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Abstract

Introduction: Insecticide resistance is one of the major challenges in vector control programs around the globe. This study
investigated the insecticide resistance and kdr mutation in the Anopheles arabiensis malaria vector in Khartoum State, Sudan.
Methods: Entomological cross-sectional surveys were carried out at four urban and suburban sites in Khartoum State. Four
insecticides were tested for World Health Organization (WHO) susceptibility, and kdr frequencies were estimated using two
allele-specific PCR assays.

Results: WHO bioassay tests revealed that DDT, malathion, and permethrin showed high resistance in both urban and suburban
sites. There is no significant difference in mortality rates between urban and suburban sites (P>0.05), with the exception of DDT,
where mosquitoes from urban sites showed more susceptibility [64 (51.23-76.77)] than those from suburban areas [53.5 (69.73-
95.27)]. In general, all populations from the four sites showed faster KDT50% to bendiocarb and permethrin than to malathion
and DDT insecticides. Generalized linear model analysis revealed that insecticide type, site type, and their interaction were
determinant factors in mortality rate. A high to moderate frequency of the West African kdr mutation (L1014F) was observed in
urban and suburban sites, and the association between the presence of the kdr mutation and resistance phenotype was strong for
permethrin and DDT (OR>7 in the allelic test).

Conclusion: This study showed the susceptibility status of the malaria vector A. arabiensis to four insecticides belonging to different
classes in urban and suburban sites. This provides important knowledge that helps vector surveillance and control programs.
Additionally, more research is necessary to explore the impact of pyrethroid resistance, particularly in bednets, and other resistance

mechanisms in this malaria vector.
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Introduction

Malaria is a major health concern, particularly in the
African continent; it has been estimated that about 219
million cases of malaria occur annually worldwide.
The World Health Organization (WHO) African Area
accounted for 92% of malaria cases, with fifteen nations
in sub-Saharan Africa bearing the burden (1). Malaria
control had different approaches, particularly in African
countries, including immunological, social, traditionally
used methods, and vector control methods (2).

Although malaria prevention has greatly progressed
over the last two decades, particularly through vector
control interventions, insecticide resistance poses a
significant risk to intervention efficacy. The WHO
recommended continuous monitoring of insecticide

resistance, which would help in resistance management
and could decrease malaria incidence and mortality (3).
Long-lasting insecticide nets (LLINs) and indoor residual
spraying (IRS) play an important role in reducing malaria
incidence in malaria-endemic areas in Sub-Saharan Africa.
Malaria vector control strategies in Sudan focus basically
on two approaches: a) IRS and b) LLIN (4). The use of
IRS and LLIN proved to be the most powerful and broadly
applied vector control interventions over many years;
combining LLIN and IRS is an effective control measure
practiced in Sudan, resulting in a reduction of malaria
incidence in highly endemic areas in eastern and central
Sudan. Any loss of efficiency in these control procedures
could negatively affect disease incidence and mortality (5).

Anopheles arabiensis is considered a major malaria

[Ee®:2E  *Corresponding Author: Sara A. Abuelmaali, Email: profsara83 @gmail.com

[=]!


http://crossmark.crossref.org/dialog/?doi=10.34172/ijmpes.4173&domain=pdf
https://orcid.org/0000-0002-4327-5130
https://orcid.org/0000-0003-2976-2706
mailto:profsara83@gmail.com
http://ijmpes.com
https://doi.org/10.34172/ijmpes.4173

Korti et al

vector all over Sudan and the solely known responsible
vector in Khartoum State (6). Insecticide resistance in the
A. arabiensis and Anopheles gambiae complexes has been
reported in different African countries. Many countries
in sub-Saharan Africa reported pyrethroid resistance; its
low mammalian toxicity and high insecticidal activity
make it one of the most used LLINs, and it is a highly
recommended class of insecticide by WHO for LLINSs.
The reliance on one class of insecticide in LLINs makes
pyrethroid resistance a critical threat to malaria control.
Although recent studies have innovated new LLINs that
contain the pyrethroid synergist piperonyl butoxide
(PBO), a huge number of LLINs have been applied as a
control measure in Africa, and the new non-pyrethroids
products have not yet been used (7).

