbeto, 2000). It acts
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as a malaria vectors in only in areas where other members of the An. gambiae
s.l. are absent (Gillies and De Meillon, 1968). Anopheles merus is also a
saltwater breeder limited to brackish lagoons and swamps in coastal areas of
East Africa including Kenya, Mauritius, Mozambique, Somalia and Tanzania
(Gillies and DeMeillon, 1968). This species is probably more zoophilic and
exophilic than An. melas (Coluzzi, 1984). Anopheles bwambae is highly
restricted to humid forest foothills within a ten km radius of the geothermal
springs at Mongiro in Bwamba County, Bundibugyo District, Uganda
(Harbach et al., 1997); therefore probably it is local importance as malaria
vector (White, 1974).

Anopheles quadriannulatus is also of minor importance in transmission
of malaria (Coetzee, 2004; Pates et al., 2006). This species occurs in a limited
geographical range of low annual rainfall like Zanzibar and southern Africa
(species A) and highland in Ethiopia (Species B). Anopheles quadriannulatus
species An. quadriannulatus species A and B are highly zoophilic although
currently, a study in Ethiopia showed that species B anthropophilic behaviour
(Pates et al., 2006). More recently, An. quadriannulatus is retained for the
southern African populations of this species, while the Ethiopian species has
been named An. amharicus Hunt, Wilkerson & Coetzee, based on cross-

mating and molecular evidence (Coetzee et al., 2013).

2.4.1.2. Anopheles funestus Giles group

Anopheles funestus Giles group comprises of nine species that are
widely distributed throughout Afrotropical region (Gillies and Coetzee, 1987;
Coetzee and Fontenille, 2004). The members of An. funestus group showed
minor or no morphological differences at adult stage (Gillies and Coetzee,

1987; Coetzee and Fontenille, 2004). Of these species, An. funestus s.s. is the
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only species among the group that play a significant role in malaria
transmission (Cohuet et al., 2004). Anopheles funestus s.s. Giles, is highly
anthropophilic and endophilic species and that due to its close association with
humans and their habitations (Charlwood et al., 1995; Sinka et al., 2010).
However, this species thrives in a wide range of habitats through the
Afrotropical Region (Sinka et al., 2010). Recently, a study showed that An.
funestus s.s. can change its behaviour to evade interventions such as
application of IRS or ITNs (Guelbeogo et al., 2014).

2.4.1.3. Other mosquito vectors of malaria

Besides An. gambiae s.l. and An. funestus group, An. nili and An.
moucheti groups are considered as malaria vectors in Africa. These mosquito
species play a major role in transmission of malaria in West and Central Africa
(Antonio-Nkondjio et al., 2002; Fontenille and Carnevale, 2006). In addition
to these main vectors, a several other Anopheles mosquitoes have been
considered to be a secondary vectors in Africa and they have a localized

importance in malaria transmission (Antonio-Nkondjio et al., 2006).

2.4.2. Malaria vectors in Sudan
Up to date, approximately about 38 species of Anopheles were recorded

in Sudan (El-Rayah, 2007). Previously, Lewis (1956) recorded about 31
Anopheles mosquitoes in the country. A current entomological surveys
conducted in Sudan reveled 9 Anopheles species; these are An. arabiensis, An.
nili, An. dthali, An. squamosus, An. rufipes, An.pharoensis, An. pretoriensis,
An. coustani, and An. multicolor (Nugud and El Sayed, 2001). Of these

species, only few species represent potential malaria vectors in different
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regions in Sudan (Nugud et al., 1997). However, An. arabiensis is the most
efficient and widely spread vector in the country.

Anopheles arabiensis is only member of the An. gambiae s.I. complex
in Sudan. It is also considered the only malaria vector in Sudan (Hamad et al.,
2002). This species has a wide geographical distribution in the country
(Dukeen and Omer, 1986) especially in the arid regions. It is distributed over
dry savannah and semi-arid parts, extending north wards along the River Nile
to 20 ° N in Sudan (Dukeen and Omer, 1986; Ageep et al., 2009). In Sudan,
An. arabiensis is highly anthropophagic and have a short gonotrophic cycle
(i.e. around 48 hours), a high probability of daily survival and vectorial
capacity, which makes it an efficient malaria vector (Nugud and El Sayed,
2001).
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2.5. Ecology and biology of Anopheles gambiae complex

Anopheles gambiae complex species uses temporary aquatic habitats
(Gillies and De Meillon, 1968) for oviposition which include small flooded
depressions in the soil, hoof prints, shallow ditches, etc... Like other
anopheline mosquitoes, females An. gambiae s.I discriminate between
potential aquatic habitats (Herrera-Varela et al., 2014) for oviposition which
could be mediated by chemical (volatiles substances), physical and visual
cues (Takken and Knols, 1999). The female when allocate suitable larval
habitat, deposit their eggs singly on the water surface or on wet mud at the
edge of the selected larval habitats. Often, one to two days later, the eggs hatch
to give the first larval stage. The larvae are filtering surface feeders that feed
on microbial food and detritus at the water surface (Service, 2008). Larvae
moult four times to give the nest larval instars. Then the fully grown 4" larval
instar develops into a comma-shaped non-feeding pupa. The larval period
lasts about 7-15 days in suitable conditions, otherwise, it takes longer time
(Bayoh and Lindsay 2003; White et al., 2011). The pupa lasts about 1-2 days
and the adult mosquito emerges. When conditions are ideal, the development
from egg to adult takes about 7-20 days (Schneider et al., 2000).

The adult of Anopheles mosquitoes of both gender require energy for
their general activities (i.e. flight, mating, etc...). Both sex obtain
carbohydrates (sugar) by feeding on plant nectars or honeydew (Manda et al.,
2006) besides, the females require a blood meal to develop eggs. Anopheles
gambiae complex is a nocturnal feeder with most of the blood-feeding
occurring after midnight (Lindsay et al., 1998). Although, the timing of blood-
feeding is genetically fixed, the extensive use of insecticide-impregnated bed
nets, preventing the mosquitoes from obtaining a blood meal, may select for
anophelines that feed at other times (Sougoufara et al., 2014). In general, for
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the female one blood meal suffices to complete egg development for each
gonotrophic cycle, An. gambiae s.s. (An. gambiae Giles and An. coluzzi), may
require multiple meals (Takken et al., 1998).

Often, the female An. gambiae s.l. is attracted to its preferred hosts by
odour and chemical compounds originating from their skin and breath (i.e.
fatty acids and CO) (Takken and Knols, 1999). Anopheles gambiae s.s. and
An. arabiensis are different in their host preference and feeding behaviour.
Anopheles gambiae s.s. is highly anthropophilic and endophagic whereas An.
arabiensis is more zoophilic and exophagic behaviour (Gillies, 1988; Takken
and Lindsay, 2003). However, An. arabiensis showed differences in feeding
behaviour across the African continent; therefore it is considered to be an
opportunistic feeder (White, 1974). For example, An. arabiensis tends to be
more zoophilic and exophagic in East Africa region whereas, it is more
anthropophilic and endophagic in West Africa (Tirados et al., 2006).

Following a blood meal, females of An. gambiae s.l. search for a
suitable resting place to digest the blood meal and develop the eggs.
Anopheles gambiae s.s often rests indoors (endophilic) i.e. on walls and
ceilings of rooms in which they acquired the blood (Gillies 1955; Lines et al.,
1986). After development and maturation of eggs, the female leave the house
in the early evening and search for a suitable oviposition site. In contrast,
females of An. arabiensis tend to rest outdoors (exophilic) (Lines et al., 1986,
Tirados et al., 2006).

Mating of An. gambiae s.l. takes place around dusk in swarms formed
by males to which females are attracted (Takken and Knols, 1999). However,
the mechanism by which the female attracted to the swarming males is
unknown yet (Takken and Knols, 1999). Often, the swarms occur over a

certain landmarks “swarm markers” (Takken and Knols, 1999). Swarms in
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An. gambiae s.s. and An. arabiensis often appear at the same site, but the
mechanism of this behaviour is not well understood (Takken and Knols, 1999;
Hassan et al., 2014).

The members of the An. gambiae s.l. have different ecology and range
of distribution. They often occupy temporary aquatic habitats (Gillies and De
Meillon, 1968) for oviposition. These are small, flooded depressions in the
soil, hoof prints, tire tracks and shallow ditches. Anopheles gambiae s.s. and
An. arabiensis commonly share a larval habitat in many areas in Africa (White
and Rosen 1973). Both species prefer small, temporary habitats with algae
and little or no aquatic vegetation (Fillinger et al., 2004; Ageep et al., 2009)
such as shallow ponds, borrow-pits, brick-pits, ditches, human foot, animal
hoof prints (Mutuku et al., 2006). However, An. gambiae s.s. usually
outcompetes An. arabiensis when they share a certain habitat (Koenraadt and
Takken, 2003).

Both An. gambiae s.s. and An. arabiensis share a continent-wide
distribution in Africa (Lindsay et al., 1998; Coetzee et al., 2000), and they
occur sympatrically in much the range. Unlike An. gambiae s.s., An.
arabiensis is better adapted to severely dry environments (Lindsay et al.,
1998; Petrarca et al., 2000) and therefore, during extended dry periods this
species tends to be the most dominant member of the complex. Thus, at the
beginning of the rainy season the population of An. arabiensis increase rapidly
and outcompetes An. gambiae s.s. (White, 1972; White and Rosen, 1973). In
generally, An. arabiensis tends to dominate during the dry season in arid as
well as humid regions of Africa and act as the major vector of malaria (White,
1972; White and Rosen, 1973).
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2.6. Identification of sibling species in Anopheles mosquitoes
2.6.1. Morphological identification

The morphological identification of anopheline mosquitoes are based
on certain features common for species. Morphological identification keys of
Anopheles mosquitoes have been provided by Gillies and De Meillon (1968)
and Gillies and Coetzee (1987).Adult females of the An. gambiae s.l can be
differentiated from others anopheline mosquitoes by their smooth palps with
3 pale bands on the 3", 4" and 5" segments; the pale wings with yellowish or
creamy markings and pale fairly long costal spots. The femora, tibia and 1%
tarsal segments are speckled to a variable degree. The abdomen is pale brown
and hairy with scales on the 8" tergite and on the cerci. For An. gambiae s.1.,
there are no reliable morphological features that can be used to distinguish
between the siblings species (Gillies and Coetzee, 1987; Coetzee, 2004).
However, morphological features such as the number of antennal sensillae and
the palpal index can be used to differentiate between the two salt-water and

the fresh-water species (Coluzzi, 1964).

2.6.2. Cross-matting experiments

Species complexes are often morphologically similar but they are
reproductively isolated (Mayr, 1942). Identification of the sibling species of
the An. gambiae s.I. first was due to results from crossing mating experiments
(Davidson et al., 1967; Hunt et al., 1998). Muirhead-Thomson (1948)
conducted the first cross mating experiment between fresh water species An.
gambiae s.l. populations which resulted in sterile males in first progeny. Later,
in 1962, Paterson indicated that An. merus a salt water species is a distinct
biological species. This method is tedious, time consuming and difficult to be

used for a large-scale. More recently, this method has been used to rename
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An. quadriannulatus species B to An. amharicus Hunt, Wilkerson and
Coetzee, based on cross-mating and molecular evidence (Coetzee et al.,
2013).

2.6.3. Cytogenetic analysis

The cytogenetic analysis involve the classification of mosquitoes “or
any organism” based on the detection of differential banding patterns of the
polytene chromosomes. These chromosomes often exist in the fourth instars
larvae and in the ovaries nurse cells of semi or half gravid females. This
method has been used to identify all sibling species of the An. gambiae s..
(Coluzzi et al., 1979). This method showed genetic polymorphism between
sibling species of An. gambiae s.l. due to paracentric inversions; where in the
fresh water species the inversions occur on the X chromosome whereas the
salt water species on the autosomes (Coluzzi, 1993). This technique, however,
is limited by the need of well skilled persons for its wide application and
routine field analysis. Besides, the polytene chromosomes must be prepared
from early fourth instars larvae or semi-gravid females which cannot be used

to identify large numbers of samples (Gale and Crampton, 1987).

2.6.4. Cuticular hydrocarbon analysis

Insect cuticle consists of fatty acids, sterols, esters and hydrocarbons
therefore, the cuticular hydrocarbons has been used in taxonomy especially
for the closely related species. This technique is based on presence of the
variation in composition of carbon content of cuticles waxes among different
species. Carlson and Service (1980) used cuticular hydrocarbon analysis to
identify members of the An. gambiae s.I. using discriminant analysis

Anyanwu et al. (2000), recorded differences in hydrocarbon content in four
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strains of An. gambiae s.s. larvae. Although, this method has been used
successfully to distinguish geographic variants in many insect species, it needs
highly skilled workers and sophisticated equipment; therefore it is not
practical for routine fieldwork. In addition, it also the specimens that should

be identified using another method before analysis.

2.6.5. Allozyme “Isoenzyme analysis”

This method has been used for several years for the identification of
sibling and cryptic species in mosquitoes (Pasteur et al., 1988). The technique
Is a biochemical method which is based on electrophoresis separation of the
protein molecules “enzyme variant” (Pasteur et al., 1988). The method was
described by Mahon et al. (1976) to distinguish between four members of the
An. gambiae complex and it led to the discovery of diagnostic allozyme foci
for wild sympatric populations of An. quadriannulatus A and B. Thus, a
dichotomous electrophoretic taxonomic keys for the members of the complex
(Miles, 1978) and for three species within the An. quadriannulatus complex
(Lanzaro et al., 1990) have been developed. Unlike, cytogenetic analysis, this
method does not require a specific sex or larval stage (Miles, 1978). However,
the problem is that the technique is time consuming, tedious, and requires
large and fresh specimens (or to be stored in liquid nitrogen) (Norris, 2002)

besides, the cost of the enzymes needed for the analysis.

2.6.6. Polymerase chain reaction (PCR)

The PCR method is a very helpful tool in the identification of mosquito
vectors, especially the closely related or sibling species that are
morphologically indistinguishable. The PCR is an in-vitro method which

mainly amplifies a certain region of the target DNA by using two
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oligonucleotide primers that hybridized to opposite strands of the DNA (Saiki
etal., 1985). The first PCR method to distinguish between the members of the
An. gambiae complex was developed by Paskewitz and Collins (1990). The
identification of the An. gambiae s.l. species has been carried out based on
specific DNA nucleotide differences in the intergenic spacer (IGS) of the
ribosomal DNA (rDNA) on the X chromosome (Scott et al., 1993). In
addition, PCR-based techniques; PCR- restriction fragment length
polymorphism (PCR-RFLP) has been used for identification of An. gambiae
s.l. species as well as further identification of An. gambiae s.s. to M and S
forms (della Torre et al., 2001; Gentile et al., 2001; Fanello et al., 2002). This
PCR-based method is a combination of the protocols established by Scott et
al. (1993) and Favia et al. (1997). This method is based on the restriction site
for Hhal enzyme (Favia et al., 1997) lays within the An. gambiae s.I. specific
fragment (Scott et al., 1993). PCR-RFLP has been also used to verify the
distribution of other molecular markers, such as the pyrethroid resistance gene
(kdr) among chromosomal forms (Chandre et al., 1999).

The PCR method is very sensitive and can be species- specific however,
the technique should be validated before being used. Other advantages of this
method; samples of different life stage and sex either extracted DNA or
fragments of a specimen, and the samples can be stored dry (on silica gel) or
in ethanol. Moreover, large samples can be easily processed using this method
and the results obtained can be easily interpreted (Paskewitz and Collins,

1990; Scott et al., 1993). However, this method is relatively inexpensive.
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2.7. Malaria control

Malaria control is mainly to prevent mortality and morbidity due the
infection as well as to reduce its social and economic negative impacts (Gupta
and Guin, 2010). It advocates two major approaches, these are; 1. Control of
parasites through the use of antimalarial drugs and 2. Vector control for
reducing human-vector contact. Based on these approaches, a global malaria
control strategy has been laid by the World Health Organization in partnership
with the Roll Back Malaria (RBM) programme to reduce world’s burden of
malaria to 50% by 2010, 75% by 2015. Therefore, the Global Malaria Action
Plan (GMAP) was developed with a global framework for action to coordinate
partnership’s efforts for a substantial and sustained reduction of malaria
burden in near, and eradication in a longer-term. To achieve these goals, the
RBM has outlined three-part global strategies that; 1. Malaria control to
reduce the current burden and sustain as long as possible, 2. To eliminate
malaria over time country by country and, 3. Developing new tools and
approaches to support the ongoing control for elimination of malaria (WHO,
2008).

2.7.1. Parasite control

Malaria control is aimed at parasite clearance in addition to reducing
iliness and pains, and infected people. However, the main problems facing the
control of the disease are the early and proper diagnosis infected persons i.e.
rapid diagnostic test (Msellem et al., 2009). Since early diagnosis and prompt
treatment is an appropriate method in treating infected people besides, it is a
basic technical element of the global malaria control strategy (WHO, 1993,

2001). Moreover, the major problem facing malaria control efforts in Africa
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Is the emergence of drug resistance in the most deadly malaria parasite P.
falciparum to the affordable drugs (i.e. chloroquine, and sulphadoxine-
pyrimethamine; SP (Fansidar®)) (Hastings et al., 2002; Marks et al., 2005).
Therefore, the World Health Organization has recommended an alternative
malaria treatment advocated for the uses of a combination therapies (i.e.
artemisinin-based combination therapies; ACTSs) to slow down the emergence
of drug resistant parasite strains (Mutabingwa, 2005; Sutherland et al., 2005).
The use of Artemisinin Combination Therapy has resulted in reductions in
malaria morbidity and mortality (Barnes, 2005; Bhattarai et al., 2007).
However, ACTs is more expensive than the conventional monotherapies
(WHO, 2010) besides resistant strains of P. falciparum from elsewhere has
been reported (White, 2008b; WHO, 2010; Ferreira et al., 2013; Sharma et
al., 2014).

2.7.2. Vector control

Human malaria can be reduced or eradicated from endemic areas by
reducing anopheline vector populations so as to decrease vector-man contact
as well as reducing the vector population. Vector control represents one of the
four basic technical elements of the Global Malaria Control Strategy (GMCS).
It’s strategy relay mainly on the selection of the most appropriate control
measures that fits with the local circumstances and degree of malaria risk in
the endemic areas. However, malaria transmission intensity is almost defined
as the number of infective bites that a person receives per given unit of time
and it is mainly measured by entomological inoculation rate (EIR).Therefore,
malaria transmission in a given endemic area can be reduced by reducing the
EIR through vector control (adult or larval control) (Killeen et al., 2002). This

can be achieved through the effective implementation of existing vector

24



control interventions i.e. indoor residual spraying (IRS), insecticide- treated
bed nets (ITNs) and larval control (Barnes, 2005; Bhattarai, 2007; Noor et al.,
2009; Fillinger et al., 2003).

2.7.2.1. Conventional approaches

Historically, malaria vector control using insecticides directed at indoor
resting mosquitoes began in the 1930°s with the use of organic chemicals
extracted from plants and flowers such as nicotine, rotenone and pyrethrum
(De-Meillon, 1936). Then after, pyrethrum insecticides were replaced with the
organochlorine dichlorodiphenyltrichloroethane (DDT) in the 1940's. Since,
the World Health Organization assembly launched the malaria eradication
initiative with the use of DDT as the primary tool (reviewed in: Hemingway
and Ranson, 2000), the DDT has historically been the most commonly and
wide spread indoor residual insecticide for control of mosquito vector, given
its high effectiveness, durability and low costs (Mandavilli, 2006). Although,
the use of DDT was banned in the 1970’s, however in year 2006 the WHO
announced the re-application of this insecticide but in a limited and controlled
areas for better control of malaria vectors (Sadasivaiah et al., 2007). The re-
introduction of the DDT in these limited areas, has resulted in a significant
reduction in densities of malaria vectors (Curtis, 2002), even in areas of high
pyrethroid resistance (Maharaj et al., 2005). However, the impact of DDT on
the environment and human health remains a major concern. Therefore the
use of DDT for malaria control needs to be limited to avoid misuse and the
development of resistance in major malaria vectors (Hargreaves et al., 2003).

Recently, the use of ITNs becomes the most important intervention for
vector control in many African countries. This method aims to prevent malaria

in areas where the infection is common. The ITNs are widely promoted by
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international agencies and governments to reduce the malaria burden (WHO,
2005). ITNs have resulted in substantial reductions in malaria mortality and
morbidity (Noor et al., 2009) by providing 15-20% protective efficacy
compared to no nets and up to 23% protective efficacy compared to untreated
nets (Mathanga et al., 2005). Now days, most of malaria endemic countries
are advocating the use of long-lasting impregnated bed nets (LLINS) as they
have a long life span than the conventional ITNs. Unlike the conventional
ITNs which require re-impregnation every 6-12 months, LLINs are capable
of retaining lethal concentrations of insecticide for 4-5 years. The WHO is
strongly recommending the use of these LLINSs for the prevention of malaria
in Africa (WHO, 2008). Therefore, during the year 2013, malaria vector
control interventions using LLINs has been scaled up, where the coverage was
estimated at 44% of the population at risk (WHO, 2014). However, the cost
of an LLIN remains a major constraint to ownership for a large proportion of
Africans who are poor and are also the most affected by malaria (Magesa et
al., 2005).

Larval control or larviciding is another vector control approach which
mainly rely on the use of chemicals, usually Temephos 50% EC (albeit).
However, albeit is commonly applied in urban areas in the big cities.
Nevertheless, this method has a long history in areas where some vectors
breed in specific habitats such as water reservoirs. It has a potential
application especially in areas with plenty of larval habitats such as water
reservoirs, flowing or pooled streams and other water-ways especially in
agricultural development projects and irrigated schemes (WHO, 2006). This
method control mosquitoes before they reach the adult stage, thus preventing
disease transmission (Killeen et al., 2002). In addition, larviciding is more

efficient to reduce malaria vectors than adult control because larvae have a
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lower mobility than adults which have ability to avoid insecticides (Darriet et
al., 2005). Although some studies have shown promising results (Fillinger and
Lindsay, 2006; Fillinger et al., 2009), the large-scale application of larvicides
in Africa is problematic due to the heterogeneity and extensive number of
larval habitats (Killeen et al., 2002; Majambere et al., 2010). However, other
larvicides such as Bacillus thuringiensis israelensis (Bti), a bacterium that
produces toxins that is effective in killing mosquito larvae (Fillinger et al.,
2003).

Historically, environmental management was the most effective
method for reducing malaria in some regions especially during the early
1900s. Environmental management for vector control is mainly relaying on
the modification and/or manipulation of environmental factors or their
interaction with humans to prevent or reduce vector propagation and hence
reducing human-vector-pathogen contact (WHO, 1982). This intervention can
be achieved specifically by manipulations larval habitats such as removal of
obstructions in the waterway, swamp drainage, control of water levels, stream
flushing, changes of water salinity, shading of stream banks, use of
larvivorous fish, etc. However, for adult can be achieved using house
screening. Moreover, the efficiency of this intervention to control malaria
depends basically on how well it is matched to the ecological requirements
(climate conditions and habitat) and behaviour of the target malaria vectors in
an area (Lindsay et al., 2004).

Biological control is an alternative approach which depends on non-
chemical materials (living organisms). The use of this method has increased
over the last decades. This intervention depends on the uses of biological
agents such as predatory fish (Legner, 1995), bacteria (Becker and Ascher,
1998), protozoa (Legner, 1995), nematodes (Kaya and Gaugler, 1993) and
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entomopathogenic fungi (Scholte et al., 2004; Farenhorst et al., 2008).
Although this method have shown a significant result in malaria vector
control, large-scale application of any of these biological agents is still not
available (Farenhorst et al., 2008).

2.7.2.2. Modern approaches

Genetic control is new modern innovative control approaches which
has been developed in order to control malaria (Feachem and Sabot, 2008;
Greenwood et al., 2008). Mainly two genetic control approaches are
underway for future application, these are; Sterile Insect Techniques (SIT) and
Genetically-Modified mosquitoes (GM). The SIT (Dyck et al., 2005), a well-
established method relies on the sterilization and release of male mosquitoes
into the field to compete against wild conspecifics for mating with virgin
females suppressing the population in the targeted area (Dyck et al., 2005).
Male sterility can be induced by ionizing radiation or chemosterilisation,
hybridization or by chromosomal rearrangement (Knipling et al., 1968).

The GM insect is an approach that depends on rendering wild vector
populations refractory to parasite infection by releasing large number of
transgenic laboratory-reared males into the field to drive the refractoriness
genes into natural populations. Currently, GM insects that are refractory to
infection by malaria parasites and dengue fever virus have been developed to

control these diseases (Catteruccia, 2009; Franz et al., 2006).

2.7.2.3. Integrated vector management (I'VM)
The current malaria vector control efforts have suggested the delivery
of multi-intervention packages for vector control to reduce the disease

transmission. The WHO has therefore recommended integrated vector
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management (IVM) to combat neglected tropical diseases (WHO, 2008). The
IVM is a systematic approach for planning and implementing vector control
In an inter-sectoral context. It entails the use of a range of interventions of
proven efficacy, separately or in combination for the implementation of
locally cost-effective control. It aims at the integration of different sustainable
vector control interventions that reduce the use of pesticides to the lowest level
possible. Although, IVM is successful in many areas (Chanda et al., 2008), it
Is facing some difficulties such as a lack of stable funding for mosquito control
operations and the lack of well-coordinated malaria entomological
information. However, IVM is a promising approach for an effective,

environmentally benign and long-lasting malaria control.

2.8. Malaria vector control in Sudan

Malaria Control Programme in Sudan has a long history and it is the
oldest in Africa (Malik and Khalafalla, 2006). However, the most noticeable
control programme in the country was during the Blue Nile Health Project
(BNHP) which was conducted during 1980-1990s (El Gadal et al., 1985). This
project was carried out as partnership between the government of the Sudan,
World Health Organization (WHO), World Bank, Kuwait, Japan, USA and
other collaborators (EI Gadal et al., 1985). During that period, BNHP
succeeded to decrease the malaria prevalence from over 20% to less than 1%
and could sustain that for more than 10 years (El Gadal et al., 1985). Recently,
the strategic interventions adopted by Sudan NMCP for vector control
includes ITN/LLINSs, IRS and Larval Source Management (LSM) in big cities
(NMCP, 2014).
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2.8.1. Indoor residual spraying

In Sudan, the first insecticide used for indoor residual spraying was
BHC (benzene hexachloride) which resulted in a significant reduction in
malaria cases (to 1.9% malaria) in 1961 (El Gadal et al., 1985). Later, DDT
was introduced for IRS due to resistance in mosquito vectors to BHC where
it had also resulted in a remarkable reduction in malaria cases (EIl Gadal et al.,
1985). However, in 1970s, DDT was banded due to resistance that had
become widespread in the country (Haridi, 1972a). Malathion then was used
in 1975 for IRS and also due to resistance it was replaced by fenitrothion
during the BNHP in 1979 as recommended by the WHO (El Gadal et al.,
1985). During 1990s, pyrethroids have been introduced for IRS, however,
recently bendiocarb is the main insecticides that used for this intervention in
Sudan (NMCP, 2007). Now the IRS using bendiocarb includes several regions
in Sudan including Gezira, Gedaref, Kassala Darfur, White Nile, Nile River
States (NMCP, 2007).

2.8.2. Insecticide-treated nets (ITNs)

The uses of insecticide treated nets for personal as well as community-
wide protection has stated in Sudan with conventional ITNs. Late, Sudan has
developed a national strategic plan of ITNs coverage in malaria endemic areas
especially seasonal malaria transmission areas and irrigated schemes (WHO,
2001). Currently, malaria control programme has shifted the vector control
strategy using treated nets towards free distribution and wide-scale coverage
of LLINs in different region of Sudan (NMCP, 2014)
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2.8.3. Larval source management (LSM)

Historically, larval control had started with the treatment of larval
habitats with paris green and diesel oil, water management and, intermittent
irrigation (El Gadal et al., 1985). Currently, larval control mainly relies on the
use of chemicals (i.e. Temephos® EC50) and LSM. Larval Source
Management has successfully been used in Khartoum State by Khartoum
Malaria Free Project (KMFP) (Elkhalifa et al., 2008). The KMFP has applied
LSM through intermittent irrigation, rehabilitation and immediate repair of
leaking water pipes in urban areas and in the irrigated agricultural areas
(periurban areas) (Elkhalifa et al., 2008).

2.8.4. Space spraying

The uses of space spraying is not a priority method for malaria control
and hence its uses is very limited. In Sudan, space spraying method is used
only in complex emergency situations (Elkhalifa et al., 2008). It may not
necessarily impact on transmission control but may be useful to advocate for
political commitment and for addressing urban biting nuisance mosquitoes
(WHO, 2001).

2.8.5. Sterile insect technique (SIT) in Sudan
Currently, a SIT feasibility study has been initiated in 2003 by the

Republic of Sudan and IAEA jointly (El Sayed et al., 2009). The Project aims
at developing and evaluating all relevant components needed for a wide-area
integrated Pest Management (AW-IPM) to control African malaria vectors
using the SIT (El Sayed et al., 2009). The field site of the feasibility project is
situated in Northern state, Sudan and it extends from Dongola in the north to

Merowe in the south (about 350 km long following the Nile).
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2.8.6. Entomological surveillance

In Sudan, the malaria vector control interventions mainly relies on the
uses of insecticides, therefore entomological surveys for monitoring of
insecticide resistance in malaria vector is important. Previously, several
studies were conducted to elucidate the insecticide status where evidence of
resistance to organophosphates, DDT and recently to pyrethroids in An.
arabiensis was recorded in different states in the country (Abdalla et al., 2008;
Himeidan et al., 2011a). However, more studies and continuous monitoring
of status of insecticides commonly used in agriculture and public health

practices as well as occurrence of resistant genes are needed.

2.9. Malaria vector control in Khartoum state

Malaria control in Khartoum dates back to 1904 when retained oil was
used as the main vector control tool leading to the eradication of the disease
in the state. (Nourein et al., 2011). The reduction in control efforts and
increasing migration from malaria endemic states into Khartoum were thought
to have contributed to this resurgence (Elkhalifa et al., 2008). By the1990s,
malaria was a leading cause of morbidity and mortality recorded at public
health facilities in the state. The federal system of governance was introduced
in 1993 providing state ministries of health the power to define and implement
their priority health activities. In January 1994, the Khartoum state Ministry
of Health outlined plans to decrease malaria outpatient attendances by 5%
every year and malaria deaths to the minimum level. In 2002, the Khartoum
Malaria Free Initiative (KMFI) was set up with support from the WHO and
the Japanese government which named Khartoum Malaria Free Project
(KMFP) (Nourein et al., 2011). The main theme of KMFP was vector control
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through different interventions targeting the malaria vector An. arabiensis in
urban and periurban setting of the state. Mainly control against An. arabiensis
has been adopted by weekly treatment of larval habitats by Temephos® EC50,
environmental management (Elkhalifa et al., 2008) and insecticide space

spraying during the emergency situation and larval (Himeidan et al., 2011a).

2.10. Classification of insecticides
Insecticides used for malaria control can be classified into four groups:

organochlorines, organophosphates, carbamates and pyrethroids (Table 2.1).

2.11. Insecticides and mode of action in mosquito vectors

Insecticides often target the nervous system of insects (Fig. 2.2). On
contact, first it usually passes through the integument to the target sites in an
altered form and/or as an active derivative (Narahashi, 1992). The
organochlorines DDT as well as the pyrethroids insecticides have the same
mode of action. They act on the same biomolecule but in different receptor
sites (Miller and Saldago, 1985). The DDT prevents normal nerve impulses
in insects by destroying or causing a leakage of the sodium and potassium ions
within the axons of the neurons (Whiteacre and Ware, 2004). Finally, the
affected nerves fire impulses suddenly, which causes spontaneous contraction
and convulsions of muscles leading to insect death (Busvine, 1951). In
contrast, pyrethroids cause axonic poisons by binding to protein in the nerve
cells known as voltage-gated sodium channel. As a result, it prevent normal
closing of voltage-gated sodium channel that leads to continuous nerve
stimulation and tremors that leads the insects to lose control of their nervous
system and produce coordinated movement (Narahashi, 1992; Vijverberg et
al., 1982).

33



Organophosphates (Ops) and Carbamates (CM) usually target the
cholinergic nerve junctions at nervous system. Upon stimulation, the normal
motor nerve releases the neurotransmitter acetylcholine to transmit the
Impulse to a muscle or organ. Then after, the enzyme acetylcholinesterase
immediately breakdown the acetylcholine and thus lead the muscle or organ
to the relax state. Eventually, the mode of action of both OPs and CM
insecticide occur due to the disruption of the nervous system by to formation
a covalent bond through either carbamylation or phosphorylation with the site
of the enzyme where acetylcholine normally undergoes hydrolysis
(breakdown). As a result, the acetylcholine builds up and continues to act so
that nerve impulses are continually transmitted and muscle contraction

continues (Corbett, 1974) leading to insect death.

2.12. Insecticides resistance

The WHO defined insecticide resistance as the ability of an insect to
withstand the effects of an insecticide by becoming resistant to its toxic effects
by means of natural selection and mutations (WHO, 2001). It was defined as
inherited characteristic that imparts an increased tolerance to a pesticide
(WHO, 1992). Pesticide resistance has appeared in every major vectors of
diseases (WHO, 1976). Resistance also could occur in insects as multiple
resistances which are identified as the simultaneous resistance to several
insecticides of different categories, which is normally acquired by separate
exposure to the insecticides concerned (Najera and Zaim, 2003). Likewise,
cross-resistance also can occur between different classes of insecticides that
share the same mode of action such as organochlorines and pyrethroids and

organophosphates and carbamates insecticides.
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Table 2.1: Insecticides used for IRS in malaria control, their classes,
dosage and effective action as recommended by the WHO
pesticide Evaluation Scheme (Prato et al., 2012).

Product Class group* Dosage (g/m2) Duration of
effective

action (months)

DDT oC 1-2 >6
Fenitrothion OP 2 3-6
Malathion OP 2 2-3
Pirimiphosmethyl OP 1-2 2-3
Bendiocarb C 0.1-0.4 2-6
Propoxur C 1-2 3-6
Permethrin PY 0.5

Deltamethrin PY 0.01-0.025 2-3
Lambdacyhalothrin PY 0.02-0.03 3-6
Alphacypermethrin PY 0.02-0.03 4-6
Cyfluthrin PY 0.01-0.05 3-6
Etofenprox PY 0.1-0.3 3-6

*OC= Organochlorines; OP= Organophosphates; C= Carbamates; PY=
Pyrethroids.

35



neuron 1|

[od ; o ON Fenthion
Deltamethrin o, OMe & DoT g o) I
|, OMc ¢
Y™ s 080 IC
g { o r a B

Pyrethroid DT Carbamate Organophosphates

l (kdr) ChT AChE  (MACE)
A choline

Vg-Na* choline «—— , <«
channel + AcOH
@ acetyl CoA ®
3 . l t
2 o0 + € ache
& ACh 2 4 impulse
S o]
= A
o impulse l =
2 -
AchT'% ® 00 ACh—> @ Achreceptor
Ach vesicle

nerve impulses transmission chemical transmission

Figure 2.2: Biochemical target sites of synthetic insecticide in insects
(after Nauen, 2006).
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Insecticides used for malaria control have included organochlorine,
organophosphorus, carbamate, and pyrethroid insecticides, with the latter now
taking increasing market share for both indoor residual spraying and Long
Lasting Insecticidal mosquito Nets (LLINs) (WHO, 2013b). A major concern
on the use of currently available insecticides for malaria control is represented
by increasing insecticide resistance (Enayati and Hemingway, 2010).
Resistance is being likely to follow the use and switches of these insecticides
(Hemingway and Ranson, 2000). Currently, insecticide resistance has been
observed in more than 500 insect species worldwide including many vectors
of malaria (Hemingway and Ranson, 2000). Resistance in malaria vectors to
insecticide is growing worldwide due to the increasing selection pressure on
mosquito populations that caused by extensive uses of chemical insecticides
in urban, domestic and/or agricultural area (Nkya et al., 2013). For example,
DDT was first introduced for mosquito control in 1946; however, in 1947 the
first cases of DDT resistance occurred, and up to now DDT resistance at
various levels has been reported in several malaria vectors (Hemingway and
Ranson, 2000; Prato et al., 2012). More recently, several malaria vectors in
different African countries have been reported resistant to all major classes of
insecticides used in public health practice (Ndjemai et al., 2009; Verhaeghen
et al., 2010; Balkew et al., 2010; Yewhalaw et al., 2011; WHO, 2013b; Toé
et al., 2015; Gnanguenon et al., 2015).

The first recorded insecticide resistance to DDT in East Africa was
from Sudan in EI Guneid sugar estate (Haridi, 1972a). In central Sudan, A.
arabiensis has been found to be resistant to several insecticides: BHC and
DDT (Haridi, 1972b), malathion (Hemingway, 1983; Zahar, 1985).
Furthermore, in Gezira irrigated area and Sinnar state, recent surveys showed

multiple resistance of An. arabiensis to permethrin, DDT and malathion,
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representing three of the four classes of insecticides approved by WHO for
use in malaria vector control (Abdalla et al., 2008). More recently, resistance
in populations of An. arabiensis to major insecticide classes has been reported
from different states in Sudan including Gizera, Sennar, Kassala, Gedaref,
White Nile and Khartoum (Abdalla et al., 2014; Himeidan et al., 2011a;
Yagoop et al., 2013; Ismail et al., 2012; Seidahmed et al., 2012; Abuelmaali
et al., 2013; Mohammed et al., 2015).

Insecticide resistance, especially to pyrethroids, is a serious threat to
sustained use of LLINs and IRS programmes. The nets are impregnated with
this class of insecticides, to which vectors are already resistant in some areas
of the world. Although 12 insecticides are currently recommended for indoor
residual spraying, they belong to only four chemical classes, and cross-
resistance among insecticides is frequent (WHO, 2012).As a result multiple
or cross-resistance between the insecticides in populations of major malaria
vectors in Africa has become common (Ranson et al., 2011).Cross-resistance
can be due either to detoxification of insecticide by enzymes or by mutation
on its target site due to substitution in amino acids: sodium channels for DDT
and Pyrethroids, and acetyl-cholinesterase for organophosphates and
Carbamates (WHO, 2006; Ranson et al., 2011).

2.13. Mechanism of insecticide resistance in malaria vectors

Two insecticide resistance mechanisms have been identified in
mosquitoes: increased metabolic detoxification and reduced target site
sensitivity (Qin et al., 2014).
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2.13.1. Target site resistance

Each insecticide targets a specific molecule in the nervous system of
the mosquito (Walsh et al., 2001). Single base point mutations are the most
common cause of target-site resistance changing the properties of these target
sites and reducing their susceptibility to insecticide binding (Enayati and

Hemingway, 2010).

2.13.1.1. Insensitive acetylcholinesterase (AChE)

The neurotransmitter acetylcholine plays an important role in the
transmission of the external stimuli which enables the nervous system to
translate it into effective action. When the appropriate message is successfully
passed, the acetylcholinesterase (AChE) terminates the nerve impulses by
catalyzing the hydrolysis of the acetylcholine (Walsh et al., 2001).

Organophosphate and carbamate insecticides target AChE by
phosphorylating or carbamoylating the active-site serine and preventing it
from hydrolyzing the acetylcholine. Therefore, this causes the continuous
action of the acetylcholine and finally the death of the insect (Vontas et al.,
2002).

2.13.1.2. Gamma-amino butyric acid receptor mutation (GABA)

The GABA receptor is a wide spread inhibitory neurotransmission
channel in the central nervous system and neuromuscular junctions of insects
(Prato et al., 2012) and contain five subunits found around the central ion
channel (Hemingway, 2000). Each subunit has an extracellular cysteine loop
and four transmembrane domains (M1 — M4). The transmembrane domain
two (M2) is the most important one because it forms the ion channel and

contains the conserved alanine residue 302 (Hemingway et al., 2004). Binding
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to its ligand GABA, the receptor increases the flow of chloride through the
membrane. Cyclodiene insecticides (e.g. dieldrin and BHC) block the GABA
receptor thus preventing the inhibition of neural activity, leading to the death
of the insect. Amino acid substitutions from alanine to serine or glycine within
the second transmembrane region of the RDL subunit at position 302 are
found associated with resistance to dieldrin in many insects (Hemingway et
al., 2004). In An. arabiensis, the resistance was found to be due to an alanine-

glysine substitution at the same position (Du et al., 2005).

2.13.1.3. Mutations in the voltage-gated sodium channel

The voltage-gated sodium channels play an integral role in the
transmission of nerve impulses. (Hemingway, 2000). PY's and OCs target the
voltage-gated sodium channel in insect neurons (Davies et al., 2007).
Insecticide binding delays closure of the sodium channel prolonging action
potential and causing repetitive neuron firing, paralysis and eventual death of
the insect (Ranson et al., 2011). Molecular characterizations have revealed
that various mutations in the S1-S6 transmembrane segments of domain Il of
the sodium ion channel give rise to DDT and pyrethroid resistance in malaria
vectors (Diabaté et al., 2004).

Mutations in the sodium channel conferred by DDT and pyrethroid
resistance are known as knockdown resistance (kdr), so-called because insects
with these alleles can withstand prolonged exposure to insecticides without
being ‘knocked-down’(Hemingway et al., 2004). In West African An.
gambiae a mutation resulting in an amino acid change from leucine to
phenylalanine (Leu — Phe) within the S6 hydrophobic transmembrane
segment has been associated with DDT/pyrethroid resistance (Kulkarni et al.,

2006). A resistance associated mutation in the same codon resulting in an
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amino acid change from leucine to serine (Leu —Ser) was found in an East

African population of An. gambiae (Verhaeghen et al., 2006).

2.13.2. Metabolic resistance

Metabolic resistance occurs when elevated activity of one or more
enzymes results in a sufficient sequesters or detoxification of the insecticide
before it reaches the target site (Ranson et al., 2011). Increased expression of
the genes encoding the major xenobiotic metabolizing enzymes is the most
common cause of insecticide resistance in mosquitoes. (Hemingway and
Ranson, 2000).

Three major enzyme groups are responsible for metabolically based
resistance to OCs, OPs, Cs, and PY's: a) glutathione S-transferase (GST), like
DDT dehydrochlorinase, which was first recognized as a GST in the house
fly, Muscadomestica; b) esterases, often involved in OP, C, and to a lesser
extent, PY resistance; and ¢) monooxygenases, involved in PY metabolism,
OP activation and/or detoxication and, to a lesser extent, C resistance (Prato
etal., 2012).

2.13.2.1. Glutathione S-transferase (GSTYs)

The Glutathione S-transferases (GSTs) are a large family of
detoxification enzymes found in almost all living organisms. They are
cytosolic dimeric proteins with two subunits, consists of two domains, each
containing two binding sites, the G site and the H site (Ding et al., 2003). The
GSTs are classified according to their location in the cell i.e. microsomal or
cytosolic (Enayati et al., 2005). Six classes of the insect GSTs have been
identified, Delta, Epsilon, Omega, Sigma, Theta and Zeta (Hemingway et al.,

2004). The two classes, Delta and Epsilon are the most important because of
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their role in insecticide resistance to the major classes of insecticides (Ding et
al., 2003).

Resistance to organophosphates is due to increases in GST
detoxification rates by Odealkylation or O-dearylation reaction (Hemingway
et al., 2004). GSTs also protect the insect against the toxicity of pyrethroids
either by detoxification of the lipid peroxidation products induced by the

insecticide or by sequestering the insecticide (Vontas et al., 2002).

2.13.2.2. Carboxylestarase (esterases)

Carboxylesterases are a large group of enzymes with different substrate
specificity. According to Aldridge (1953), they are classified as A or B
esterases according to their preference for the substrates o or B-naphthyl
acetate. Esterases produce resistance either by rapid-binding and slow
turnover of the insecticide (elevated esterase) i.e. sequestration, or metabolism
of the insecticide by catalyzing the hydrolysis of carboxylic and
phosphotrieste bonds in a wide range of insecticides such as organophosphate,
carbamates and pyrethroids (Hemingway and Ranson, 2000).

Esterases which produce resistance by metabolism of the insecticide are
associated with a single amino acid substitution in the structural genes

(Hemingway et al., 2004).