Anopheles arabiensis has been shown to be resistant
to permethrin and DDT in eastern and central Sudan. A
high frequency of the West African kdr allele (L1014F)
has been reported, whereas the East African kdr (1L1014S)
allele has not been detected in Sudan (8). High levels of
resistance to DDT, malathion, dieldrin, and permethrin
were also demonstrated in Gezira state and Central Sudan
(9,10). Multiple studies have documented the presence
of pesticide resistance in populations of An. arabiensis
in various regions of Sudan, specifically in central Sudan
and Khartoum State (11). For several years, a study in
six urban and suburban sites in Khartoum State revealed
the impact of agricultural pesticide use on enhancing
the development of insecticide resistance (12). Another
study in Gezira State reported that A. arabiensis is fully
susceptible to bendiocarb and fenitrothion. However,
the L1014F kdr allele was significantly associated with
resistance to pyrethroids and DDT (13). In Tunisia,
other vectors, not malaria transmitters, also developed
resistance to permethrin in agricultural areas (14); on the
other hand, high pyrethroid resistance was also reported
among pests in African countries (15).

Control measures in Africa and Sudan depend mainly
on LLINs and the need for continuous monitoring of
insecticide resistance, especially in the A. arabiensis
population in Sudan is vital to the effectiveness of vector
control programs. This study, carried out in urban and
suburban study sites in Khartoum State, the capital of
Sudan, aimed to explore the status of insecticide resistance
in the major malaria vector A. arabiensis populations to
the different classes of insecticides used in public health
and estimate the frequency of kdr mutations between
urban and suburban sites, aiming to provide data that can
help guide and improve the malaria control programs in
Khartoum State.

Methods

Study Area

Khartoum State lies in a poor savannah region
characterized by a short rainy season (July to September),

a winter season (October to March), and a summer season
(April to July). The total area of the state is 28000 km?,
divided by the River Nile into three greater administrative
areas: Khartoum North, Khartoum, and Omdurman.
The state is almost a semidesert region; the vegetation is
mostly along the Nile River, with most of the population
in suburban areas.

Entomological cross-sectional surveys were carried
out in Khartoum State in four sites classified as urban or
suburban, according to topography, agriculture, socio-
economic activities, physical expansion of cities, and
dissemination of socio-economic and cultural patterns.
The urban sites were Kafouri and Wad-elbakhet, and the
suburban sites were Al-mahalab and Al-salha (Figure 1).

Mosquito collection and rearing

Anopheles larvae were collected from their natural
breeding sites, such as animal hoof prints and pools
formed by leakage from pipes, ponds, and puddles, from
February to June 2014 using WHO standard dippers (350
mL) and then transferred to the insectary. Anopheles
mosquito larvae were reared to adults in the insectarium
and identified to their species using a taxonomic key (16).
They were kept at optimum conditions (temperature of
25+2 °C and relative humidity of 70%-80%) and fed with
a 10% sucrose solution until they were used.

Insecticide Susceptibility Test

Four insecticides belonging to the four classes
recommended by the WHO were tested using WHO
susceptibility tests. Four replicate cohorts of sugar-fed
adult females of known age (24-48 hours post-emergence),
each replicate consisting of 25 female mosquitoes
(17). They were exposed to papers impregnated
with  WHO-recommended concentrations (V/W) of
0.75% permethrin, 4% DDT, 5% malathion, and 0.1%
bendiocarb. The control group was exposed to oil-treated
control papers (without insecticide), and each insecticide
group test was done separately. Mosquitoes were exposed
to the insecticide papers for 60 minutes. Knockdown was
recorded after 10, 15, 20, 30, 40, 50, and 60 minutes of
exposure. The knockdown and alive mosquitoes were
transferred to a clean holding tube with 10% sucrose in a
cotton piece, and mortality was observed 24 hours post-
exposure.

Molecular Identification and kdr Mutation Detection

DNA was extracted from each female mosquito separately
using the Livak extraction method; the extracted DNA
was re-suspended in TE buffer and kept in a -20 °C freezer
until used (18). The morphologically identified Anopheles
gambiae (s.I.) mosquitoes were molecularly identified to
their species using the five species-specific primers for
the A. gambiae complex designed by Scot et al (Table 1).
Anopheles arabiensis positive control was used in each PCR
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Figure 1. Map Showing the Location of the Study Area in Khartoum State, Sudan, Including Urban Sites (Kafouri, Wad-elbakhet) and Suburban Sites (Al-

Mabhalab, Al-Salha)