2.13.2.3. Cytochrome P450 monooxygenase (P450s)

Cytochrome P450 monooxygenases are hydrophobic, heme containing
enzymes. The P450 family is one of the largest gene super-families and is
found in all the living organisms. The insect P450s are involved in insect
growth, development, reproduction and insecticide resistance (Rongnoparut

etal., 2003). The P450s play an integral role in the metabolism of endogenous
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and exogenous compounds such as steroids, fatty acids and xenobiotics
(Hemingway et al., 2004).
Monooxygenase enzymes are named as CYP followed by a number, a

letter and a number respectively for example CYP6D1 (Scott and Wen, 2001).

2.13.3. Behavioural resistance

Behavioural resistance or insecticide avoidance is the ability of some
vectors to avoid contact with an insecticide. This type of resistance is not
based on biochemical mechanisms but conferred by behavioural changes in
response to prolonged exposure to an insecticide. This is triggered from
actions evolved in response to selective pressure excreted by the toxicant. This
type of response can be further divided into direct contact excitation
(stimulus-dependent) and non-contact spatial repellency (stimulus-
independent). The first type of response involve the detection and avoidance
of insecticide treated areas whereas the second one the insects move away
from the insecticide-treated area before making direct contact (Roberts et al.,
1997; Chareonviriyaphap et al., 1997). The stimulus-dependent response
particularly important for indoor residual spraying and for the use of LLINs
(Najera and Zaim, 2003). This type of response has been reported previously,
where a change in vector composition from An. minimus to An. harrisoni has
been observed following implementation of ITNs in Vietnam (Garros et al.,
2005). Moreover, in Tanzania it has been observed that An. funestus changed
its biting behaviour from indoor to outdoor due to large-scale coverage of

pyrethroid-impregnated net (Russell et al., 2011).
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2.14. Methods of detecting resistance

Different approaches to detect the emergence of insecticides resistance
are now possible. This is part of resistance management techniques to
counteract against resistance. The idea is to have baseline susceptibility data
to detect resistance in their early stages and monitor resistance levels over
time (WHO, 1992).

2.14.1. The WHO standard protocol for insecticide susceptibility

Resistance monitoring relies on bioassays that are based on fixed
insecticide diagnostic concentrations to detect the susceptibility status
(percentage mortality) among specific populations and/or knockdown (KD)
effect. A diagnostic concentration, as defined by the WHO, is the
concentration of a given insecticide which results in 100% mortality after
1hour exposure. The method can only detect the overall levels of resistance.
Therefore, when more than 5% of the samples survive the test after the 24
hours recovery period, resistance is said to be suspected and requires further
investigation. When >20% survive, resistance is confirmed. Molecular and
biochemical assay can be used to detect the mechanism/s involved (WHO,
2013Db).Furthermore, it is important that the individual mosquitoes used for
this assay are standardized for age, sex and physiological status because these
factors can affect the outcome of the tests. To obtain reliable information,
adults raised from female lines or F1 progeny reared from field collected
larvae and pupae should be used.

Although, detection of resistance in malaria vector is highly dependent
on susceptibility tests, these assays have some of the limitations. Limitation
of the tests includes a single concentration of insecticide used in these assays
which do not provide information about the level of resistance in a population.
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Therefore, dose response assays and/or alternative as well as complementary
method to WHO-susceptibility test would be needed to compare the levels of
resistance in different populations (Skovmand et al., 2008), these may include
median knockdown time (MKDT), because, the results obtained from only
WHO-susceptibility test cannot be used to compare the levels of resistance to
two different insecticides.

Currently, an alternative and or a complementary method known as
Centre for Disease Control and Prevention (CDC) bottle bioassay also has
been developed (Brogdon and McAllister, 1998a). This method is used for
detecting insecticide resistance in malaria vector populations and it is being
adopted for routine monitoring of mosquito populations elsewhere as
recommended by Brogdon and Chan (2010). This method has been developed
to avoid the limitations of the diagnostic dose for as well as sometime the
difficulties in obtaining a regular supply of the insecticide impregnated papers
from WHO. It uses glass bottles coated with a known concentration of
insecticide that can be used to detect and characterize resistance to an active
ingredient of an insecticide in a selected mosquito species. Furthermore, this
method measures the time for mosquito mortality due to the insecticide effect
(a time versus mortality curve) to state the proportion of the resistant strain.
Although, this assay is reliable and follows simple protocols that are
inexpensive and effective, it shows resistance trends regardless of mechanism.
In addition, this bioassay needs a uses of a proven susceptible population as a
reference strain (i.e., lab colony) for comparison to the field population.

Both WHO diagnostic doses and CDC bottle bioassays can be modified
to incorporate synergists. The synergists which are non-insecticidal
compounds (e.g. piperonylbutoxide) that often blocks or weaken the activity

of two major detoxification enzyme families can be used to judge the extent
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to which detoxifying enzymes contribute toward the production of resistant
phenotypes (WHO, 2013b). If resistance is due to increased metabolism,
exposure to an appropriate synergist prior to insecticide bioassays should

increase the level of mortality observed.

2.14.2. Biochemical (microplate) assays

Biochemical or microplate assays that are designed to detect alterations in
activities of enzyme families associated with insecticide resistance
mechanisms in individual mosquitoes (Hemingway et al., 1997; Brogdon and
McAllister, 1998b). This assay is based on that insecticide resistance in insect
vectors, is due to over expression of specific enzymes that are involved in
detoxification of allelochemicals. It has been developed over two decades and
are sometimes used in combination with insecticide bioassays (WHO,
2013b).These assays typically need substrates to record the activity of
glutathione transferases, carboxylesterases or cytochrome P450s in individual
insects as well as it can be to detect target site resistance to organophosphate
and carbamate insecticides caused by insensitive acetylcholinesterase (AChE)
(WHO, 2013b). Although, this method has the ability to detect low resistance
in an individual insect (Brown and Brogdon, 1987), specimen mosquitoes
used should be fresh or kept on ice from the point of collection to the

performance of the assay.

2.14.3. Molecular methods

Molecular methods have been developed for the detection of resistance
at molecular level i.e. resistance associated with mutations in the target-sites.
These methods include PCR-based methods for the detection of the gene

coding for a subunit of the y-aminobutyric acid (GABA) receptor, a chloride
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channel (Stilwell et al., 1995; Du et al., 2005) and mutations within the
voltage-gated sodium ion channel (VGSC) (knockdown gene; kdr) in
mosquito vectors (Martinez-Torres et al., 1998; Bass et al., 2007). Currently,
new techniques have been developed for detection of the resistance kdr
mutations because of the important and wide use of pyrethroid insecticides in
malaria control. These methods include the hot ligation oligonucleotide assay
(HOLA) (Lynd et al., 2005), Fluorescence Resonance Energy Transfer/Melt
Curve analysis (FRET/MCA) (Verhaeghen et al., 2006) and the sequence-
specific oligonucleotide probes/ELISA (SSOP-ELISA) (Kulkarni et al.,
2006).

These assays are mainly used in research laboratories; however they are
gradually being incorporated into some national malaria control programmes
for resistance monitoring. These methods are very sensitive and can detect
genetic mutation(s) responsible for the resistance phenotype in individual
insects that provide an early warning of the emergence of resistance which
may not have been detectable by bioassays. However, detection of these genes
is currently dependent on RNA based techniques using relatively

sophisticated equipment e.g. RTqPCR.
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CHAPTER THREE
3. MATERIALS AND METHODS

3.1. Study design

A longitudinal case study was conducted during March 2011 -
February 2014 in Khartoum state to investigate the status and distribution of
susceptibility/resistance An. Arabiensis to major classes of insecticides used
in public health and agriculture practices. In addition, to detection of
insecticide resistance genes (kdr, AChE) in concomitance with infection of

An. arabiensis the vector of malaria.

3.2. Study area

The present study was carried out in Khartoum state which is
considered the most populated among others. The area is located in central
Sudan (15°.10-16°.30" N and 31°.35-34°.20' E) (Figure 3.1). The state
occupies approximately about 28 000 km?. The confluence of the Blue and
the White Niles divided the state into three administrative areas; Khartoum,
Khartoum North and Omdurman areas.

In general, the land in the state is flat but interrupted in some areas by
seasonal khors and small hills. Most of the state lies within the semi-desert
region whereas the northern part is mostly desert climate.

Vegetation in Khartoum state consists of dry desert scrub and riverine
systems. The state is characterised by a dry cold winter between December to
February, a dry hot summer between April to June and a short rainy season
between July to September. The average annual rainfall is 160 mm and the
temperature in the state is high, reaching 46°C in the summer and decreased

to less than 20°C during the winter. The average humidity varied between
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36%-64%. Table 3.2 shows the monthly mean of the climatic conditions data
of Khartoum state, Sudan during 2011-2012.

Most of the population in the state, are workers and officers at the
public and private sectors. The main activity of the people in the per-urban
areas is farming. In this state, the farming activities are mainly along the
riverbanks. The agricultural and farming systems mainly concentrated in
Khartoum North area. In addition, to farming activities, water pipe leakage
and rain water are the main sources of An. arabiensis larval habitats in the
state. Malaria transmission in the state is considered as urban with low
incidence, unstable and highly seasonal where P. falciparum parasite is the
main causative agent (El Sayed et al., 2000; Malik et al., 2003).

3.3. Selection criteria and study sites

Nine sentinels were selected to collect immature stages of An.
arabiensis according to their environmental settings; urban and peri-urban
areas. These selected areas are the main sentinel sites set by the Khartoum
Malaria Free Project (KMFP), Khartoum state and Ministry of Health to
conduct the routine monitoring of the insecticides susceptibility status for
control of An. arabiensis in the state. The urban area are; Arkaweet (15° 32'
52.7964" N, 32° 33' 58.7298" E), Shambat (15° 39' 39.4446" N, 32° 31'
25.683" E), Abuseid (15° 34' 20.7942" N, 32° 30' 32.6154" E), and the peri-
urban: Soba West (15° 31' 12.954" N, 32° 40' 51.5028" E), Edekheinat (15°
26' 9.042" N, 32° 28' 41.4768"), Elmaygoma (15° 18' 12.654" N, 32° 35'
43.7496" E), Eltumanyat (15° 57' 41.8392" N, 32° 33' 55.9908" E),
Elsalamania West (15° 18' 12.654" N, 32° 28' 13.5294" E) and Gizera Islang
(15° 53'2.9544" N, 32° 32'6.3738") (Figure 3.1).
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Furthermore, 20 sites set by the KMFP for mosquito adult surveys also
categorized as urban and periurban areas were selected to collect wild adult
anopheline mosquitoes. These sites spread throughout the three administrative
areas of Khartoum state. The study sites cover almost about 20140 km? and
occupied the area between 15°.10'-16°.30" N and (31°.35'-34°.20' E (Fig. 3.1).
The collection sites were also categorized into urban and periurban. The latter

includes agricultural schemes and farming systems (Table 3.1).

3.4. Study population

Populations of An. arabiensis from nine sentinel sites were tested
against seven insecticides that commonly used in public health and agriculture
practices in Khartoum state (Fig. 3.1). In addition, populations of An.
arabiensis from 20 sites across Khartoum state were analyzed for knockdown
resistance gene (kdr), acetylcholinesterase gene (ace.1®) and Plasmodium

sporozoites infection (Fig. 3.1).

3.5. Collection of mosquito specimens
3.5.1. Sampling of immature stages

Anopheline mosquito larvae and pupae were collected during March
2011 - February 2013 from nine sentinel sites in Khartoum state (Section 3.2.).
In each sentinel site, a number of 10 to 15 aquatic habitats were randomly
surveyed. Larvae and pupae were collected from possible larval habitats of
different types (Fig. 3.3.) during two years period from March 2011 to
February 2013. Larvae and pupae of anopheline mosquitoes were collected
using standard collection methods including scoops, pipettes and collection
nets. Larvae and pupae were then kept in plastic bottles and bowl covered with

mosquito mesh and transported to the KMFP insectary in Khartoum.
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Figure 3.1: A map of Khartoum state showing the adult and immature
stages collection sites.
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Table 3.1: Location, description of the Anopheles arabiensis collection

three administrative areas in Khartoum state, Sudan.

sites and the numbers of sampled mosquito specimens from the

Location Social Number of
Administrative Sites Coordinates environment mosquitoes
area collected
Khartoum Soba West 15°29'37.4166" N 32°39'32.7126" E Peri-urban 30
Arkaweet 15°32'52.7964" N 32° 33'58.7298" E  Urban 29
Edekheinat 15°26'9.042" N 32°28'41.4768" E  Peri-urban 30
Alshegelab 15°53'2.9544" N  32°32'6.3738"E  Peri-urban 33
Alnasr 15°29'7.7922" N  32°31'17.8818"E Urban 29
Alremaila 15°18'12.654" N 32°28'13.5294" E Urban 30
Jabra 15°30'58.95" N 32°31'44.3382" E  Urban 33
Buri 15° 36'23.8926" N 32°34'43.302"E  Urban 36
Khartoum Shambat 15°39'39.4446" N 32°31'25.683"E  Urban 34
North
Elmaygoma 15°18'12.654" N 32°35'43.7496" E  Peri-urban 31
Eltumanyat 15°57'41.8392" N 32° 33'55.9908" E  Peri-urban 34
Edroshab 15°41'41.2074" N 32° 34'43.8636" E  Peri-urban 30
Alhalfaya 15°42'12.261" N 32°32'40.2468" E Urban 33
Alazeba 15°39'52.2282" N 32°34'35.868"E  Urban 36
Algireef East 15°35'33.5652" N 32°35'51.396"E  Urban 38
Soba East 15°31'12.954" N  32°40'51.5028" E Peri-urban 38
Omdurman Abuseid 15°34'20.7942" N 32°30'32.6154" E Urban 30
Alsarha 15°41'13.8402" N 32°30'45.5142" E Urban 31
Algmayer 15°40'8.6442" N 32°30'27.3816" E Urban 38
Angola 15°37'14.0838" N 32°25'41.6814" E Peri-urban 38
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Table 3.2: The monthly mean of the climatic conditions data
(temperature, relative humidity and wind direction and speed)
of Khartoum state, Sudan during 2007-2014.

Month Temperature Evaporation Relative Total Wind

humidity rainfall

(Max-Min) (Direction + speed)
January 31.1-16.9 13.2 28.4 0.0 N 94
February  34.5-19.0 13.9 20.0 0.0 N 9.6
March 36.6-21.5 154 15.6 0.0 N 9.2
April 41.2-25.6 16.8 15.0 8.7 N 11.0
May 42.3-28.0 15.1 15.4 1.2 NNW 8.6
June 41.9-28.8 15.1 25.2 2.0 SW 8.6
July 38.6-26.7 12.8 46.6 20.6 SW 9.8
August 37.7-26.0 12.3 56.0 70.5 SW 9.8
September 39.5-27.1 12.5 50.4 6.1 SwW 7.8
October  40.1-27.0 13.9 28.2 2.5 N 6.4
November 36.1-22.5 14.5 24.4 0.0 N 8.4

December 33.0-18.8 14.1 27.8 0.0 N 8.6
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3.5.2. Sampling of adult stages

Collections of adult mosquitoes were done regularly during April and
June 2013 from the 20 sites mentioned above. Moreover, female anopheline
mosquitoes were also collected in November - December 2014 from only four
out of the mentioned sites (Soba West, Shambat, EImaygoma and Alazeba
sites). The wild female anopheline mosquitoes were captured by active search
at the resting places using a hand light torch and mouth aspirators. Adult
mosquitoes were collected from resting sites at outdoor (cracks, between
vegetation and wet holes close to riverbanks and irrigation canals) and indoor
sites (bedrooms, cow shelters) (Fig. 3.4). The sampled specimens from each
site were kept in paper cups covered at the top with mosquito fixed with a

plastic rubber.

3.6. Preservation of adult mosquitoes

The sampled alive adult female from each site during the two different
periods were killed using a cotton wool soaked with chloroform. Then the
mosquito specimens kept individually in eppendorff tubes containing silica
gel for subsequent PCR analysis to detect kdr, AChE mutation and
Plasmodium parasites (sporozoites) infection. The tubes containing the
preserved specimens were well coded with a given number, site and date of

collection.
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Figure 3.3. Representative types of larval habitats from where larvae and
pupae were collected in different sites in Khartoum state.

A: Water pipe leakage
B: Irrigation canal
C: Water pool

D. Water pots (zeers) and barrels
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Figure 3.4. Representative types of adult anopheline mosquitoes resting
places from where wild specimens were sampled in different
sites in Khartoum state.

A: Bed room

B: Animal shelter
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3.7. Rearing of mosquitoes under laboratory conditions

Immature stages of the anopheline mosquito collected from the nine
sentinel sites were transported to KMFP insectary in Khartoum. In the
insectary, the immature stages were transferred into larval trays and sorted out
from other organisms such as predators and culicines. The anopheline larvae
and pupae were then maintained and reared using standard method for
mosquito rearing (Helinski et al., 2006).The larvae in the trays were reared
provided with Tetraminl fish and the pupae were placed in plastic cups and
then transferred to mosquito cages (30 x 30 cm®) for emergence. The adults
when emerged, they were maintained on a 10% glucose solution on filter-
paper and/or a piece of cotton wool until they subsequently used for WHO

insecticide susceptibility tests.

3.8. Identification of mosquitoes
3.8.1. Larvae

Anopheline mosquito larvae were randomly selected from the
collection immature stages from each site and examined under the dissecting
microscope. For this purpose, the 4" larval instars were selected and then
identified morphologically to species level using proper anopheline mosquito
entomological keys (Mattingly and Kinght, 1956; Harbach, 1988).

3.8.2. Adult
Representative specimen of the emerged adult Anopheles from the
colony-reared mosquitoes as well as the wild collected ones from different

sites were identified based on morphological features using proper
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entomological keys (Gillies and De Meillon, 1968; Gillies and Coetzee,
1987).

3.9. Protocol of the study

3.9.1. Descriptive data on larval habitats in nine sentinel sites used for
susceptibility tests
Larval habitats surveyed for collection of immature stages used for
susceptibility tests in this study were fully described. During the larvae and
pupae collection, information on larval habitats were recorded using a well-
designed format. Information on the larval habitats collected were type
(source of water), presence of vegetation, land cover and land uses were

observed and recorded in each sentinel sites.

3.9.2. WHO-insecticide susceptibility test

In this study, seven insecticides used in public health sector for control
of malaria vector recommended by WHO were selected (Table 3.3) to
determine the susceptibility/resistance status and the knockdown time for 50%
and 95% (KDTso%and KDTgsy) for An. arabiensis. The selected insecticides
belongs to the classes which are widely used to control public health and
agricultural pests in different African countries including Sudan.

Insecticide susceptibility tests were conducted according to WHO
standard procedures (WHO, 2013b) using impregnated papers provided by
WHO in March 2010. Anopheles arabiensis mosquitoes were tested against
insecticides impregnated papers with discriminating doses shown in table 3.3.
For each insecticide, different numbers of batches of 25 sugar fed females An.
arabiensis of 2—3 days old were exposed to impregnated paper. Furthermore,

controls included batches of mosquitoes from each sentinel site exposed to
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untreated papers. In each sentinel site, different numbers of females were
tested against different insecticides. A standard exposure time of 1 hour was
used for all the tested insecticides except for fenitrothion 1.0% for which the
exposure was 80 minutes. The numbers of knockdown and dead flies were
recorded after 10, 20, 30, 40, 50 and 60 minutes of exposure. After one-hour
(or 80 min for fenitrothion) exposure time, the knockdown and the surviving
mosquitoes were transferred into clean holding tubes, provided with 10%
sucrose solution on cotton. Final mortalities were recorded 24 hours post-
exposure.

The insecticide susceptibility tests were conducted under optimum
conditions (temperature 26°C and 70 - 80% relative humidity) at KMFP

insectary.

3.9.3. Seasonal variation in Anopheles arabiensis susceptibility status

To investigate the temporal variation in susceptibility status for An.
arabiensis in Khartoum state and in different sentinel sites, larvae and pupae
were collected during three different seasons in the year. These were dry cold
(November — February), dry hot (Late March — June) and wet (July —
October). WHO-susceptibility tests were then conducted on emerged adult
from collected larvae during three different seasons in each sentinel sites using
the seven mentioned insecticides. Mortality rates and knockdown times (50%
and 95%) for each population of An. arabiensis in different seasons were

recorded and analyzed.
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Table 3.3: Insecticides used to elucidate the susceptibility/resistance

status in Anopheles arabiensis in nine sentinel sites in Khartoum

state, Sudan.

Classes Insecticides Concentration  Manufacture-Expiry
% date
Organochlorines DDT 4 July 2010- July 2015
Organophosphates  Fenitrothion 1 March 2010- March 2013
Malathion 5 July 2010- July 2013
Carbamates Propoxur 0.1 June 2010- July 2013
Pyrethroids Permethrin 0.75 July 2010- July 2012
Deltamethrin 0.05 July 2010- July 2012
Lambdacyhalothrin 0.05 July 2010- July 2012
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3.9.4. Molecular assays
3.9.4.1. DNA extraction

Genomic DNA was extracted from individual wild female mosquitoes
using Livak laysis buffer (Livak, 1984). The buffer was heated to 65°C in a
heating block for 15 min and mixed before used to re-dissolve precipitate.
Each mosquito specimen was grinded in 200 ml LIVAK buffer in 1.5 ml
eppendorff tubes. Then the tubes were incubating at 70°C for 30 min. After
incubation, the tubes were centrifuged at 13, 000 rpm for 5 min to collect
condensation. Then 28 ml of 8M of K-acetate was added to each sample in
the tubes and mixed well. The samples were then incubated on ice for 30 min.
After incubation, the samples were centrifuged at 13,000 rpm for 10 min. The
supernatant were transferred to a new 1.5 ml eppendorff tubes and centrifuged
for 10 min at 13,000 rpm. Then after, the supernatants were then transferred
to a new tubes and 400 ml of ice cold absolute alcohol was added and mixed
gently by inversion. The samples were incubated overnight at -20 °C. The
samples were centrifuged at 13,000 rpm for 15 min, the supernatant were
discarded and the pellet from each sample was rinsed in 200 ml of ice cold
70% alcohol. Finally, the samples were centrifuged at 13,000 rpm for 15 min
and the pellets were left to dry on the bench and re-suspended in 200 m of
PCR water. The DNA samples were kept at -20°C for subsequent PCR

analysis.
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3.9.4.2. ldentification of Anopheles arabiensis using species — specific
primers

A sub-samples selected from both emerged adults collected as
immature stages and wild ones were analyzed using PCR. The genomic DNA
samples from individual females An. arabiensis were analyzed by PCR using
An. arabiensis species-specific primers (A
ATGCCTGAACGCCTCTAAGG and AL
CAAGATGGTTAGTTACGCCAA). PCR conditions used in this study were
similar to that described by Scott et al. (1993). These species specific primers

gave PCR amplicons of 500 bp band sizes characteristic for An. arabiensis.

3.9.4.3. PCR detection of kdr mutation

Samples from 20 localities were assayed for kdr mutation. The kdr
genotype for each mosquito was determined using polymerase chain reaction
(PCR) procedure and primer sequences from (Martinez-Torres et al., 1998;
Ranson et al., 2000). In the reaction, primers Agdl (5°-
ATAGATTCCCCGACCATG-3) and Agd3 (5°-
AATTTGCATTACTTACGACA-3’) were used to amplify the West African
resistance allele, whereas primers Agdl (5’-ATAGATTCCCCGACCATG-
3’)and Agd5 (5’-TTTGCATTACTTA CGACTG -3’) were used to detect the
East African resistance allele. Both of these reactions amplify a 195-bp
fragment. In each of the above multiplex PCR reaction, the susceptible allele
was assayed using primers Agd2 (5’-AGACAAGGATGAT GA ACC-3’) and
Agd4 (5’-CTGTAGTGATAGGAAATTTA-3’) which yields a 137-bp

fragment.
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DNA amplification followed the protocol: Sul of 2 x Taq Master Mix,
0.3ul of Agdl and Agd2 primers,1.5ul of Agd3 and Agd4 (West African
resistance allele) and Agd5S (East African resistance allele) primers, Sul of
template DNA mixed in 25ul final volume with 11.4ul of PCR water.
Amplification was performed under the following conditions: 5 minutes initial
denaturation at 95 °C, 40 cycles of: 1 minutes denaturation at 94 °C, 1 minutes
annealing at 48 °C, and 1 minute extension at 72 °C, and a 10 minutes final
extension at 72°C. (Matambo et al., 2007).

3.9.4.4. PCR assay for detection of ace-1R mutation

Attempt was done to identify the ace-1R (ace.1 G119S) resistant gene
in populations of An. arabiensis in Khartoum state using PCR method.
Genomic DNA were assayed for the same samples by an Intentional
Mismatched Primer-PCR (IMP-PCR) according to the protocol of Wilkins et

al. (2006) using specific primers CDCWT
(O’ TGTGGATCTTCGGCGTCG3’), CDCGI119SR
5’CGGTGCCGGAGTAGAATCT?’), CDCACEF
(5’GGTGGACGTGTGTGGCTC3’) and CDCACER

(5°CTACCGTAGCGCAAGGTTC-3’). These primers gave amplicons a 456-
bp fragment as universal band, 288bp fragment for resistance allele and 196-
pb fragment for susceptible allele.

The DNA amplification was done using a final volume of 20 pul. The
PCR mix included 5ul of GoTaq Master Mix, 0.5ul of each of the above
mentioned primers, Sul of template DNA and 9.5ul of PCR water.
Amplification was performed under the following conditions: 5 minutes initial

denaturation at 95 °C, 35 cycles of: denaturation at 94 °C for 30 sec, annealing
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at 61 °C for 1 min, extension at 72 °C for 7 min, and a 10 minute final

extension at 72 °C.

3.9.4.5. Sporozoites detection by nested PCR

A nested PCR was performed for all samples of An. arabiensis
collected in the two years to detect infection with Plasmodium sporozoites. In
this assay, two amplification reactions were carried out as described by
Snounou et al. (1993). Plasmodium genus specific SSUr DNA primers rPLU5S
(5'-CCTGTTGTTGCCTTAAACTTC-3") and rPLU6 (5'-
TTAAAATTGTTGCAGTTAAAACG-3") were used in the first amplification
reaction (Nestl). In the second amplification reaction (Nest2), species-
specific primers rFALL
(S'TTAAACTGGTTTGGGAAAACCAAATATATT-3') and rFAL2
(5’ACACAATGAACTCAATCATGACTACCCGTC3), and rVIVI
(5'CGCTTCTAGCTTAATCCACATAACTGATAC3) and rVIV2
(5’ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA-3") were used for
detection of P .falciparum, and P. vivax respectively.

In the first round, DNA amplification was performed using Syl of 2 x
Taq Master Mix, 1ul of rPLUS and rPLU6 primers, 5l of template DNA and
13ul of PCR with 25ul final volume. For the Nest2, 1ul of Nestl PCR
products were used as the template for the second amplification where 1ul of
two pairs of species specific primers (rFALL, rFAL2, rVIV1 and rVIV2) was
added to 5ul of 2 x Taq Master Mix and 15ul of PCR water with 25ul final
volume. The PCR condition for each amplification reaction was 95°C for 5
min, 25 cycles of: 94°C for 30 sec, 58°C for 2 min, 72°C for 2 min, final

extension at 72°C for 5 min.
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A reference strain of P. falciparum and P. vivax were used as positive
control whereas PCR water was used as a negative control in these
experiments. Amplified DNA samples were regarded as positive for P.
falciparum and P. vivax if any fragment of 120 bp and 205 bp was obtained
in the Nest 2.

3.9.4.6. Agarose gel electrophoresis for detection of resistance genes (kdr
and ace.1R) and Plasmodium sporozoite DNA

PCR products obtained from all assays were visualized using 1.5%
agarose gel electrophoresis. The 1.5% gel was prepared by melting 1.5g
agarose in 1X TBE (Tris, Boric acid, EDTA) and then 2ul of ethidium
bromide was added. The agarose gel mixture was then poured in a horizontal
apparatus (electrophoresis tank). Then after, the gel was covered with 1X TBE
buffer. Five-ul of each PCR product was then mixed with 2ul of loading dye
(bromophenol blue and water). A DNA ladder (100 pb molecular weight;
vivantis, UK) was also loaded. The gel electrophoresis apparatus was
connected to the power supply of a voltage 80V for 1 hour. The gel was then
observed under ultraviolet light to determine if PCR products have been
successfully amplified. The gel with DNA amplicons was photographed by
gel documentation system (UVP-91786, USA).

Mosquito specimens were identified as An. arabiensis when amplicons
of 500 bp were detected (Scott et al., 1993). According to Martinez-Torres et
al. (1998) and Ranson et al. (2000), 137 bp, 195 bp DNA fragments or both
together (i.e 137 and 195 bp) when observed with 293 bp internal control, the
samples were homogeneous susceptible, homogenous kdr resistance
(mutation at L1014 position) and heterogeneous suspected resistance (RS)

respectively. When the primers used were Agdl and Agd3, the homogenous
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kdr resistance were L1014F-kdr (West African kdr), and if the used ones were
Agdl and Agd5, the amplicon would be identified as L1014S-kdr (East
African kdr). For ace.l G119S resistance gene primers create a 456 bp
universal band, 288 bp for resistant individuals, and 196 bp for susceptible
individuals. In addition, amplicons of 205 bp and 120 bp created by
Plasmodium species specific primers were considered as a positive for P.

falciparum and P. vivax (Snounou et al. 1993) respectively.

3.10. Spatial distribution and mapping of insecticide resistance

Anopheles arabiensis in Khartoum state

To determine the spatial distribution and mapping of resistant strains of
An. arabiensis, collection sites of immature stages used for WHO-
susceptibility tests and wild adult used for target site resistance genes (L1014F
and L1014S-kdr, and ace.l G119S) were geo-referenced using Global
Position System (GPS; 12 XL; German, U.S.A) with accuracy of 1-5 meters.
The results of WHO-susceptibility tests for the seven insecticide used, kdr
resistance gene and ace.1 G119S mutation in population of An. arabiensis in
from sites surveyed in were overlaid on maps of Khartoum state

(www.qgoogle.earth.com).

3.11. Socio-economic investigation of the uses of pesticides in

public health and agricultural practices in Khartoum state

To assess the knowledge, attitude and practice of the public health
workers and farmers on the uses of pesticides in the field, a socio-economic
questionnaire was designed. The questionnaire was designed to collect

demographic data and information on the types and numbers of insecticides
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used during the last five years, their doses and method of preparation,
knowledge about mosquitoes and the method of protection (for farmers) The
guestionnaire was written in English and the workers and farmers were asked
in Arabic (Appendix 1). A sample of 60 health workers in two urban areas (30
in Shambat and 30 in Arkaweet) and 60 farmers (30 in EImaygoma and 30 in
Elsalamania West) were recruited to answer the questionnaire. The
guestionnaire was pre-tested in other areas not used as a study site.

The selection of the areas to recruit health workers was based on urban
residential (Arkaweet) and urban agricultural area (Shambat) where
differences in the selection pressure for An. arabiensis could be possible. In
addition, the selection of farmers were due to the areas of high (Elmaygoma;
Khartoum North) and low farming activities (Elsalamania West; Omdurman)
which also might cause differences in selection pressure due to differences in
numbers of insecticides used. Furthermore, more than 50% of the health

workers and farmers in the surveyed areas were recruited.

3.12. Data collection and data analysis

Data were collected using standard WHO susceptibility tests for format
(Appendix 2). The mortality rates after 24 exposures to each insecticide was
calculated as the number of dead mosquitoes/total tested for each test replicate
using Excel Software. Furthermore, the resistance/susceptibility status of the
tested An. arabiensis due to each insecticide was determined according WHO
criteria (WHO, 2013b): mortality rate >98% = susceptible, 90-97% =
suspected/potential resistance, and <90% = resistant. Kruskal-Wallis tests and
Mann—Whitney tests were used to assess the differences in the mortality rates
in populations of An. arabiensis between sentinel sites, and between urban
and periurban areas respectively using SPSS software version 20. The
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knockdown times (minutes) of 50% and 95% (KDT50 and KDTgs) exposed
populations of An. arabiensis collected from urban and periurban areas were
Probit analysis were estimated by Probit analysis (logtimeprobit model) using
SPSS software version 20. The knock down resistance ratio (KRR) was
calculated by dividing KDTsg of the tested population/ KDTsp of the area with
the shortest time.

The frequencies of kdr genotypes in An. arabiensis populations from
different sites were compared by Chi? tests using SPSS software version 20.
The genotypic frequencies of L1014F and L1014S in mosquito populations
were compared to Hardy-Weinberg expectations using the online calculator
(http://www.tufts.edu/~mcourt01/Documents/Court%201ab%20%
20HW%20calculator.xls). In the analysis, kdr mutations L1014F and L1014S

mutations were considered as independent bi-allelic loci because these alleles

do not target the same base at the DNA level in codon 1014.
Moreover, descriptive statistics and t- test were used to analyze the data
obtained by socio-economic questionnaire. All P value < 0.05 was considered

significantly different.

3.13. Ethical considerations

In this study no ethical approval was required because the study was a
part of routine surveys of the Khartoum Malaria Free Project (KMFP) and
Integrated Vector Management Unit (IVM), Federal Ministry of Health,
Sudan. In addition, the surveyed sites are the main areas included in the

routine surveys of the KMFP.
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CHAPTER FOUR
RESULTS

4.1. Descriptive data on the larval habitats in the sentinel sites in

Khartoum state

Table 4.1 shows descriptions and types of larval habitats and their numbers
from where mosquito larvae and pupae were collected for WHO-susceptibility
tests in each sentinel sites in Khartoum state during March 2011 to February 2013.
A total of 113 sites were surveyed during this study for collection of larvae and
pupae. Of these, 32.7% were in sentinel sites in Khartoum, 38.1% in Khartoum
North and 29.2% in Omdurman area. In this study, two types of larval habitats
were recorded; these were drinking water pipes leakage and irrigation canals. The
most dominant types were those formed by the drinking water pipes leakage
(54.4%). With except of Elsalamania West site, larval habitats formed of drinking
water pipes were recorded in all sentinel sites investigated. Moreover, larval
habitats formed of irrigation canals were found in 5 sentinel sites, these were;
Shambat, Elmaygoma, Eltumanyat, Elsalamania West and Gizera Islang. The
majority of the larval habitats (72; 63.7%) were observed in settlement areas (Fig.
4.1). Most of these habitats were formed of fresh clean water (46.90%) followed
by habitat with presence of grasses (46.9%) (Fig. 4.2).
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Table 4.1: Descriptions, types of larval habitats and their numbers in each

sentinel sites in Khartoum state during March 2011 to February

2013.

Sites Number (%) of larval Description of larval habitats Presence Total
habitat types (No; %) of other
Pipe Irrigation  Clean Presence of Presence organisms

leakage canals grasses of algae
Soba West 12 (10.6) 0 (0) 6 (5.3) 3(2.6) 3 (2.6) 6(50) 12
Arkaweet 15 (13.3.7) 0 (0) 9(7.9) 5(4.4) 1(0.9) 6(40) 15
Edekheinat 10 (8.8) 0 (0) 8 (7.1) 1(0.9) 1(0.9) 2(20) 10
Shambat 9(7.3) 4 (3.5) 3 (2.6) 4 (3.5) 6 (5.3) 10(76.9) 13
Elmaygoma 7 (6.1) 8 (7.1) 2 (1.8) 5(4.4) 8(7.1) 13(86.7) 15
Eltumanyat 2 (1.8) 13 (11.5) 3(2.9) 2 (1.8) 10 (8.8) 13(86.7) 15
Abuseid 10 (8.8) 0 (0) 4 (3.5) 3(2.6) 3(2.6) 6(60) 10
Elsalamania 0 (0) 10(8.8) 10(8.8) 0 (0) 0 (0) 0(0) 10
West
Gizeralslang  1(0.9) 12 (10.6) 8(7.1) 5(4.4) 0 (0) 4(30.8) 13

Total 66 (58.4) 47 (41.6) 53(46.9) 28(24.8) 32(28.3) 60(53.10) 113
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Figure 4.1: Percentages of larval habitats in two different areas land cover
surveyed in Khartoum state during 2011 -2013.
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Figure 4.2: Percentages of larval habitats with different characteristics

surveyed in Khartoum state during 2011 -2013.
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4.2. WHO susceptibility tests for populations of Anopheles

arabiensis from nine sentinel sites in Khartoum state

4.2.1. Anopheline mosquitoes

A total of 8325 adult anopheline mosquitoes were obtained from larval
collection from the nine sentinel sites and reared in the insectary. All mosquito
specimens were identified morphologically as An. gambiae s.l. Furthermore, all
the 500 randomly selected sub-samples analyzed by PCR were An. arabiensis
(Fig. 4.3).

4.2.2. Descriptive data

In this study, seven insecticides were used to test populations of An.
arabiensis from nine sentinel sites in Khartoum state. The insecticides with
diagnostic dosages used were 4% DDT, 1% fenitrothion, 5% malathion, 0.1%
propoxur, 0.75% permethrin, 0.05% deltamethrin and 0.05% lambdacyhalothrin.
These insecticides were used to determine susceptibility/resistance status of An.
arabiensis from Soba West, Arkaweet, Edekheinat, Shambat, Elmaygoma,
Eltumanyat, Abuseid, Elsalamania West and Gizera Islang sites.

All the seven insecticides were used to test populations of An. arabiensis
from three sentinel sites; Soba West, Edekheinat and Elsalamania West. DDT 4%
and fenitrothion 1% used to test mosquitoes from seven sentinel sites. However,
deltamethrin 0.05% was the only insecticide that was used to test mosquitoes from
the all sentinel sites investigated. Furthermore, 0.05% lambdacyhalothrin
insecticide was used to test mosquitoes from only three sentinel sites; Soba West,

Edekheinat and Elsalamania West.

73



Figure 4.3: Polymerase Chain Reaction (PCR) product showing specific DNA

amplicons for identification of Anopheles arabiensis collected
from nine sentinel sites in Khartoum state.
Lane M: 100 kb DNA molecular markers; lane 1. negative control (PCR
water); lane 2 -4: samples from Soba West, Arkaweet and Edekheinat
respectively; lane 5-7: specimens from Shambat, EImaygoma and Eltumanyat
respectively; lane 8-10: mosquitoes from Abuseid, Elsalamania West and
Gizera Islang respectively, and lane 11: reference strains from Dongola

colony-reared An. arabiensis.
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4.2.3. Mortality rates of Anopheles arabiensis in Khartoum state

The overall mean percentage of mortalities in populations of An. arabiensis
from Khartoum state after 24 hour exposures to seven WHO different insecticide
Impregnated papers are shown in table 4.2 and figure 4.4. A total of 8325 females
An. arabiensis arranged in 331 patches of 25 individual mosquitoes in each
replicate were exposed to the above mentioned insecticides. Abbott’s formula was
not required for correction of mortality results because percentage of mortality in
control groups was less than 5% to all diagnostic concentrations. The results
showed that populations of An. arabiensis in Khartoum state were fully
susceptible to fenitrothion 1% and lambdacyhalothrin 0.05% and were highly
resistance to DDT 4%, malathion 5%, propoxur 0.1%, permethrin 0.75% and
deltamethrin 0.05% (Fig. 4.4).

The results on the susceptibility/resistance status of populations of An.
arabiensis from all sentinel sites are shown in tables 4.3. With exception to
propoxur 0.1%, significant differences were observed in mortality rates in An.
arabiensis between the sentinel sites due to insecticides (for DDT 4%y2 = 41.108,
degree of freedom [df] = 7, P = 0.00; fenitrothion 1%y?= 70.97, df = 8, P = 0.00;
Malathion 5% y2= 29.651, df = 6, P = 0.00 for permethrin 0.75%y? = 14.566, df
= 4, P = 0.006 and for deltamethrin 0.05% 2 = 20.897, df = 8, P = 0.007).
Populations of An. arabiensis were resistant to DDT 4% in most of the sentinel
sites investigated. However, specimens of An. arabiensis from Soba West and
Elsalamania West sites were susceptible (99£0.53 and 98+2.0 respectively) and
those from Eltumanyat site were suspected/potential resistance (96+1.71) to DDT.
Moreover, populations of An. arabiensis from all sentinels sites were susceptible
to fenitrothion. Resistance to malathion 5% was observed in An. arabiensis from
five sentinel sites; Soba West (73+9.36), Shambat (80+2.67), Elmaygoma
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(81+2.47), Eltumanyat (78+7.39) and Elsalamania West sties (89%1.0).
Nevertheless, suspected/potential resistance was observed in specimens from
Edekheinat (92+£0.57) and Abuseid (94+1.25) sites. Of the seven populations of
An. arabiensis tested using propoxur 0.1% two showed resistance and five were
suspected/potential resistance to this insecticide (Table 4.3). Resistance to
permethrin insecticide was observed in three out of five tested populations of An.
arabiensis; these were from Edekheinat (88+5.42), Elmaygoma (70+6.4) and
Elsalamania West sites (89+1.91). However, An. arabiensis from Arkaweet site
was fully susceptible (100%) whereas, specimens from Soba West were
suspected/potential resistance (95+2.52) to permethrin. Specimens of An.
arabiensis from all sentinel sites were tested using deltamethrin. Resistance to this
insecticide was observed in specimens from Eltumanyat and Gizera Islang sites,
suspected/potential resistance in Soba West, Edekheinat, Shambat, EImaygoma
and Abuseid sites and highly susceptible in Arkaweet and Elsalamania West sites.
All the three populations of An. arabiensis tested using lambdacyhalothrin were
fully susceptible (100% for all).

Mortality rates in populations of An. arabiensis from the three
administrative areas in Khartoum state exposed to seven insecticides are depicted
in table 4.4. A significant difference in mortality rates were observed in An.
arabiensis between the three administrative areas due to exposure to DDT 4%
(x?=14.35, df = 2, P = 0.001), malathion 5% (%?=19.25, df = 2, P = 0.00), propoxur
0.1, permthrin 0.75%(y?=10.308, df = 2, P = 0.006) and deltamethrin 0.05%
(¢?=6.89, df = 2, P = 0.032). Anopheles arabiensis from the three areas were fully
susceptible to fenitrothion 1% (100 + 0.0 for each). In addition, high mortality
rates were observed in the two tested populations against lambdacyhalothrin

0.05%, these were specimens from Khartoum (100 = 0.5) and Omdurman (99 +

76



1.00) areas. Resistance to DDT 4% was observed in An. arabiensis in Khartoum
North (86 £ 1.93) whereas the two other populations were suspected resistance to
this insecticide (Table 4.4). Anopheles arabiensis from Khartoum (95 * 1.22) and
Khartoum North (87 £ 4.56) were highly resistant to malathion 5% with those
from Omdurman area were suspected/resistance (95 + 1.22). In contrast,
population of this species from only Khartoum North was resistant to propoxur
0.1% (85 4.23). Resistances to permethrin 0.75% were observed in An.
arabiensis from the three areas (Table 4.4). Resistance to deltamethrin 0.05% was
observed in An. arabiensis form Khartoum North (89 + 3.5) whereas those from
Khartoum and Omdurman areas were fully susceptible (100 + 0.0) and

suspected/resistance (95 + 1.82) respectively.

Table 4.5 and figure 4.5 illustrate the mean percentage mortality rates of
Anopheles arabiensis from two different land scape areas in Khartoum state
during 2011 -2013. Using Mann-Whitney test, a significant differences in the
mortality rates were observed between the populations of An. arabiensis from
urban and periurban areas due to DDT 4%, malathion 5% and permethrin 0.75%
(P =0.042,, 0.005 and 0.003 respectively). Anopheles arabiensis from both urban
and periurban areas were susceptible to fenitrothion (100 £ 0.0 for each) and
lambdacyhalothrin (urban, 99+ 0.50 and periurban, 99 = 1.0). In contrast, this
species was resistant to malathion 5% and propoxur 0.1% (Table 4.5 and fig. 4.5).
In the urban area An. arabiensis was suspected resistance to DDT (92 + 1.74),
permethrin (94 = 2.33) and deltamethrin (95t 1.66).Whereas in the periurban

areas, it was suspected resistance to deltamethrin (92 + 2.28).
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Table 4.2: Overall results of insecticides mean percentage and stander error
of mean of mortality rates after 24h exposure for the Anopheles

arabiensis from Khartoum state during 2011-2013.