Table 1. Anopheles gambiae Complex Primers

Table 2. The kdr Primers for Resistant and Susceptible Alleles

Expected
Primer Primer Sequence (5' to 3') (T,)(C) Amplified DNA
Size (bp)
UN GTGTGC CCCTTC CTC GAT GT 58.3 468
GA CTG GTTTGG TCG GCA CGTTT 59.3 390
ME TGA CCA ACC CACTCC CTT GA 57.2 464
AR AAG TGT CCTTCT CCATCCTA 47.4 315
QU CAG ACC AAG ATG GTT AGT AT 42.7 153

*UN primer anneals to the same position of the rDNA of all the five species,
GA anneals specifically to A. gambiae, ME anneals to both A. merus and An.
melas, AR anneals to A. arabiensis and QD anneals to An. quadriannulatus.

reaction, which was obtained from a susceptible colony
maintained at the Department of Medical Entomology
in the National Public Health Laboratory. Forty samples
(20 dead and 20 alive) per insecticide were used at each
site. The kdr genotypes were determined using two
allele-specific PCR assays followed by a diagnostic PCR
(19). The West African mutation (L1014F) in leucine-
phenylalanine and the East African mutation (L1014S) in
leucine-serine were detected using the PCR developed by
(20). Two separate master mixes were prepared to detect
the resistant alleles (heterozygous and homozygous states)
and the susceptible alleles. Each master mix contained
1.25 pL of 10 X buffer (100 mM Tris-HCI, ph 8.3, 500 mM
KCI), 0.75 uL of 25 mM MgCl,, 1.25 uL of 2.5 mM dNTPs,
and 0.1 pL of Taq DNA polymerase. For the detection of
West African kdr, 1.5 uL of Agdl primer (Table 2) and 3
uL of Agd3 (Table 2) primers were added to each 25 pL
PCR reaction mix. Agd3 was substituted with 3 pL Agd5
(Table 2) primer for the East African kdr detection. For the
detection of the susceptible alleles, 1.5 pL Agd2 (Table 2)
and 3 uL Agd4 primers were used for each 25 uL. PCR
mix. The volume was made up to 25 pL by adding distilled

Primer Sequence

*Agd1? 5° ATA GAT TCC CCG ACC ATG 3°
*Agd2? 5" AGA CAA GGATGATGA ACC 37
*Agd3? 5"AATTTG CAT TACTTA CGA CA 37
*Agd4? 5" CTG TAG TGA TAG GAA ATT TA 37
**Agd5 b 5°TTT GCATTA CTT ACG ACT G 3~

2 Martinez-Torres et al (20); * Ranson et al (5).

water. The condition was 35 cycles consisting of 95 °C for
1 minute, 48 °C for 1 minute and 72 °C for 1.5 minutes,
and a final extension step at 72 °C for 10 minutes. The
amplified fragments were separated using 1.5% agarose
gel stained with ethidium bromide and visualized under
UV light.

Statistical Analysis

Sudan boundary and water maps were downloaded from
the Mapcruzin site ( 21). The coordinates of the collection
sites were collected using a geographical positioning
system (GPS). Then, a study area map was generated using
the ARC View Geographical Information System (GIS)
(ESRI 2011). The resistance status of mosquito samples
was determined according to the WHO test procedures
. Consequently, a mortality rate of>98% was considered
susceptible, 90%-97% was considered suspected/potential
resistance, and <90% was considered resistant; 50% and
95% knockdown times (minutes) (KDT, and KDT,,)
were computed using probit analysis for the first hour
mortality time. Generalized linear models with a Poisson
distribution and a log-linear link function were used to
assess the effect of site, site type, insecticide, and their
interaction on bioassay mortalities after 24 hours. The test
was also conducted independently for each insecticide for
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sites and site types as factors. A chi-square test was used
to determine whether observed genotype frequencies are
consistent with Hardy-Weinberg equilibrium predictions
or not. The association between the presence (yes/no) of
the kdr genotype and resistance phenotype (resistance/
susceptibility) was tested for each insecticide using logistic
regression. Data were analyzed using the Statistical
Package for Social Sciences (SPSS) version 20.