Insecticide used No. of Mean % (xSE) %
females mortality mortality After
tested After 24 hours 24 hours

(replicates)

DDT 4% 1700 (68) 88 1.23
Fenitrothion 1% 1800 (70) 100 0.12
Malathion 5% 1900 (76) 84 1.75
Propoxur 0.1% 1050 (42) 88 4.11
Permethrin 0.75% 550 (22) 88 1.76
Deltamethrin 0.05% 1025 (41) 89 1.48
Lambdacyhalothrin 0.05% 300 (12) 100 0.45
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Figure 4.4: Overall mean mortality rates after 24 hours exposure to
insecticides tested for Anopheles arabiensis populations from
different sentinel sites in Khartoum state
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Table 4.4: Mortality rates of Anopheles arabiensis from different areas in

Khartoum state exposed to seven insecticides during 2011-2013.

Administrative areas Insecticide used No. of females tested Mean + SE
(replicates)

Khartoum DDT 4% 475 (19) 93+ 1.96
Fenitrothion 1% 800 (32) 100+ 0.0
Malathion 5% 700 (28) 87 £ 4.56
Propoxur 0.1% 400 (16) 93+1.42
Permethrin 0.75% 300 (12) 94 +£2.33
Deltamethrin 0.05% 350 (14) 96 £ 2.03
Lambdacyhalothrin 0.05% 200 (8) 100 = 0.50

Khartoum North DDT 4% 825 (33) 86 £1.93
Fenitrothion 1% 650 (26) 100 £0.34
Malathion 5% 900 (36) 80. £ 1.77
Propoxur 0.1% 350 (14) 85.11+ 4.29
Permethrin 0.75% 100 (4) 71 +£6.40
Deltamethrin 0.05% 275 (11) 88.7 £ 3.510
Lambdacyhalothrin 0.05% ND ND

Omdurman DDT 4% 400 (16) 95+1.82
Fenitrothion 1% 350 (14) 100 £ 0.0
Malathion 5% 300 (12) 95+1.22
Propoxur 0.1% 300 (12) 93+1.42
Permethrin 0.75% 150 (6) 89+1.91
Deltamethrin 0.05% 400 (16) 95+1.93
Lambdacyhalothrin 0.05% 100 (4) 99 £ 1.00

ND: Not done
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Table 4.5: Mean (xSE) mortality rates of Anopheles arabiensis from urban

and periurban areas in Khartoum state exposed to seven insecticides
during 2011 -2013.

Land scape Insecticide used No. of females tested Mean + SE
(replicates)

Urban DDT 4% 1300(52) 92+1.74
Fenitrothion 1% 1600(64) 100 £ 0.0
Malathion 5% 1700(68) 88 +3.31
Propoxur 0.1% 850(34) 72 £9.81
Permethrin0.75% 400(16) 94 +2.33
Deltamethrin0.05% 650(26) 95+ 1.66
Lambdacyhalothrin 0.05% 200(8) 99+ 0.50

Periurban DDT 4% 400(16) 88 £1.70
Fenitrothion 1% 200(8) 100 £0.28
Malathion 5% 200(8) 82 +1.83
Propoxur 0.1% 200(8) 88 £ 2.88
Permethrin0.75% 150(6) 80 £ 4.60
Deltamethrin0.05% 375(15) 92 +£2.28
Lambdacyhalothrin 0.05% 100(4) 99 £ 1.00
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Figure 4.5: Mean percentage mortality in populations of Anopheles arabiensis
from urban and periurban areas in Khartoum state exposed to

seven insecticides during 2011 -2013.
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4.2.3. Knockdown time for 50% and 95% Anopheles arabiensis due to

insecticides tested in Khartoum state

The knockdown effects of the tested insecticides to the An. arabiensis
population collected from nine sentinel sites in Khartoum state are presented in
table 4.6 to 4.11. Using Probit analysis, the knockdown time for An. arabiensis
from Abuseid site showed the lowest KDTsp (32.5 min) and KDTgs (74.81 min) for
DDT 4% compared to other sentinel sites (%% = 2454.36, df = 576, P = 0.00).
Similarly, the knockdown time for An. arabiensis for fenitrothion was
significantly lowest in Shambat area (52.72 and 146.75 minutes for KDTs and
KDTgs respectively) than in other sites (y?= 2157, df = 495, P = 0.00). Moreover,
the population of the vector from Edekheinat site showed the lowest KDTsy and
KDTgs for malathion 4% (36.08 and 92.77 minutes respectively; (y?= 1868.41, df
= 468, P = 0.00) and propoxur 0.1% (44.79 and 94.15 minutes respectively; (y=
1169.34, df = 300, P = 0.00). In contrast, populations of An. arabiensis from
Arkaweet site showed the lowest KDTso and KDTgs for permthrin 0.75% (21.20
and 47.49 minutes respectively; (x?= 289.42, df = 133, P = 0.00) and deltamethrin
0.05% (21.67 and 45.19 minutes respectively; (x?= 658.88, df = 276, P = 0.00)
than other sites. Lambdacyhalothrin 0.05% was tested against only three
population of An. arabiensis with its highest and lowest knockdown (KDTspand
KDTys) effect in populations of Soba West (44.0 and 77.17 minutes respectively)
and Elsalamania West sites (35.17 and 61.68 minutes respectively) respectively

(x%= 118.22, df = 79, P = 0.003).
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Table 4.6: Mean mortality rates and knockdown time of Anopheles arabiensis

from different sentinel sites in Khartoum state exposed to DDT 4%

for a period of 60 min.

Site Number Mean KDTso (in KDTgs (in min) KDTso
exposed (N) mortality min) (95% CI) ratio
(replicates) (%) £SE (95% CI) (RR)
Soba West 175 (7) 99 £ 0.53 35.60 81.0 1.1
(33.66 -37.67)  (75.02 -88.15)
Edekheinat 300 (12) 84 + 3.61 38.70 88.03 1.2
(36.10- 41.52)  (80.54 - 97.04)
Shambat 175 (7) 83 +4.68 56.32 128.13 1.7
(51.93-61.24) (115.39-143.74)
Elmaygoma 500 (20) 82+2.18 55.18 125.54 1.7
(51.92 - 58.78) (114.79 - 138.66)
Eltumanyat 150 (6) 96 + 1.71 45.10 102.60 1.4
(40.75-49.97) (91.33-116.28)
Abuseid 150 (6) 57 + 3.64 32.88 74.81 1.0
(29.82 - 36.26)  (67.11 - 84.05)
Elsalamania West 100 (4) 98 £ 2.0 34.90 83.707 1.1
(30.89 - 39-44)  (69.63 - 91.25)
Gizera Islang 150 (6) 99 +0.89 36.82 83.76 1.1

(33.33 - 40.70)

(74.89 - 94.44)
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Table 4.7: Mean mortality rates and knockdown time of Anopheles arabiensis

from different sentinel sites in Khartoum state exposed to

fenitrothion1%o for a period of 80 min.

Site Number Mean KDTso (in KDTgs (in min) KDTso

exposed (N) mortality min) (95% CI) ratio

(replicates) (%) xSE (95% CI) (RR)

Soba West 400 (16) 1000 64.24 178.82 1.2
(58.54-71.37)  (150.28-221.88)

Arkaweet 100 (4) 100+ 0 73.82 205.50 1.4
(61.28-90.25)  (161.83-272.77)

Edekheinat 300 (12) 1000 98.97 275.51 1.9
(85.55-117.02) (220.154-362.97)

Shambat 300 (12) 99+0 52.72 146.75 1.0
(47.9-58.52)  (124.14-180.34)

Elmaygoma 300 (12) 100+ 0 75.68 210.67 1.4
(67.42-86.27) (137.67-267.301)

Abuseid 200 (8) 1000 78.83 219.43 1.5
(68.37-92.40)  (177.50-284.08)

Elsalamania West 150 (6) 100+ 0 106.06 295.23 2.0

(86.58-132.92)  (226.43-405.65)
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Table 4.8: Mean mortality rates and knockdown time of Anopheles arabiensis

from different sentinel sites in Khartoum state exposed to

malathion1% for a period of 60 min.

Site Number Mean KDTso (in KDTgs (inmin)  KDTso
exposed (N) mortality min) (95% CI) ratio
(replicates) (%) £SE  (95% CI) (RR)
Soba West 300 (12) 73 £9.36 59.48 152.86 1.7
(53.60-66.29)  (133.36-178.00)
Edekheinat 400 (16) 92 + .57 36.08 92.77 1.0
(33.51-38.92)  (83.73-104.06)
Shambat 300 (12) 80 + 2.67 42.51 109.25 1.2
(39.41-45.94)  (98.10-123.28)
Elmaygoma 500 (20) 81+ 247 45.96 118.13 1.3
(43.27-48.94)  (106.86-132.40)
Eltumanyat 100 (4) 78 £7.39 120.44 309.53 3.3
(93.68-156.48) (235.31-416.26)
Abuseid 200 (8) 94 +1.25 43.43 111.63 1.2
(39.47-47.88)  (98.84-127.75)
Elsalamania West 100 (4) 89+1.0 42.71 109.78 1.2

(37.35-49)  (94.28-129.51)
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Table 4.9: Mean mortality rates and knockdown time of Anopheles arabiensis

from different sentinel sites in Khartoum state exposed to propoxur

0.1% for a period of 60 min.

Site Number Mean KDTso (inmin)  KDTges (in min)  KDTsg
exposed (N) mortality (95% CI) (95% CI) ratio
(replicates) (%) £SE (RR)
Soba West 300 (12) 58 +17.63 51.26 107.74 1.1
(47.29-55.82)  (95.55-124.35)
Edekheinat 100 (4) 87+1.91 44,79 94.15 1.0
(39.99-50.16)  (82.04-110.36)
Shambat 200 (8) 95+ 1.3 46.17 97.04 1.0
(42.61-50.16)  (86.53-111.19)
Elmaygoma 150 (6) 92 +6.88 59.36 124.76 1.3
(57.86-64.75)  (110.145.05)
Abuseid 100 (4) 94 + 2.58 52.32 109.97 1.2
(46.43-59.23)  (94.95-130.42)
Elsalamania West 100 (4) 94 +2.58 54.53 114.620 1.2
(48.31-61.87)  (98.66-136.375)
Gizera Islang 100 (4) 95 + 253 49.91 104.90 1.1

(45.45-55.03)

(92.38-121.88)
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Table 4.10: Mean mortality rates and knockdown time of Anopheles

arabiensis from different sentinel sites in Khartoum state exposed to

permthrin (permth) 0.75% and lambdacyhalothrin (Lambda)
0.05% for a period of 60 min.

Insecticide Site Number Mean KDTso (inmin)  KDTgs (inmin)  KDTso |
used exposed (N) mortality (95% CI) (95% CI) ratio
(replicates) (%) £SE (RR)
Permeth Soba West 100 (4) 95+ 2.52 41.46 93.07 2.0
(37.95-45.38) (82.74-106.60)
Arkaweet 100 (4) 100 £0 21.20 47.59 1.0
(19.36-23.16) (42.82-53.63)
Edekheinat 100 (4) 88 + 5.42 57.47 129.00 2.7
(51.93-63.99)  (112.27-151.60)
Elmaygoma 100 (4) 70+ 6.4 45.15 101.34 2.1
(41.36-49.43)  (89.85-116.53)
Elsalamania 100 (4) 89+191 44.48 99.84 2.1
West (40.75-48.71)  (88.56-114.70)
Lambda  SobaWest 100 (4) 1000 35.17 61.68 1.0
(33.14-37.29) (57.22-67.28)
Edekheinat 100 (4) 100+ 0 42.04 73.73 1.2
(39.67 - 44.55)  (68.21-80.73)
Elsalamania 100 (4) 99+1.0 44.00 77.17 13
West (41.65-46.54)  (71.38-84.59)
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Table 4.11: Mean mortality rates and knockdown time of Anopheles

arabiensis from different sentinel sites in Khartoum state exposed to

deltamethrin 0.05% for a period of 60 min.

Site Number Mean KDTso (in KDTos (in KDTso

exposed (N) mortality (%) min) min) ratio

(replicates) +SE (95% CI) (95% CI) (RR)

Soba West 100 (4) 97 +1.91 29.09 60.68 1.3
(26.69-31.70)  (55.07-66.89)

Arkaweet 100 (4) 1000 21.67 45.19 1.0
(19.85-23.64)  (41.22-49.76)

Edekheinat 150 (6) 91 + 4.46 32.34 67.44 1.5
(30.20-34.63)  (62.40-73.26)

Shambat 100 (4) 90 + 3.46 31.87 66.46 1.5
(29.35-34.60)  (60.76-73.05)

Elmaygoma 100 (4) 97 +£1.91 28.87 60.20 1.3
(26.49-31.46)  (54.89-66.36)

Eltumanyat 75 (3) 43 +10.58 34.63 72.20 1.6
(31.36 — 38.24) (64.96 — 80.68)

Abuseid 100 (4) 92 +1.63 28.50 59.42 1.3
(26.22-30.97)  (54.26-65.41)

Elsalamania West 200 (8) 100 = 0.65 33.70 70.27 1.6
(31.75-35.76)  (65.47-75.81)

Gizera Islang 100 (4) 89 +5.89 32.52 67.81 1.5

(29.82-35.46)

(61.74-74.86)
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Variations in the knockdown resistance ratio (KRR) for An. arabiensis
tested against the seven insecticides were observed. For DDT 4%, higher KRR by
1.7 fold for both Shambat and ElImaygoma and by 1.4 fold for Eltumanyat than in
Abuseid site. Likewise, fenitrothion 1% showed the highest KRR among the other
sentinel sites which represent 2.0 fold of that in Shambat site. The KRR for An.
arabiensis due to malathion 5% in Elsalamania West was higher as 3.3 fold of that
of Edekheinat whereas, for propoxur 0.1% it was higher by 1.3 fold than that in
Shambat. For permethrin, KRR in An. arabiensis from Edekheinat, EImaygoma
and Elsalamania West was higher by 2.7, 2.1 and 2.1 folds respectively compared
to those from Arkaweet site. Relatively similar KRR due to deltamethrin 0.05%
were observed in An. arabiensis from Edekheinat (1.2) and Elsalamania West
(1.3) compared to those from Soba West. With exception of An. arabiensis from
Arkaweet, the KRR due to lambdacyhalothrin 0.05% varied from 1.3 to 1.6 in
other sentinel sites.

Knockdown times for populations of An. arabiensis from the three
administrative areas in Khartoum state are depicted in table 4.12. A significant
differences in knockdown times in An. arabiensis were observed between the
three administrative areas for all insecticides tested; DDT 4% (2= 244.42, df =58,
P = 0.00), fenitrothion 1% (2= 9307.84, df= 500. P= 0.00), malathion 5% (y?=
2413.78, df = 472, P= 0.00), propoxur 0.1% (2= 1355.12, df = 304, P= 0.00),
permthrin 0.75% (y? = 814.11, df = 135, P = 0.00), deltamethrin 0.05% (2=
802.65, df = 282, P = 0.00) and lambdacyhalothrin 0.05% (x?= 146.57, df = 80,
P=0.00).
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Table 4.12:

Mean mortality rates and knockdown time of Anopheles

arabiensis from the three administrative areas in Khartoum

state exposed to insecticides during 2011 - 2013.

Insecticide used Site Number KDTso (in min)  KDTes (in min) KDTso
exposed (95% CI) (95% CI) ratio
(replicates) (RR)
DDT 4% Khartoum 475 (19) 36.81 84.10 1.1
(35.24 £38.46)  (78.45 +90.89)
Khartoum 825 (33) 53.65 122.56 1.5
North (51.29 £56.23) (113.23 +133.97)
Omdurman 400 (16) 34.80 79.50 1.0
(32.76 £36.97)  (73.42 £ 86.76)
Fenitrothion 1% Khartoum 800 (32) 69.40 156.30 1.1
(61.02 £ 83.04) (120.8 £ 235.5)
Khartoum 650 (26) 60.94 137.24 1.0
North (53.88 + 71.75) (107.58 + 201.88)
Omdurman 350 (14) 80.72 181.80 1.3
(66.0 £ 105.27) (133.45 £ 292.42)
Malathion 5% Khartoum 700 (28) 43.87 119.18 1.0
(40.88 £47.21) (105.97 £ 136.58)
Khartoum 900 (36) 48.40 131.50 1.1
North (45.78 + 51.37) (117.40 + 150.23)
Omdurman 300 (12) 43.55 118.31 1.0

(39.70 + 47.89)

(103.89 + 137.25)

92



Table 4.12 continued

Propoxur 0.1%

Permethrin 0.75%

Deltamethrin 0.05%

Lambdacyhalothrin

0.05%

Khartoum

Khartoum

North

Omdurman

Khartoum

Khartoum

North

Omdurman

Khartoum

Khartoum

North

Omdurman

Khartoum

Omdurman

650 (26)

350 (14)

300 (12)

400 (16)

100 (4)

150 (6)

300 (12)

475 (19)

400 (16)

350 (14)

100 (4)

73.26
(64.69 + 85.89)
52.07
(49.48 + 55.00)
51.35
(48.47 + 54.60)
48.62
(45.83 + 51.73)
46.72
(39.32 + 56.15)
45.86
(38.57 + 55.15)
36.45
(33.14 + 40.31)
31.42
(29.68 + -33.21)
31.97
(30.50 + 33.52)
27.95
(26.57 + 29.39)
44.05
(41.40 + 46.92)

293.99

(219.19 + 438.22)

95.56
(49.48 + 107.03)
94.25
(85.69 + 105.90)
89.23
(81.23 + 100.06)
125.33
(99.24 + 169.02)
123.03
(97.53 + 165.56)
97.79
(82.00 + 123.74)
67.09
(62.53-72.43)
68.28
(64.04 + 73.26)
59.69
(55.97 + 64.04)
78.26
(71.69 + 86.92)

1.4

1.0

1.0

1.1

1.0

1.0

1.1

1.0

1.0

1.0

1.6
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The knockdown resistance ratios (KRR) for An. arabiensis tested against
the seven insecticides were relatively similar between the populations of the three
administrative areas. The exceptions were for DDT 4%, propoxur 0.1% and
lambdacyhalothrin 0.05%. DDT 4%, showed the highest KRR by 1.4 fold than in
two administrative areas. Similarly, KRR due to propoxur 0.1% was highest in
An. arabiensis of Khartoum by 1.4 fold than in the two other areas. Moreover,
The KRR for An. arabiensis due to lambdacyhalothrin 0.05% in Omdurman area
was higher as 1.6 fold of that of Khartoum area.

Knockdown times for populations of An. arabiensis from urban and
periurban areas in Khartoum state exposed to seven insecticides during 2011 -
2013 are presented in table 4.13. No significant difference in knockdown times in
An. arabiensis for all insecticide tested between urban and periurban areas. The
exceptions were for the DDT 4% and lambdacyhalothrin 0.05% which were
higher in populations of periurban than urban area (P = 0.001and P = 0.003
respectively).The knockdown resistance ratio (KRR) for DDT 4%, malathion 5%,
permethrin 0.75%, deltamethrin 0.05% and lambdacyhalothrin 0.05% in the
periurban areas were higher by 1.4, 1.1, 1.3, 1.1 and 1.4 folds respectively than in
urban areas. In contrast, KRR for fenitrothion 1% in urban areas was 1.1 fold of
that in the periurban areas. Whereas, no difference in KRR was observed for

propoxur 0.1% between urban and periurban areas.
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Table 4.13: Mean mortality rates and knockdown time of Anopheles

arabiensis from the three administrative areas in Khartoum

state exposed to insecticides during 2011 - 2013.

Insecticide used Land use No. fem. tested KDTso KDTos KDTso
(replicates) (50% CI) (95% CI) Ratio
DDT 4% Urban 1300(52) 36.16 84.54 1.0
(34.67+£37.74)  (78.70+91.62)
Periurban 400(16) 49.21 115.04 1.4
(47.25£51.36) (106.36+125.73)
Fenitrothion 1% Urban 1600(64) 70.57 161.00 1.1
(62.89+82.79) (126.25+234.26)
Periurban 200(8) 65.22 148.81 1.0
(58.18+76.05) (117.44+213.99)
Malathion 5% Urban 1700(68) 43.87 119.16 1.0
(41.29+46.77) (106.57+135.76)
Periurban 200(8) 47.84 129.99 1.1
(45.38+£50.62) (116.28-148.17)
Propoxur 0.1% Urban 850(34) 49.48 90.93 1.0
(46.94+£52.31) (82.99£101.74)
Periurban 200(8) 51.68 94.98 1.0
(49.58+54.08) (87.02+105.71)
Permethrin 0.75%  Urban 400(16) 36.45 97.78 1.0
(36.45+£33.15) (82.04%123.60)
Periurban 150(6) 46.29 124.18 1.3
(40.96+£52.90) (101.52+162.05)
Deltamethrin Urban 650(26) 28.08 59.70 1.0
0.05% (26.88+£29.31)  (56.28+63.69)
Periurban 375(15) 32.38 68.85 1.1
(31.16+£33.65)  (65.04+73.32)
Lambdacyhalothrin  Urban 200(8) 38.48 68.367 1.0
0.05% (36.73+£40.29)  (63.55+74.72)
Periurban 100(4) 44.05 78.26 1.4
(41.40+£46.92)  (71.69+86.92)
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4.3. Seasonal variation in Anopheles arabiensis susceptibility status

The overall results on temporal variation in insecticide susceptibility status
of An. arabiensis from Khartoum state in different seasons are shown in table
4.14. Most of An. arabiensis collected from different sentinel sites in the cold dry,
hot dry and wet seasons were tested against DDT 4%, fenitrothion 1%, malathion
5% and propoxur 0.1%. However, specimens collected in the wet season were
only tested against permethrin 0.75% and lambdacyhalothrin 0.05%. Deltamethrin
0.05% was used to test An. arabiensis collected in dry cold and wet seasons. A
significant difference in the mortality in An. arabiensis between the seasons were
observed only for DDT 4% (%= 8.905, df = 2, P = 0.012) and propoxur 0.1 (y2=
7.96, df = 2, P = 0.019). Variation in the mortality rates due to DDT 4% and
propoxur 0.1% were observed in An. arabiensis from Khartoum state in different
seasons (Fig. 4.6). Anopheles arabiensis was resistant to DDT during both cold
and hot dry season (87 +£1.80 and 89 +£2.80 respectively), and suspected resistance
in wet season. In contrast, this species was suspected resistance to malathion 5%
in the cold dry season (90 £2.80) and resistant in both other seasons (63 £ 12.0
and 86 +2.00 respectively).

For the susceptibility status of An. arabiensis in the nine sentinel sites, three
out of seven insecticides were used to test An. arabiensis in the three seasons.
These were DDT 4%, fenitrothion 1% and malathion 5%. DDT 4% was used to
test mosquitoes in the three seasons from only four out of the nine sentinel sites.
These were from Soba West, Edekheinat, Shambat and Elmaygoma sites.
Whereas, fenitrothion 1% and malathion 5% were used from two sentinel sites.
These were Soba West and EImaygoma for fenitrothion 1%, and Edekheinat and
Elmaygoma for malathion 5%. The aforementioned insecticides beside the

remaining ones were tested against An. arabiensis from different sentinel sites
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either once or twice. The results of analysis showed that there are significant
difference in the mean mortality due to DDT 4% in An. arabiensis from
Edekheinat (%= 9.439, df = 2, P = 0.009) and Shambat (y2= 7.424, df =2, P =
0.024) sites (Fig. 4.7). However, slight variation in susceptibility status in
different season was observed in An. arabiensis from Soba west (Fig. 4.7). No
variation in the mortality rate in An. arabiensis was observed between the seasons
in the two sentinel sites investigated using fenitrothion 1% (P > 0.05). Although,
An. arabiensis from Elmaygoma site was resistant to malathion 5% during the
three seasons (Fig. 4.8), a significant difference was observed among specimens
of tested mosquitoes in different seasons (x>= 6.783, df = 2, P = 0.034). No
significant difference was observed in mortality rates in An. arabiensis from
Edekheinat site (> = 6.783, df = 2, P = 0.058), however this species was
suspected/resistance in both cold and hot dry seasons and susceptible in the wet
season (Fig. 4.8).

When considering administrative areas, DDT 4% and fenitrothion 1% were
the only insecticides tested against populations of An. arabiensis from the three
areas. In contrast, malathion 5% was used to test An. arabiensis from Khartoum
and Khartoum North during the three seasons, and those from Omdurman were
tested in two seasons (dry cold and wet seasons). In contrast, propoxur 0.1% was
used to test mosquitoes from each of the three areas during only two seasons. The
three remaining insecticides (permethrin 0.75%, deltamethrin 0.05% and
lambdacyhalothrin 0.05%) were used in each area to test mosquitoes in two
different seasons. However, An. arabiensis from Khartoum North site was tested
against lambdacyhalothrin 0.05% in two different seasons. Significant difference
was observed in the mortality due to DDT 4% between the in population of An.
arabiensis form Khartoum area (¥ = 6.536, df = 2, P = 0.038). Anopheles
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arabiensis from Khartoum area was suspected/resistance in the cold dry (91 %
2.66), in hot dry (99 + 0.52) and resistant to DDT in the wet (85 * 5.64) seasons
(Fig. 4.9). Mosquitoes from Khartoum North were resistant to this insecticide
during the three seasons whereas those from Omdurman were
suspected/resistance during both cold and hot dray seasons and fully susceptible
in the wet season (Fig. 4.9). Similarly, variation in mortality due to malathion 5%
were observed between the three seasons in An. arabiensis from Khartoum (2=
11.264, df = 2, P = 0.004) and Khartoum North (3% = 6.085, df = 2, P = 0.048)
areas (Fig. 4.9). Anopheles arabiensis from Khartoum area was susceptible,
suspected/resistance and resistant to malathion 5% in the cold dry, hot dry and wet
seasons respectively (Fig. 4.10). No significant differences were observed
between the seasons in mortality of An. arabiensis from the administrative areas
due to fenitrothion 1% (P > 0.05).

The results on variation of susceptibility tests showed a significant
difference between the three seasons in mortality rate of An. arabiensis from urban

area due to DDT 4% (x?= 9.419, df = 2, P = 0.009) and periurban area due to
malathion 5% (2= 7.808, df = 2, P = 0.02). Although, the differences in mortality

in An. arabiensis from urban area due to DDT 4% was not significant (P > 0.05),
this species was resistant (84 + 2.69) to this insecticide during the cold dry season
and suspected/resistance in both dry hot and wet seasons (91 £ 2.48 and 91 + 3.13
respectively) (Fig. 4.11). Similarly, An. arabiensis from urban area was resistant
to malathion 5% in the cold dry season (78 + 6.81) and suspected/resistance in hot
dry and wet seasons (95 £ 1.50 and 95 + 1.81 respectively) (Fig. 4.12). Similar
mortality in An. arabiensis from both urban and periurban area were observed for
fenitrothion 1% (P > 0.05).
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Table 4.14: Mean = SE mortality in Anopheles arabiensis from the three
administrative areas in Khartoum state exposed to insecticides
during 2011 - 2013.

Insecticide used Cold dry season Hot dry season Wet season

No tested Meant SE  No tested Meant SE  No tested Meant SE

(repl) (repl) (repl)
DDT 4% 625 (25) 87 +1.80  425(17)  95+1.47  650(26) 89 +2.80
Fenitrothion 1% 550 (20) 100 £0.40  800(32) 100 £ 0.0 450(18) 100+£0.0
Malathion 5% 700 (28) 83 +2.67  300(12) 86 +4.04 900(36) 84 +1.75
Propoxur 0.1% 400 (16) 90 +2.80 200(8) 63 £12.0 450(18) 86 +2.00
Permethrin0.75% ND ND ND ND 400(16) 87.35+1.80
Deltamethrin0.05% 400 (16) 93 £2.23 ND ND 625(25)  95+1.82
Lambdacyhalothrin ND ND ND ND 300(12) 99+ 0.45

0.05%

Note; Repl = Replicates; ND = Not done
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Figure 4.6: Mean percentage mortality in Anopheles arabiensis from
Khartoum state exposed to DDT 4% and propoxur 0.1% in
three different seasons during 2011 — 2013.
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Figure 4.7: Mean percentage mortality in Anopheles arabiensis from different
sentinel sites in Khartoum state exposed to DDT 4% during
three different seasons during 2011 — 2013.
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Figure 4.8: Mean percentage mortality in Anopheles arabiensis from different
sentinel sites in Khartoum state exposed to malathion 5%
during three different seasons during 2011 — 2013.

102



m Cold dry season  m Hot dry season = Wet season
120

99% 9705 100%
100 | 91% _ 92%
85% 879 597

, 81%

/S

80

40

Mean % mortality in Anopheles arabiens

20

Khartoum Khartoum North Omdurman

administrative areas

Figure 4.9: Mean percentage mortality in Anopheles arabiensis from three
different administrative areas in Khartoum state exposed to
DDT4% during three different seasons during 2011 — 2013.
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Figure 4.10: Mean percentage mortality in Anopheles arabiensis from three

different administrative areas in Khartoum state exposed to
malathion 5% during three different seasons during 2011 —
2013.
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Figure 4.11: Mean percentage mortality in Anopheles arabiensis from two
areas with different land use in Khartoum state exposed to DDT
4% during three different seasons during 2011 — 2013.
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Figure 4.12: Mean percentage mortality in Anopheles arabiensis from two
areas with different land use in Khartoum state exposed to
malathion 5% during three different seasons during 2011 -
2013.
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The results of analysis on the effect of sentinel sites, administrative areas
and land use on the seasonal variation in susceptibility status in An. arabiensis are
depicted in table 4.15. The generalized linear model (GLM) analysis indicated
there was variations in mortality between the seasons in An. arabiensis due to all
insecticides in the sentinel sites, administrative areas and land use (Table 4.15).
The exceptions were fenitrothion 1% and lambdacyhalothrin 0.05% where the

differences in mortality rates in mosquitoes were not significant (Table 4.15).

4.4. Spatial distribution of insecticide resistant strains of Anopheles

arabiensis in Khartoum state during 2011 - 2013

The data obtained from WHO-susceptibility tests coupled with that of
locations (GPS) were overlaid on maps of Khartoum state (Fig. 4.13 to 4.19). The
distribution of resistant strains of An. arabiensis in Khartoum state during 2011-
2013. Resistant specimens to DDT 4% were observed in populations from
Edekheinat, Shambat, EImaygoma and Abuseid sites (Fig. 4.13). Similarly, those
resistant to malathion 5% were from Soba West, Shambat, Elmaygoma,
Eltumanyat and Elsalamania West (Fig. 4.14). Resistance to propoxur 0.1% was
in only two populations from Soba West and Edekheinat sites (Fig. 4.15) whereas
the resistant strains of An. arabiensis to permethrin 0.75% were in Edekheinat,
Elmaygoma and Elsalamania West Sites (Fig. 4.16). Deltamethrin resistant strains
of An. arabiensis were from Soba West, Eltumanyat, Abuseid and Gizera Island
sites (Fig. 4.17). For both fenitrothion 1% and lambdacyhalothrin 0.05%, no

resistant strains of An. arabiensis were recorded in this study (Fig. 4.18 and 19).
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Table 4.15: Generalized linear model testing the effects of sentinel sites,

administrative areas, land use (urban and periurban) and

seasons on mean mortality in Anopheles arabiensis due to seven

insecticides in Khartoum state during 2011 - 2013.

Insecticide used/model tem y2 df P value
DDT 4%

Sentinel sites 81.053 17 0.00

Administrative areas 32.533 5 0.00

Land use 19.757 5 0.001
Fenitrothion 1%

Sentinel sites 0.0 9 1.0

Administrative areas 0.0 8 1.0

Land use 0.0 8 1.0
Malathion 5%

Sentinel sites 118.56 13 0.00

Administrative areas 71.19 7 0.00

Land use 40.295 5 0.00
Propoxur 0.1%

Sentinel sites 209.69 9 0.00

Administrative areas 153.36 5 0.00

Land use 150.64 4 0.00
Permethrin 0.75%

Sentinel sites 51.59 4 0.00

Administrative areas 18.332 2 0.00

Land use NA NA NA

108



Table 4.15 continued

Deltamethrin 0.05%
Sentinel sites
Administrative areas
Land use

Lambdacyhalothrin 0.05%
Sentinel sites
Administrative areas

Land use

17.115
4.597
1.93

0.027
0.007
0.007

oo

0.029
0.204
0.587

0.987
0.935
0.935
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Figure 4.13: A map of Khartoum state showing distribution of susceptible,
suspecetd/resistance and DDT-resistant strains of Anopheles

arabiensis in different sentinel sites during 2011 -2013.
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Figure 4.14: A map of Khartoum state showing distribution of susceptible

suspecetd/resistance and malathion-resistant of

Anopheles arabiensis in different sentinel sites during 2011 -
2013.
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Figure 4.15: A map of Khartoum state showing distribution of susceptible,
suspecetd/resistance and propoxur-resistant strains of

Anopheles arabiensis in different sentinel sites during 2011 -2013.
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Figure 4.16: A map of Khartoum state showing distribution of susceptible,
suspecetd/resistance and permrthrin-resistant strains of

Anopheles arabiensis in different sentinel sites during 2011 -2013.
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Figure 4.17: A map of Khartoum state showing distribution of susceptible,
suspecetd/resistance and deltamethrin-resistant strains of

Anopheles arabiensis in different sentinel sites during 2011 -2013.
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Figure 4.18: A distribution map of susceptibility status of strains Anopheles
arabiensis to frnitrothion 1% in sentinel sites in Khartoum state
during 2011 -2013.
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Figure 4.19: A distribution map of susceptibility status of strains Anopheles
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Khartoum state during 2011 -2013.
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4.5. Occurrence, frequencies and distribution of kdr mutation in
Anopheles arabiensis from different sentinel sites in Khartoum

state

The allelic frequencies of kdr mutation in wild specimens of An. arabiensis
are depicted in table 4.16. A total of 751 samples; 661 and 90 wild adult An.
arabiensis collected in 2013 and 2014 respectively were screened for kdr
mutation. Of the total 661 in 2013 examined, 640 (96.8%) samples gave PCR
amplicons (Fig. 20) whereas 21 (3.2%) specimens were negative. The majority
(88.4%) of the screened An. arabiensis individuals were susceptible (SS), 3.9%
were homozygous resistant (RR) and 7.7% were heterozygous (RS) for L1014F -
kdr allele (Fig. 4.21). Of PCR amplified samples, L1014F allele (West African
kdr) was detected in 3 (0.4%) specimens, whereas the L1014S (East African kdr)
in 22 (3.4%) of the tested An. arabiensis specimens. Out of the overall
homozygous resistance alleles (RR), 12% were for L1014F and 88% for L1014S).

The allelic frequencies of L1014F and L1014S in An. arabiensis specimens
collected from different sites ranged between 0-0.08 and 0-0.29 respectively
(Table 4.16). The allelic frequency was significantly different between the
sentinel sites (y?> = 163.2, df = 19, P = 0.00) where the highest values were
observed in the Alshegelab and Edekheinat sites in Khartoum area and Edroshab
site in Khartoum North area (0.29 and 0.25 respectively). However, no mutation
was observed in population of Omdurman area.

The observed genotype frequencies of kdr in population of An. arabiensis
was found to be deviated from the expected genotype frequencies predicted by the
Hardy-Weinberg equilibrium (%2 =137.53, P = 0.00) with 0.08 variation in allelic
frequency. However, when considering only L1014F, the frequency of the

genotype in these population did not deviate from the expected genotype
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frequencies predicted by the Hardy-Weinberg equilibrium (¥? = 2.82, P = 0.092)
with 0.04 variation in allelic frequency. In contrast, when considering L1014S
only, the allelic frequency of the genotype in these populations deviated from the
expected genotype frequencies predicted by the Hardy-Weinberg equilibrium (3?2
= 118.68, P = 0.00) with 0.07 variation in allelic frequency.

Figures 4.22 and 4.23 show the distribution of kdr mutations in wild An.
arabiensis from different sites in Khartoum State during 2011 -2013. The L1014F
and L1014S mutant alleles were detected in An. arabiensis specimens collected
from only periurban areas. The L1014F allele mutation was detected in An.
arabiensis from Alshegelab (1; 3.6%) and Edekheinat (2; 7.1%) sites in Khartoum
administrative area (Fig. 4.24). The L1014S allele mutation was detected in
samples collected from Edekheinat (5; 19.2%), and Alshegelab (6; 21.4%) sites in
Khartoum area, and from Edroshab (7; 25.9%) and Eltumanyat (4; 14.3%) in
Khartoum North area (Fig. 4.24). In contrast, none of the 90 specimens collected
from four sites (Shambat, Alazeba, Elmaygoma and Buri) in 2014 had kdr
mutations.

Likewise, of the 25 mosquito specimens randomly selected from the
laboratory reared An. arabiensis, were all homozygous (SS) wild-type allele

mutation.

118



Table 4.16: Allelic and genotypic frequencies at kdr LO14F and L014F locus

in wild populations of Anopheles arabiensis collected during March —

June 2013 from different sites in Khartoum state, Sudan.

Sites Number of Genotypes Allelic frequency Samples with
mosquitoes SS RS RR L1014F L1014S no result

Soba West 30 28 2 0 0 0 0
Arkaweet 29 26 3 0 0 0 0
Edekheinat 30 14 3 7 0.08 0.21 6
Alshegelab 33 10 11 7 0.04 0.21 5
Alnasr 29 28 1 0 0 0 0
Alremaila 30 29 1 0 0 0 0
Jabra 33 32 1 0 0 0 0
Buri 36 35 1 0 0 0 0
Shambat 34 33 1 0 0 0 0
Elmaygoma 31 30 1 0 0 0 0
Edroshab 30 20 0 7 0 0.26 3
Eltumanyat 34 21 3 4 0 0.14 6
Alhalfaya 33 32 0 0 0 0 1
Alazeba 36 32 4 0 0 0 0
Algireef East 38 32 6 0 0 0 0
Soba East 38 32 6 0 0 0 0
Abu’siid 30 30 0 0 0 0 0
Alsarha 31 31 0 0 0 0 0
Algmayer 38 33 3) 0

Angola 38 38 0 0
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Figure 4.20: Amplicons produced by PCR-based diagnostic test for detection
of knockdown resistance gene (kdr) in representative specimens
of Anopheles arabiensis from different sites in Khartoum state.
Primers create fragments of 293-bp internal control, 195-bp
resistant, 137-bp susceptible). Lane M: 100 kb DNA molecular
marker, lanes 1-2, 5-7 and 17-28: Homogenous susceptible (SS)
samples, lanes 3 - 4 and 8: Homogenous resistance (RR) (for
both L1014F and L1014S), lanes 15 -16: Heterogeneous

resistance for L1014S alleles.
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Figure 4.24: Numbers of wild Anopheles arabiensis with L1014F and L1014S-
kdr mutation from administrative areas in Khartoum state
during March —June 2013.
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4.6. Occurrence and frequencies of acetylcholinesterase mutation in
wild Anopheles arabiensis in Khartoum state

A total of 313 specimens of wild An. arabiensis from that assayed for kdr
mutation were analyzed using IMP-PCR for occurrence of acetylcholinesterase
mutation gene (ace-1R mutation; ace.1 G119S) (Fig. 4.25). Almost, 209 (66.7%)
samples successfully scored positive; 197 and 12 specimens were collected during
March -June 2013 and October - December 2014 respectively. Out of the 197
PCR scored specimens, ace.l G119S mutation were detected in 12 (5.1%)
specimens of An. arabiensis from Khartoum state (Fig. 4.26). In contrast, none of
the PCR scored from specimens of An. arabiensis collected in 2014 were with
ace.l G119S mutation. The overall specimens of wild An. arabiensis with ace.1
G119S mutation was 3.8%. Anopheles arabiensis with ace.1 G119S mutation
were observed in specimens from only two sites; Al-Remeila in Khartoum and
Shambat in Khartoum North area (Fig. 4.27). Both sites with ace.1 G119S mutant
strain of An. arabiensis were urban areas.

The allelic frequencies of ace.l G119S in An. arabiensis specimens in
different sites varied between 0 - 0.8. The observed genotype frequencies in these
populations of mosquitoes deviated from the expected genotype frequencies
predicted by the Hardy-Weinberg equilibrium (32 = 144.69, P = 0.00) with 0.06

allelic variation.
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Figure 4.25: Amplicons produced by Polymerase Chain Reaction (PCR)
G119S gene in wild Anopheles arabiensis collected from
different sites in Khartoum state. Primers create a 456-bp
universal band, 288-bp for resistant individuals, and 196-bp for
susceptible individuals. Lane M: 100 kb DNA molecular
marker, lane 1: negative control (PCR water), lane 2 -4:
Anopheles mosquitoes from different sites in Khartoum state,
lanes 11: Reference strains from Dongola colony-reared An.
arabiensis.
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Figure 4.26: Percentages of wild Anopheles arabiensis with ace.l G119S

mutation in Khartoum state during March —June 2013.
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Figure 4.27: Percentage of wild Anopheles arabiensis with ace.l G119S
mutation from sentinel sites in Khartoum state during March
—June 2013.
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4.7. PCR detection of Plasmodium sporozoites in Anopheles

arabiensis

Figure 4.28 shows PCR amplification for infection of wild adult An.
arabiensis with Plasmodium sporozoites. A total of 751 An. arabiensis were
assayed for infection with sporozoite of Plasmodium parasites. Of these, 661 and
90 specimens were collected during March - June 2013 and October -December
2014 respectively. No Plasmodium parasites were detected in all the samples of
An. arabiensis (n = 661) collected during the year 2013. In contrast, 6 out of 90
(6.7%) of females collected during 2014 were infected with P. falciparum. Of the
infected females An. arabiensis; 3 (6.8%; 3/44) were from Soba West, 2 (6.5%;
2/31) from Elmaygoma and 1 (14.3%; 1/7) from Alazeba sites (Table 4.17). The
majority of infected females An. arabiensis were from periurban areas (5; 83.3%)
(Fig. 4.29).
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Figure 4.28: Amplicons produced by PCR using species-specific primers for
identification of Plasmodium falciparum and P. vivax collected
from different sites in Khartoum state. Primers create a 205-bp
for P. falciparum and 120-bp for P. vivax. Lane M: 100 kb DNA
molecular marker, lane 1: negative control (PCR water), lane 2:
reference strain of P. falciparum, lanes 3-7: An. arabiensis from
Soba West site, Lanes 8-9: Mosquito specimens from Shambat,
Lanes 10-11: Specimens of An. arabiensis from Alazeba, Lanes

12-14: Samples from Elmaygoma.
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Table 4.17: Numbers and percentages of infected wild Anopheles arabiensis

with Plasmodium falciparum from four sites in Khartoum state

during 2014 detected by PCR.

Total numbers Positive

samples

to Negative

samples

to

Sites assayed by PCR  Plasmodium sporozoites  Plasmodium sporozoites
Number % Number %
Soba West 44 3 6.8 41 93.2
Shambat 8 0 0.0 8 100
Elmaygoma 31 2 6.5 29 93.5
Alazeba 7 1 14.3 6 85.7
Total 90 6 6.7 84 93.3
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Figure 4.29: Percentage of wild Anopheles arabiensis infected with
Plasmodium falciparum in urban and periurban in Khartoum

state during October — December 2014.
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4.8. The results of socio-economic questionnaire on the uses of
insecticides in the public health and pesticides in the

agricultural practices in Khartoum state
4.8.1. Qualitative data on pesticides uses

The public health insecticides and agricultural pesticides used in Khartoum
state during the last 5 years are depicted in table 4.18. The KAP data showed that
a total of 10 public health insecticides have been used as the main intervention for
mosquito control in Arkaweet and Shambat sites. Out of the 17 pesticides
registered for agricultural uses, 12 pesticides have been also used in EImaygoma
and Elsalamania sites (Table 4.18). The pesticides used in both practices mainly
represented the four classes of insecticides; organochlorines, organophosphates,
carbamates and pyrethroids. Of these, 5 pesticides representing three classes were
used in both practices. These pesticides were DDT, malathion, permethrin,
deltamethrin and lambdacyhalothrin. However, DDT, malathion and permethrin
have been used extensively in agricultural practices during the last 5 years.
Although, DDT and malathion were banned some decade ago, the farmers obtain
this insecticide from illegal markets.

The KAP data also showed that several crops were cultivated in both
Elmaygoma and Elsalamania sites with most commonly ones were for animal
feed, vegetables and legumes in different seasons during the year. However, the
season in both areas varied between 3 to 4 months in the year for each cultivated
crop. During each season, the crop could be treated twice to four times with the

above mentioned pesticides.
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Table 4.18: The classes and names of pesticides used during the last five years

in public and agriculture practices in Khartoum state

Classes insecticide used
Public health Agriculture
Organochlorines DDT DDT
Gama Hexine Endrin
Organophosphates Abate (Temephos) Folimat
Diazinon 2,4 D (2,4-Dichlorophenoxyacetic
acid)
Malathion Malathion
Carbamates - Bayleton
- Sevin USA
Pyrethroids Permethrin Permethrin
Deltamethrin Deltamethrin
Lambdacyhalothrin Lambdacyhalothrin
- Danitol
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4.8.2. Knowledge, Attitude and Practice (KAP) on the uses of pesticides
4.8.2.1. Characteristics of the study population

Figure 4.30 shows the numbers of recruited health workers with different
education levels. A significant difference was observed between the two surveyed
sentinel sites in the educational level among the health workers (y? = 23, df = 21,
P =0.0). Unlike those in Arkaweet, all the health workers interviewed in Shambat
site have been graduated from universities. In Arkaweet site, the health workers
studied up to either primary (50%) or intermediate schools. Moreover, a
significant difference was also observed between the two sites in numbers of
health workers who attended training courses on the uses of insecticides (y? =
6.462, df = 20, P = 0.011). The results showed that 54% of the health workers in
Shambat site had training courses with none in Arkaweet site.

The results on the education levels among the farmers in Elmaygoma and
Elsalamania sites are shown in figure 4.31. No significant differences were
observed among the study populations in the two areas neither in educational
levels nor the training courses they previously had (P = 0.113 and 0.743
respectively). Relatively, similar numbers of farmers were illiterate or graduated
from universities. Furthermore, 64% and 38% of the farmers in EImaygoma and
Elsalamania studied up to primary schools respectively. In addition, 31% of the
farmers in Elsalamania site studied up to secondary schools compared to none in
Elmaygoma site. Moreover, only 14% and 19% of the farmers in ElImaygoma and

Elsalamania sites respectively attended training courses on uses of pesticides.
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Table 4.30: Educational levels among health workers in two sentinel sites in

Khartoum state, Sudan.
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Table 4.31: Educational levels among farmers in two sentinel sites in

Khartoum state, Sudan.
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4.8.2.2. Knowledge of the health workers about the mosquito control

Table 4.19 shows the knowledge of health workers about the mosquito
control in Arkaweet and Shambat sites in Khartoum state. Most of health workers
(83.3%) conducted mosquito’s routine surveys. Also, 83.3% of the health workers
answered that they conducted surveys every month. The target was flying (adult)
and aquatic (larvae) stages. All the respondents (100%) agree that there are
interventions for mosquitoes control with 66.6% believed that the uses of
insecticides is main control method. Moreover, Aerosol spraying (6.7%) and
fogging (60%) or both methods (33.3%) were the main interventions used against
adult mosquitoes as answered by the respondents. Most of the health workers
(70%) apply insecticides against mosquito aquatic stages 3 times every month.
Moreover, more than 80% of the respondents answered that there are private
companies conducting insect control activities using insecticides in the two areas.
The majority (86.7%) of the health workers answered that the malaria control

programmes in their area follow-up these activities.

4.8.2.3. Knowledge and, related attitude and practices of the health workers
about the uses of insecticides.

Table 4.20 shows data on the knowledge, attitude and practices of
interviewed health workers about the uses of insecticides in Arkaweet and
Shambat sites in Khartoum state. The results showed that 56.7% of the health
workers in the two areas were aware of how to prepare the effective doses of used
insecticides in mosquito control. Moreover, 76.7% of interviewed populations
check the validity and the effective doses of insecticides in the field during
conducting the interventions. In addition, 73.3% of the interviewed workers wash
the excess prepared insecticide in the plumbs by water after they conducted the
interventions. According to the interviewee, 70% of the respondents use only one
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insecticide in intervention for mosquito control. Even for those who answered that
they use more than one insecticide, they emphased on using them separately.
Almost, more than 50% of the respondents, answered that the control programme
in the area replace the insecticide with another every 4 years. Most of the
interviewee (76.7%) answered that there are no insecticides rotation system in the
area and 73.3% agree in that there is no coordination between the health and

agriculture sectors in uses of the pesticides in their areas.

4.8.2.4. Knowledge, attitude and practices of the farmers about the uses of
pesticides.

The data on the knowledge, attitude and practices of farmers on the uses of
pesticides in EImaygoma and Elsalamania sites in Khartoum state are depicted in
table 4.21. The results showed that 96.7% of the farmers use pesticides for their
crops. According to the interviewee, 70% use more than one pesticide in the
agriculture season and most of farmers (86.7%) use these chemicals separately.
The majority of the farmers (93.3%) check the validity and the effective doses of
pesticides from the label attached before using them. Moreover, 76.7% of the
respondents answered that they are used to prepare the working effective doses of
pesticides from the stock by themselves. Furthermore, 73.3% of the farmers
replace the pesticide by another when it becomes inefficient as by most of them
(70%). Almost, 80% and 16.7% of the interviewed farmers answered that they
obtain the pesticides from the market and agricultural sectors respectively.
Approximately, about two third of the farmers do not use the pesticide rotation
system in their farms. However, most of the farmers (66.7%) wash the excess

pesticides by water after use and 20% burn them.
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Table 4.19: Knowledge of the health workers about the mosquito control in

Arkaweet and Shambat sites in Khartoum state.

Item Categories Study population (No and %) Total
Arkaweet Shambat
Do you have mosquito 1. Yes 11 (78.5) 14 (87.5) 25 (83.3)
routine surveys in the area? 2. No 3(21.5) 2 (12.5) 3(16.7)
How many surveys do you 1. Twice 12(85.7) 13(81.3) 25(83.3)
have a month? 2. More 2 (14.3) 3(18.7) 5(16.7)
What are the target stages of 1. Aquatic stages 0 (0) 0 (0) 0 (0)
mosquitoes? 2. Flying stages 0 (0) 2 (12.5) 2 (6.7)
3. Flying and 14 (100) 14(87.5) 28 (93.3)
aquatic stages
Do you have  any 1. Yes 14 (100) 16 (100) 30 (100)
interventions for mosquito 2. No 0 (0) 0 (0) 0 (0)
control in the area?
What are the main 1. Insecticides 11 (78.5) 9 (56.4) 20(66.6)
interventions used against 2. Larval Source 3(21.5) 5(31.3) 8 (26.7)
mosquitoes? Management
3. Others 0 (0) 2 (12.3) 2 (6.7)
What are the interventions 1. Aerosol spray 0 (0) 2 (12.3) 2 (6.7)
used for flying stages? 2. Fogging 14 (100) 4(25) 18(60)
3. All 0 (0) 10(62.5) 10(33.3)
How frequent do you use 1. Twice 2 (14.3) 0 (0) 2 (6.7)
insecticides against aquatic 2. Three times 12 (85.7) 9 (56.3) 21 (70)
stages a month? 3. Four times 0 (0) 7 (43.7) 7 (23.3)
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Table 4.19: Continued

Are there activities by 1. Yes 14 (100) 12 (75) 26 (86.7)
private companies working 2. No 0 (0) 4 (25) 4 (13.3)
in insect control in the area?

If yes, is there a follow up 1. Yes 14 (100) 12 (75) 26 (86.7)
from malaria control 2. No 0 (0) 4 (25) 4 (13.3)

program to such activities?
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Table 4.20: Knowledge and related attitude and practices of the health
workers about the uses of insecticides in Arkaweet and Shambat
sites in Khartoum state.

Item Categories Study population (No and %) Total
Arkaweet Shambat

Do you prepare the 1. Yes 12 (85.7) 5(31.3) 17 (56.7)

effective doses of 2. No 2 (14.3) 11 (68.7) 13 (43.3)

insecticides yourself?

Do you check the 1. Yes 10 (71.4) 14 (87.5) 24 (80)

validity and doses of 2. No 4 (28.6) 2 (12.5) 6 (20)

the insecticides before

use them?

How do you check the 1. From the Ilabel 2 (14.3) 1(6.3) 3(10)

validity and  the tagged 0 (0) 4 (25) 4 (13.3)

effective doses of 2. Inthe laboratory 12(85.7) 11(68.7) 23(76.7)

insecticides? 3. Inthe field

How do you get rid of 1. By burning 0 (0) 0 (0) 0 (0)

the excess prepared 2. Washing with water 8(57.1) 14 (87.5) 22(73.3)

insecticide after use 3. Boreitinwells 0 (0) 0 (0) 0 (0)

them? 4. Bore it in fishbowls 0 (0) 0 (0) 0 (0)
5. Others 6(42.9) 2(12.5) 7 (26.7)

How many 1. One insecticide 9 (64.3) 12 (75) 21 (70)

insecticides do you 2. More 5(35.7) 4 (25) 9(30)

use?

If more, how do you 1. Separately 14(100) 16(100) 7 (100)

use them? 2. Mixture 0 (0) 0 (0) 0 (0)
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Table 4.20: Continued

Do you replace the
Insecticides?

How frequent do you
replace the

insecticide?

Do you use a rotation
system for the uses of
insecticides?

Is there any
coordination between
health and the

agricultural sectors?

1. Yes

2. No

1. One year
2. Two years
3.
4
1
2

Three years

. Four years
. Yes
. No

Yes
No

3 (21.5)
11 (78.5)
0 (0)
0(0)
0(0)
14 (100)
0(0)
14 (100)

0 (0)

14 (100)

14 (87.5)
2 (12.5)
0 (0)

3 (18.7)
1(6.3)
12 (75)
7 (46.7)
9 (52.3)

8 (50)
8 (50)

17 (56.7)
13 (43.3)
0 (0)

3 (10)
1(3.3)
26 (86.7)
7 (23.3)
23 (76.7)

8 (26.7)
22 (73.3)
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Table 4.21: Knowledge and related attitude and practices of the farmer about
the uses of agricultural pesticides in EImaygoma and Elsalamania
sites in Khartoum state.

Item Categories Study population (Noand %)  Total
Elmaygoma Elsalamania West
Do you use pesticides? 1. Yes 15 (100) 14 (93.3) 29 (96.7) |
2. No 0 (0) 1(6.7) 1(3.3)
How many pesticides 1. One 7 (46.7) 2 (13.3) 9 (30)
do you wuse inthe 2. More than one 8 (53.3) 13 (86.7) 21 (70)
agriculture season?
If more, how doyouuse 1. Separately 15 (100) 11 (73.3) 26 (86.7)
them? 2. Mixture 0 (0) 4 (26.7) 4 (13.3)
Do you check the 1. Yes 14 (93.3) 14 (93.3) 28 (93.3)
validity and the doses 2. No 1(6.7) 1(6.7) 2 (6.7)
of pesticides?
Do you prepare the 1. Yes 9 (60) 14 (93.3) 23 (76.7)
used pesticides 2. No 6 (40) 1(6.7) 7 (23.3)
yourself?
Do you replace the 1. Yes 12 (80) 10 (66.7) 22 (73.3)
pesticide? 2. No 3 (20) 5(33.3) 8 (26.7)
If yes, why do you 1. inefficient 10 (66.7) 11 (73.3) 21 (70)
replace them? 2. Difference crops 5(33.3) 4 (26.7) 9 (30)
3. Difference seasons 0 (0) 00 0 (0)
From where do you get 1. Markets 10 (66.7) 14 (93.3) 24 (80)
the pesticides? 2. Companies 0 (0) 1(6.7) 1(3.3)
3. Agriculture section 5 (33.3) 0 (0) 5(16.7)
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Table 21: Continued

Do you use rotation
system of pesticides?
How do you get rid
of the excess prepared

pesticides?

1
2
1
2.
4
5

. Yes
. No
. By burning

Washing with water

. Discard

fishbowls

. Discard it in wells

9 (60)
6 (40)
5 (33.3)
8 (53.4)
2 (13.3)

in 0(0)

11 (73.3)
4 (26.7)
1(6.7)
12 (80)
2 (13.3)
0 (0)

20 (66.7)
10 (33.3)
6 (20)
20 (66.7)
4 (13.3)
0 (0)
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4.8.2.5. Knowledge of the farmers about the mosquito vectors

Table 4.22 illustrates the results on the knowledge of the farmers about the
mosquito vectors in EImaygoma and Elsalamania sites in Khartoum state. Ninety
percent of the farmers spend the night in their farms. Where all of them answered
that there are biting insects during the night. Moreover, all the interviewed
farmers’ emphasis that the only biting insects are mosquitoes and it occur mainly
during the rainy season (autumn). According to the interviewee, 56.7% and 40%
of the respondents protect themselves from the mosquito bites by spraying
insecticides in their huts (the places where they sleep) and uses of ITNs

respectively
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Table 4.22: Knowledge of farmers about mosquito vectors in EImaygoma and

Elsalamania sites in Khartoum state.

Item Categories Study population (No and %)  Total
Elmaygoma Elsalamania West

Do you spend the in  the 1. Yes 12 (80) 15 (100) 27 (90)
night in the farm? 2. No 3 (20) 0 (0) 3 (10)
If yes, is there any biting 1. Yes 15 (100) 15 (100) 30 (100)
insect? 2. No 0 (0) 0 (0) 0 (0)
If yes, what are these 1. Mosquitoes 15 (100) 15 (100) 30 (100)
insects? 2. Sand flies 0 (0) 0 (0) 0 (0)

3. Others 0 (0) 0 (0) 0 (0)
At which season 1. Winter 0 (0) 0 (0) 0 (0)
mosquitoes present 2. Summer 5(33.3) 4 (26.7) 9 (30)
more? 3. Autumn 10 (66.7) 11 (73.3) 21 (70)
How do you protect 1. Uses of insecticides 8 (53,3) 9 (60) 17 (56.7)
yourself from mosquito 2. Use of ITNs 6 (40) 6 (40) 12 (40)
bites? 3. Others 1(6.7) 0 (0) 1(3.3)




CHAPTER FIVE
5. DISCUSSION

To date, several studies to assess the susceptibility/resistance status in An.
arabiensis have been published from different parts of Sudan (Abdalla et al.,
2008; Himeidan et al., 2007, 2011a; Mohammed et al., 2015). Therefore, the
present study was carried out in Khartoum state to determine the
susceptibility/resistance status of An. arabiensis to the major classes of
insecticides used and to determine the frequency of kdr and ace-1 G119S mutant
genes. Moreover, attempt was made to detect the Plasmodium sporozoites
infection in concomitance with kdr and ace-1 G119S mutation in wild adults An.
arabiensis.

To perform WHO-susceptibility tests, anopheline larvae were collected
from the nine sentinel sites. The study revealed two types of larval habitats; these
were drinking water pipe leakage and irrigation canals. The larval habitats formed
by pipe leakage were observed in urban areas whereas those from irrigation canals
were in periurban areas. This finding is consistent with the results reported by
Abuelmaali et al. (2013) who found that larval habitats observed in the urban sites
were road puddles, pools and broken pipelines pools while in peri-urban sites were
mainly irrigation canals and hoof prints. Moreover, in Northern Sudan, Ageep et
al. (2009) found a significant number of larval habitats of An. arabiensis in
Northern Sudan associated largely with artificial habitats which were mainly
formed by leaking pipes and brickworks. However, in Northern Sudan, Dukeen
and Omer (1986) reported that most of larval habitats occurred by the riverside.
Similarly, other studies indicated that of vector breeding habitats were in the
vicinity of major streams or rivers (Sogoba et al., 2007; Majambere et al., 2008;

Ageep et al., 2009). The results obtained from our surveys on larval habitats will
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help to design more effective and efficient vector control programme in the future
in Khartoum state.

In Sudan, there are 29 anopheline mosquito species that have been recorded
(Lewis, 1958; Nugud et al.,, 1997; El-Rayah, 2007). The results of the
morphological identification showed that anopheline mosquitoes collected
belonged to the An. gambiae complex. Furthermore, the molecular analysis
revealed that An. arabiensis was the only anopheline mosquito detected in
Khartoum state. This finding is consistent with previous studies which showed
that An. arabiensis is the only malaria vector in Khartoum state (Petrarca et al.,
2000; El Sayed et al., 2000). Currently, An. arabiensis the member of the An.
gambiae s.l. is the only malaria vector in the country (Dukeen et al., 1986; Hamad
etal., 2002; Ageep et al., 2009). This species is the most widespread and dominant
anopheline species throughout the arid regions in Sudan (Dukeen and Omer,
1986). It is distributed over dry savannah and semi-arid parts, extending
northwards along the River Nile to 20° N in Sudan (Dukeen and Omer, 1986;
Ageep et al., 2009). Although in northern Sudan, An. arabiensis is found highly
zoophilic and exophilic (Dukeen and Omer, 1986), it showed some degree of
anthropophilic and endophilic behaviour in Khartoum state (El Sayed et al.,
2000). Furthermore, this species was found to have a high vectorial capacity,
which makes it an efficient malaria vector (Nugud and El Sayed, 2001).

Susceptibility tests were carried out for mosquito specimens collected from
nine sentinels following the WHO standard protocol using seven insecticides
(DDT4%, fenitrothion 1%, malathion5%, propoxur 0.1%), permethrin 0.75%,
deltamethrin  0.05% and lambdacyhalothrin  0.05%. Assessment of
susceptibility/resistance status of An. arabiensis to the above mentioned
insecticides was done for populations from 9 sentinel sites in Khartoum state.

During this study, field populations of An. arabiensis from three out of nine
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sentinel sites were tested against the seven insecticides used. However, An.
arabiensis specimens from the other six sentinel sites were tested with varied
numbers of insecticides (3- 7 insecticides). This variation was due to the
availability of larval habitats and/or the density of larvae in the habitats
investigated in sentinel sites during certain months of collection. The reasons of
that were the differences in the types of larval habitats between the investigated
areas. The larval habitats in urban (residential) areas are mainly formed of leakage
of water pipes whereas in the peri-urban (agricultural) areas are formed of water
canal seepage. Often, larval habitats formed of canal seepage are more likely
suitable for breeding of An. arabiensis than those formed by broken pipes (Ageep
et al., 2009).

In Khartoum state, the uses of agricultural pesticides in periurban areas and
insecticides for control of mosquito vectors in both urban and periurban areas
apparently have a major impact on the development of resistance in the wild
populations of malaria vectors. This might be the reason that the populations of
An. arabiensis showed differences in their susceptibility status. However, the
results of overall mean mortality revealed an evidence for resistance to DDT,
malathion, propoxur, permethrin and deltamethrin in An. arabiensis in Khartoum
state. On the other hand, this species was susceptible to only fenitrothion and
lambdacyhalothrin. The results obtained in this study are in line with a previous
study in Khartoum state which also showed that An. arabiensis is fully susceptible
to fenitrothion and lambdacyhalothrin (Seidahmed et al., 2012; Abuelmaali et al.,
2013). These authors found that An. arabiensis was resistance to only malathion
and suspected/resistant to DDT. Nevertheless, Abuelmaali et al. (2013) found
confirmed resistance of An. arabiensis to pyrethroids in this state.

According to WHO (2013) criteria for determination of resistance, the

results revealed that populations of An. arabiensis from three sentinel sites were
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resistant to DDT, malathion and permethrin and propoxur in two sites (see table
3.4). Likewise, specimens of An. arabiensis collected from the nine sites were
resistant to deltamethrin with exception of those from Arkaweet and Elsalamania
West sites which were fully susceptible (100% for each). Resistance in An.
arabiensis from different sentinel sites to most of insecticides probably might be
due to extensive use of massive numbers of insecticides of different classes in
agriculture against domestic pests coupled with that used in the public health
practice.

The detection of confirmed resistance of An. arabiensis to DDT observed
in this study is not surprising in view of the long history of its use in both
agriculture and health practices. Selection for resistance to this insecticide might
be started as far back as 1970s when DDT was used to control agricultural pests
and mosquito vectors in Sudan. Although, DDT was banned decades ago, the
WHO announced in 2006 its re- application on a limited and controlled scale to
maximize impact on malaria vectors (Sadasivaiah et al., 2007). Furthermore, DDT
has been illegally used in agriculture where it could be purchased from illegal
markets in Sudan. Although, previous studies showed that An. arabiensis in
Khartoum state is susceptible to this insecticide (Seidahmed et al., 2012),
currently resistance to DDT in An. arabiensis has been reported from Gizera and
Sennar states (Abdalla et al., 2008), White Nile state (Ismail et al., 2012), Rahad
area in Gedarif state (Yagoop et al., 2013) and New Half in Kassala state in eastern
Sudan (Himeidan et al., 2007, 2011a). Moreover, previous studies also showed
that the resistance to DDT in populations of malaria vectors was due to the
longstanding and extensive use of DDT in the IRS programmes (Lines, 1988;
Protopopoff et al., 2008). Likewise, resistance in An. arabiensis to DDT were
reported from other African countries such as in South Africa (Nardini et al.,
2013), Burkina Faso (Jones et al., 2012) and Ethiopia (Balkew et al., 2010).
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The results obtained in this study on resistance of An. arabiensis to
malathion agree with historical and recent studies from neighboring Gezira and
White Nile states (Lines, 1988; Abdalla et al., 2008; Ismail et al., 2012).
Moreover, resistance of An. arabiensis to malathion was previously confirmed in
Khartoum state (Seidahmed et al., 2012; Abuelmaali et al., 2013; Mohammed et
al., 2015). Malathion was banned seven years ago by the Khartoum state Malaria
Control Program (KSMCP) due to development of resistance in An. arabiensis
(KMFP, personal communication). Currently, resistance of An. arabiensis to
malathion has become widely spread in different region of Sudan including
Khartoum, Gizera, White Nile and Gedarif states (Himeidan et al., 2007; Abdalla
et al.,, 2008, Ismail et al., 2012; Yagoop et al., 2013). Moreover, a survey
conducted in Khartoum state showed that organophosphates and carbamates were
the most commonly used pesticides in agriculture practice (Seidahmed et al.,
2012). This might indicate that malathion is used in agriculture practice although
it has previously been suggested that resistance to malathion in An. arabiensis in
Gizera state was due to house spraying rather than aerial crop spraying (Lines,
1988).

The confirmed resistance to permthrin and reduced susceptibility to
deltamethrin is of concern for the Integrated VVector Management which depends
on ITNs/LLINs as a protection measure against malaria vector. Malaria vector
control has been very dependent on the pyrethroids. These insecticides are the
only classes approved for use on insecticide treated nettings (WHO, 2014) and are
being increasingly deployed in IRS programmes in Africa. Besides, pyrethroids
are also widely used in the control of agricultural pests worldwide (UN, 2006). A
previous study conducted in Khartoum state Showed that An. arabiensis is fully
susceptible to permethrin (Seidahmed et al., 2012). In contrast, Abuelmaali et al.

(2013) found that this species is suspected resistance to pyrethroids in this state.
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Permethrin resistance is now well established where An. arabiensis has been
detected with high resistance to this insecticide in different regions in Sudan
including Gizera, White Nile, Sennar Blue Nile, Kassala and Gedarif states
(Abdalla et al., 2008; Himeidan et al., 2011a; Ismail et al., 2012; Yagoop et al.,
213). Resistance to pyrethroids especially permethrin and deltamethrin
insecticides in An. arabiensis and other malaria vectors have been reported from
different African countries (Hargreaves et al., 2000; Etang et al., 2003; Casimiro
et al., 2006). Pyrethroid, permethrin has along back history of uses in IRS for
public health purposes in Sudan (Himeidan et al., 2007; Abdalla et al., 2008). This
insecticide was then replaced by bendiocarb in 2007 when An. arabiensis showed
strong resistance (Abdalla et al., 2008). Moreover, pyrethroid insecticides have
been extensively used in agriculture (Seidahmed et al., 2012; Abuelmaali et al.,
2013). Therefore, the development of resistance might be due to high selective
pressure imposed on mosquito vectors through the indiscriminate usage of
pyrethroids by farmers to control agricultural crop pests at the time of spraying
for mosquito vector control by the vector control programmes. The development
of resistance in malaria vector to pyrethroid insecticides has a serious implication
on malaria control strategies in the country. Pyrethroids, deltamethrin and
lambdacyhalothrin are the main insecticides being used for ITNs/LLINs to control
malaria vectors elsewhere (WHO, 2014).

Unlike populations of Khartoum and Omdurman areas, An. arabiensis from
Khartoum North area was resistant to most of the insecticides tested. This finding
might be due to that most of the agricultural schemes and riverine farms in
Khartoum state are located in Khartoum North area (Elkhalifa et al., 2008).
Likewise, in a study in Gezira state An. arabiensis from urban areas with
agriculture practices has been found more resistant to insecticides than those from

settlement areas (Abdalla et al., 2014). The presence of multiple insecticide
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resistance in populations of An. arabiensis in this administrative area is consistent
with previous studies (Matambo et al., 2007; Abdalla et al., 2008; Himeidan et
al., 2011a). However, a steadily and fast development of urban agriculture has
recently taken place in many areas in the Khartoum state. Besides, the ongoing
malaria control programme, the development of farming system will increase and
accelerate the development of insecticide resistance in malaria vector in the state.
Similarly, association between the farming and development of insecticide
resistance in malaria vectors has been reported from different African countries
(Yadouleton et al., 2009; Antonio-Nkondjio et al., 2011).

In Khartoum state, both urban and peri-urban agricultural areas have been
expanded due to high demand for accommodation and food. This expansion was
due to steadily immigration of people from other states in Sudan. However, the
expansion in the periurban agriculture was greater than those in the urban areas,
therefore, this situation has led to extensive use of pesticides in these areas. In
addition to that, the uses of insecticides especially organophosphate temephos for
public heath purposes in both urban and periurban areas has increased and
accelerated insecticide resistance in the malaria vector. In this study, it was
apparent that there was an impact of agricultural pesticides on susceptibility of
An. arabiensis as shown by differences in the insecticide susceptibility of these
populations in agricultural periurban areas and non-agricultural urban ones. This
finding is in agreement with the results obtained previously by Seidahmed et al.
(2012) and Abuelmaali et al. (2013). The authors found that An. arabiensis from
periurban areas are more likely to develop insecticide resistance than those in
urban areas. This probably might be due to extensive use of massive numbers of
insecticides of different classes in agriculture against domestic pests coupled with

that used in the public health practice. This suggestion can be supported by the
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results obtained from the surveys on insecticides used by farmers in agricultural
and public health workers in the public health practices.

In this study, relatively, little variations were observed in the knockdown
times for each insecticides among the population of An. arabiensis from different
sentinel sites, the three administrative areas and from the urban and periurban
areas. The KDTspand KDTgs for all insecticides in the current study was markedly
lower than those reported for populations of An. arabiensis in different regions in
Sudan (Himeidan et al., 2007, 2011a; Abdalla et al., 2008; Ismail et al., 2012;
Yagoop et al., 2013). For example, in this study, the knockdown time 50% for
DDT was higher in Shambat and Elmaygoma sites by 1.7 folds than in Abuseid
site. Moreover, KDTsg for permethrin, was higher in Edekheinat, EImaygoma and
Elsalamania West sites by 2.7, 2.1 and 2.1 folds respectively than in Arkaweet
site. This finding suggested that a knockdown resistance mechanism could be
operating in this mosquito population. The KDTso and KDTgs for DDT in this
study was much lower than those reported for a population from New eastern and
central Sudan (Himeidan et al., 2007, 2011a; Abdalla et al., 2008; Ismail et al.,
2012; Yagoop et al., 2013).

In this study, the variation in mortality rates in An. arabiensis due to
insecticides between the three different seasons (dry cold, dry hot and wet)
showed some differences especially for DDT 4%, malathion 5% and propoxur
0.1%. For example, in Khartoum state, DDT and propoxur resistance was high
with mortality rates of 87% and 83% respectively during the cold dry season.
During the hot dry season, the mortality rates increased to 95% and 86% for DDT
and propoxur respectively. The same trend was observed for DDT in populations
of Edekheinat and Shambat sites. However, for malathion variation of mortality
rates in An. arabiensis from Elmaygoma sites was higher in hot dry season.

Although, there was variations in mortality rates in population of An. arabiensis
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from administrative areas or different land use (urban and periurban areas) due to
DDT and malathion between the season, these differences did not follow fixed
trends. However, seasonal variations in susceptibility of An. arabiensis to
insecticides have been previously reported from Khartoum and Gizera states in
Sudan (Abuelmaali et al., 2013; Abdalla et al., 2014). Likewise such variations
have been observed in susceptibility of Anopheles mosquitoes to insecticides in
different African countries (Diabate et al., 2002; Ranson et al., 2009; Djegbe et
al., 2011).

In Africa, there have been efforts to map the insecticide resistance of the
main malaria vectors at nation or continental scale (WHO/ANVR, 2005; Coleman
et al., 2006; Santolamazza et al., 2008; Coetzee and Koekemoer, 2013). Such
information is necessary to monitor, detect and manage insecticide resistance in
mosquito vectors. In this study, resistance to DDT, malathion, propoxur,
permethrin and deltamethrin were observed in populations of An. arabiensis from
certain sentinel sites representing both urban and periurban areas in the three
administrative areas in Khartoum state. Nevertheless, the resistances to these
insecticides are not uniformly distributed among the populations of An. arabiensis
from different nine sentinel sites. For example, DDT-resistant strains of An.
arabiensis were observed in only four of the mentioned sentinel sites (see fig.
4.31). These sites were Edekheinat (periurban area) in Khartoum, Shambat (urban
area) and Elmaygoma (periurban area) in Khartoum North and Abuseid site in
Omdurman administrative area. Insecticide resistance has been reported in the
main malaria vectors worldwide. Resistance is however not uniformly distributed
among vector species and can greatly differ from one village, province, country,
region and continent to another. Unfortunately, the highest levels of insecticide
resistance were reported in Africa where malaria burden is still the highest in the

world (WHO, 2011). The number of studies examining insecticide susceptibility
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and resistance mechanisms in Anopheles malaria vectors in African countries is
growing rapidly. In Sudan, several previous and current studies to determine the
susceptibility status of An. arabiensis to different agricultural pesticides and
public health insecticides has been published (Himeidan et al., 2007, 2011a;
Abdalla et al., 2008, 2014; Ismail et al., 2012; Seidahmed et al., 2012; Yagoop et
al., 2013; Abuelmaali et al., 2013). These studies elucidated the distribution of
resistance and susceptible strains of An. arabiensis to insecticides in different
parts of studies areas, these include Kassala (Himeidan et al., 2007, 2011a) and
Gedarif states (YYagoop et al., 2013) in eastern Sudan, Gezira (Abdalla et al., 2008,
2014) and White Nile states (Himeidan et al., 2011a; Ismail et al., 2012) in Central
Sudan and Khartoum state (Himeidan et al., 2011a; Seidahmed et al., 2012;
Abuelmaali et al., 2013; Mohammed et al., 2015). Likewise, mapping and
distribution of insecticide resistance in malaria vectors in different African
countries have been interviewed and published (WHO/ANVR, 2005;
Santolamazza et al., 2008; Ranson et al., 2011; Gnanguenon et al., 2015).

The ability to determine the resistance status of mosquito vectors is
essential to guide the use of insecticides in the malaria control programme in the
country. It allows for a rational choice of insecticide to be made, based on the type
and extent of resistance present. Knockdown resistance has been detected in An.
gambiae s.s. and An. arabiensis (Martinez-Torres et al., 1998; Ranson et al.,
2000; Diabaté et al., 2004; Stump et al., 2004; Balkew et al., 2010; Yewhalaw et
al., 2011; Dabire” et al., 2014; Toé et al., 2015). The screening for the L1014S
and L1014F kdr mutation, causing the knockdown resistance, is commonly
performed using two different AS-PCR assays (Martinez-Torres et al., 1998;
Ranson et al., 2000). These assays provide a cheap mean for determining the kdr

allele frequencies in An. gambiae s.s. and An. arabiensis populations.
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In this study, both L1014F and L1014S mutations were detected in
populations of An. arabiensis collected from four sites representing periurban
areas. The L1014F was detected in populations of An. arabiensis from two sites
Edekheinat (two samples) and Alshegelab (one sample) in Khartoum
administrative area. Whereas, L1014S mutations were detected in specimens from
four sites, these were Edekheinat (5; 16.6%) and Alshegelab (6; 18.2%) and,
Edroshab (7; 23.3%) and Eltumanyat (4; 11.8) in Khartoum North area. Likewise,
the occurrence of L1014F mutation was reported in very low frequency in
populations of An. arabiensis from different areas in Khartoum state (Himeidan
et al., 2011a; Abuelmaali et al., 2013) and in other geographic regions in Sudan
including Gizera, Sennar, Kassala and White Nile states (Abdalla et al., 2008,
2014; Yagoop et al., 2013). In contrast, The L1014S kdr mutation has previously
been reported in a very low frequency in a population of An. arabiensis from
Kassala state in eastern Sudan (Himeidan et al., 2007). The results on the L1014S
mutation from this study and from the previous reports suggested that this type of
mutation is so limited.

The kdr (L1014F and L1014S) mutation is mainly associated with
resistance to pyrethroids and organochlorines insecticides (i.e. DDT). Although,
DDT was stopped for uses in agricultural and public health practices some decades
ago, this insecticide has illegally been used in agricultural practice (Seidahmed et
al., 2012). In contrast, pyrethroid insecticides are currently in use in Sudan
including Khartoum state where permethrin and deltamethrin are used in
ITNS/LLINs and in a very low scale in IRS respectively (personal comm.
Department of IVM unit, FMOH, Sudan). Therefore, the kdr mutation detected in
populations of An. arabiensis in Khartoum state in this study might be due to the
selected cross-resistance due to pyrethroids rather than organochlorines.

However, the role of the organochlorines DDT cannot be neglected since it has
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been used in agriculture practice. The L1014F mutation observed in this study was
lower than that previously reported in An. arabiensis from Khartoum state
(Himeidan et al., 2011a; Abuelmaali et al., 2013) and different regions in Sudan
(Himeidan et al., 2011a; Abdalla et al., 2014). The L1014S allele was detected for
the first time in Khartoum state. This type of mutation is scare in An. arabiensis
population in most of East African countries including Sudan although it is
originally reported from Kenya but in An. gambiae (Stump et al., 2004). In this
study, the L1014S kdr mutation was observed in a relatively high frequency
compared to that previously reported by Himeidan et al. (2007) who recorded
mutation in An. arabiensis from eastern Sudan.

Resistance mechanisms testing for malaria vectors has largely focused on
target site mutations (kdr and insensitive acetylcholinesterase G119S (Ace-1%)
with relatively few resistant populations assessed for metabolic mechanisms. In
this study, we report, for the first time, the presence of the ace.1 G119S mutation
in An. arabiensis populations from two sites: Alremaila and Shambat in Khartoum
and Khartoum North area respectively. To confirm this presence of ace.1 G119S
mutation, several PCR amplification were done for this allele in the An. arabiensis
specimens, and as a control, 30 specimens reference susceptible strain of Dongola
colony-reared An. Arabiensis were used. The ace.1R allele observed in this study
In An. arabiensis was in a very low frequency; however, no comparative studies
have been conducted in this species in Sudan. However, a single study was
previously conducted on An. arabiensis to detect acetylcholinesterase enzyme
level based on isoenzyme analysis (Abdalla et al., 2008). The authors found an
elevated enzyme which indicates a metabolic-based resistance in this species
which commonly leads to resistance to organophosphates and carbamates
insecticides. The ace.1 G119S mutation has been observed in malaria vectors in

West African countries especially An. gambiae and An. arabiensis (Djogbenou et
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al., 2008; Dabire” et al., 2014; Namountougou et al., 2013).The emergence of the
ace-1R mutation in An. arabiensis populations in Khartoum state may be linked
to the use of organophosphates and carbamates insecticides in agricultural and
public health practices. Bioassays performed in this study and previous ones
indicated a high resistance to the carbamates, malathion in Khartoum state
(Seidahmed et al., 2012; Mohammed et al., 2015).These authors also reported that
this insecticide has been used for control of agricultural crop pests and insect
vectors in Khartoum state. However, further bioassays on a wider scale are now
required in order to understand the implications of the current status of the ace-1R
mutation for the efficacy of organophosphates and carbamates insecticides in
vector control in Sudan. The information provided by bioassays coupled with the
genetic data obtained in this study is a prerequisite for the informed use of both
insecticide classes’ based-combinations for bed net impregnation and/or indoor
residual spraying.

Anopheles arabiensis was the only member of An. gambiae complex
recorded in the study area. This species is the sole malaria vector in Sudan
(Petrarca et al., 2000; Hamad et al., 2002). Further confirmation was obtained by
detection of P. falciparum in An. arabiensis. Previous studies on Plasmodium
sporozoites infection in An. arabiensis were conducted using ELISA technique
(Hamad et al., 2002; Himeidan et al., 2011b; Elmahdi et al., 2012). All infected
females detected here were with P. falciparum, the most common and widely
spread malaria parasites in Sudan (Elhassan et al., 1995). Nevertheless, no
Plasmodium parasites infection was detected in concomitance with kdr allele
mutation in An. arabiensis in this study. Despite epidemiological importance, the
Impact of insecticide resistance on vector-parasite interactions and malaria
transmission is poorly understood. Few studies were conducted to assess the effect

of insecticide resistance in Plasmodium sporozoites infection and competence of
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malaria vectors (Alout et al., 2012, 2014; Saddler et al., 2015). Saddler et al.
(2015) suggested that, continued use of insecticides in a population of insecticide-
resistant mosquitoes could select them to be more susceptible to Plasmodium
infection. In another study, the sensitivity to DDT was found higher in mosquitoes
infected by Plasmodium (Alout et al., 2014).

Information from knowledge, attitudes, and practices surveys are always
important to design or improve malaria control programs, and to identify
indicators for a program’s effectiveness (Vijayakumar et al., 2009). In addition,
data from KAP studies can be incorporated into the decision-making processes,
the design of sustainable interventions with active community participation, and
the implementation of educational systems (Nieto et al., 1999). Therefore, in this
study surveys were carried out to assess the knowledge, attitude and practices of
public health workers and farmers in selected sites in Khartoum state towards the
uses of insecticides.

The resistance of the malaria vectors to most insecticides used in different
sentinel sites categorized as urban and peri-urban areas in the three administrative
areas of Khartoum state observed in this study and has previously been reported
(Himeidan et al., 2011a; Mohammed et al., 2015) is not surprising. The results of
KAP surveys revealed that 11 and 9 pesticides have been used during the last 5
years. Of which 5 pesticides representing three major classes have been used for
both practices in the same area. The uses of a massive numbers of insecticides of
different classes in agriculture against domestic pests coupled with that used in
the public health practice might probably cause a development of resistance in
malaria vector to most common insecticides in this state. The uses of the same
pesticides for control of agricultural crops and the public health insect vectors
have been previously reported in Khartoum state (Seidahmed et al., 2012;
Abuelmaali et al., 2013). In this study, the KAP results showed that pyrethroids
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are used in both practices. Likewise, in Ethiopia, Balkew et al. (2010) found that
pyrethroids have been in use for the control of both livestock and crop pests. It is
known that the pyrethroids are the insecticides used for ITNs/LLINs for personal
and community-based protection against malaria vectors elsewhere (WHO, 2014).
Anopheles arabiensis, the malaria vector in many African countries including
Sudan showed resistance conferring alleles against DDT, permethrin and
deltamethrin (Balkew et al., 2010; Himeidan et al., 2011a; Yewhalaw et al., 2011;
Abdalla et al., 2014; Dabire” et al., 2014; Toé et al., 2015). Moreover, several
studies pointed out that the past and current agricultural use of DDT then
pyrethroids for crop protection to have led to the selection of resistant mosquitoes
through insecticide residues accumulated in breeding sites around agricultural
areas (N’Guessan et al., 2007; Diabaté et al., 2002; Dongus et al., 2009; Ranson
et al., 2009; Yadouleton et al., 2011).

In this study, the result of the KAP study showed that the health workers
have a good experience about malaria vector control. Despite good knowledge of
malaria vector interventions, time of application used were poorly associated with
the proper control and prevention of the disease in the state. Although, the uses of
larval source management (LSM) and aerosol insecticides spray are useful for the
control of malaria vectors, uses of IRS and LLINSs remain the main malaria vector
control recommended by the WHO (WHO, 2014). However, Elkhalifa et al.
(2008) reported that the main control measures for malaria vector in Khartoum
rely on the LSM through larvicides treatment and LSM in both settlement and
agricultural area respectively. Unlike other states in Sudan, IRS and LLINs are
not used for mosquito vectors control in Khartoum state (NMCP, 2014).

The results on the knowledge and related attitude and practices among both
health workers and farmers on the uses of pesticides showed a relatively poor or

superficial knowledge about how to prepare the working doses, check the validity
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and effective dosage, and to get rid of the excess insecticides after usage. This
finding might be due to moderate level of education among these respondents as
shown by the results of the surveys. In addition, few numbers of these respondents
had training course on the uses of insecticides. Nevertheless, there is no available
information on the KAP among both health workers and farmers about the uses
of pesticides in Khartoum state. A single study was previously conducted to assess
the KAP among farmers in urban and periurban area in Khartoum state
(Abuelmaali et al., 2013). The authors found that farmers in urban areas more
likely to dispose off pesticides by an approved method than in periurban areas in
Khartoum state, although farmers from both areas showed a poor pesticide
application practice. Almost, a better knowledge on the uses of agricultural
pesticides and public health insecticides is crucial for insecticide management in
malaria vectors.

In both study areas, farmers most commonly complained of mosquito bites
at night at their farms where they spend the night. They answered that they
received the highest mosquito bites during the rainy season where the highest
mosquito density. Most of the farmers protect themselves from mosquito bites
either by ITNs or by spraying agricultural pesticides for mosquito control inside
the places where they sleep. Likewise, Abuelmaali et al., (2013) found that
majority of the farms used agricultural products for mosquito control in the home.
However, the author found that the urban farmer perceived high mosquito bites
during the summer season. They also, suggested that the high density of mosquito
was due to the different types of larval habitats in the area such as; road puddles,
pools and broken pipelines pools while in peri-urban sites were mainly irrigation

canals and hoof prints.
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CHAPTER SIX

6.1. CONCLUSIONS
The present study was carried out during March 2011 to February 2014, to

investigate the occurrence and distribution of phenotypic and genotypic resistance
strain of An. arabiensis in concomitance with malaria parasites infection in this
species in Khartoum state, Sudan.

Anopheles arabiensis was the only member of An. gambiae complex in
Khartoum state and it bred in two main types of larval habitat formed by drinking
water pipes leakage or irrigation canals. The collection of this species from only
two types of larval habitats could be due to extensive LSM activities conducted
by KMFP during the last 7 years in this state.

The findings reported here also reduce the possibility of the use of most of the
insecticides tested except for fenitrothion and lambdacyhalothrin. Both
insecticides could be used in malaria vectors managements in Khartoum state and
other regions in Sudan.

This study reports the first evidence of occurrence of L014S and ace-1R
(G119S) mutations in An. arabiensis in Khartoum State. The presence of
combined molecular (kdr and G119S) and bioassay data show a wide spectrum of
multiple and cross-resistance in An. arabiensis. The occurrence of multiple as well
cross-resistance could significantly affect the malaria vector control in this state.

As exemplified in this study, infection of An. arabiensis with P. falciparum
indicates that this species is the only malaria vector in Khartoum state. This
finding also confirm that P. falciparum is the most common and widely spread

malaria parasite in Sudan.
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The KAP of farmers and public health workers was relatively low towards

proper uses of insecticides which might threaten the activities of malaria control

programme in the state.

6.2. RECOMMEDATIONS

The current study added more information on the susceptibility status,

occurrence of both kdr and G119S as well Plasmodium infection in An. arabiensis

in Khartoum state, more future studies are need to verify the following aspects:

1.

Detailed species composition of anopheline mosquitoes and their larval
habitats in Khartoum state.

Spatio-temporal variation in susceptibility status of An. arabiensis to all
commonly used insecticides in agricultural and public health practices in
Khartoum state. For example, susceptibility status of this vector to
bendiocarb is crucial, as this is main insecticide used for IRS in Sudan.
Wide scale surveys to determine the occurrence and distribution of both
type of mutation (kdr and G119S) in An. arabiensis.

The magnitude of malaria transmission through collection of large numbers
of An. arabiensis specimens from different sites in this state.

More training courses and educations for both public health workers and
farmers in Khartoum state on insecticide resistance management
programmes in insect vectors.

More intersectoral collaboration between the Federal Ministry of Health
and Ministry of agricultural to manage and monitor the growing insecticide
resistance in malaria vector due to extensive use of the same pesticides in

agricultural and public health practices.
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