Results

Bioassay Results

A total of 1600 Anopheles female adult mosquitoes
were Bioassayed; all populations at urban and suburban
sites were considered resistant to DDT, malathion, and
permethrin. Mortality rates in urban and suburban areas
were found not significant in all insecticides except DDT,
which showed significant mortalities of 64 % (51.23-
76.77) and 42% (29.73-55.27) in urban and suburban
sites, respectively. Malathion was also highly resistant,
with mortalities at 68% (55.23-80.77) in urban areas
and 53.5% (40.73-63.27) in suburban sites. Bendiocarb
revealed lower resistance percentages compared to other
tested insecticides among the insecticides tested, with
82.5% (69.73-95.27) in urban and 89.5% (76.73-102.27)
in suburban sites. The pyrethroids showed mortality of
56.5% (43.73-69.27) and 50.5% (37.73-63.27) in urban
and suburban areas, respectively (Table 3).

Knockdown Time Thresholds
The KDT, and KDT,, were calculated over one hour for
bendiocarb, DDT, malathion, and permethrin for each
site, as shown in Table 1. The knockdown time for An.
arabiensis from the Wad-elbakhet site showed the lowest
KDT50 and KDT95 for bendiocarb and malathion (22.58,
31.78 min) and (45.16, 108.13 min) respectively (Table 4).
GLM analysis indicated that insecticides, sites, and
their interactions were determinant factors in mortality
rates (P<0.01), while the site type (urban vs. suburban)
was not (P>0.01) (Table 5). Furthermore, the GLM
test was estimated for each insecticide separately. Sites
and site types and their interactions were considered
as factors, while mortality rates were the dependent
variables (Table 5). Excluding permethrin, mortality rates
of all insecticides vary significantly, according to sites
(P<0.001). Mortality rates of DDT and malathion varied

Table 3. Bioassays Mortality Means of Urban and Suburban Sites

Mean mortality percentages* (95% Cl)

Insecticides P Value

Urban Suburban

Bendiocarb  82.5 (69.73- 95.27) 89.5 (76.73- 102.27) >0.05

DDT 64 (51.23-76.77) 42.5(29.73- 55.27) <0.05
Malathion 68 (55.23- 80.77) 53.5 (40.73- 66.27) >0.05
Permethrin  56.5 (43.73- 69.27)  50.5 (37.73- 63.27) >0.05

* Mean mortality%: means mortality rate after 24 hours of exposure to site
type in the two urban areas and the two suburban sites.

significantly by site types (P<0.0001), while mortality
rates of bendiocarb and permethrin were not (P>0.01)
(Table 5).

Kdr Allele Frequency

The West African kdr mutation (L1014F) was observed
in all study populations (Table 6), (while the East African
kdr mutation (L1014S) was absent. A total of 320 samples
were screened for the kdr mutation. The majority
(46.56%) of the screened An. Arabiensis individuals were
susceptible (SS or LL), 5% were homozygous resistant (RR
or FF), and 48.43% were heterozygous (RS or LF) for the
L1014F-kdr allele (Figure 2).

The association between survivorship (resistant
phenotype) in permethrin and DDT insecticides and the
existence of the 1014F-kdr allele were measured by odds
ratios, and a strong correlation was observed; besides,
urban and suburban areas vary significantly in the kdr
frequencies. Genotypic odds ratios (ORs) are shown in
(Table 6).

Discussion

Although malaria cases have decreased by 20 million
cases since 2010, the burden has increased by about 3.5
million cases, with more than 430000 deaths each year in
African countries .

The LLINs and the IRS are the cornerstones of the
malaria control program in Africa and Sudan; since the
year 2000, the reduction of malaria cases globally has been
attributed to the mass scale-up of LLINs and the IRS. In
the years 2013-2014, 13 million LLINs were distributed,
covering 92% of the country’s households. Subsequently,
the evolution of insecticide resistance caused a major
concern, threatening the effectiveness of vector control
in Sudan (22). This study investigated the insecticide
resistance status of A. arabiensis in four sites in Khartoum
State, classified as urban and suburban. KD, and KD, for
four insecticides were determined, and the kdr frequencies
wereestimated. Thebioassayresults showed highresistance
to three of the four tested insecticides (DDT, malathion,
and permethrin). Bendiocarb insecticide resistance was
observed in both urban and suburban sites. Anopheles
arabiensis showed resistance to carbamates class in urban
and suburban agricultural areas in Khartoum State but
was reported to be susceptible in eastern Sudan, central
Sudan, and Khartoum (23,24). Although bendiocarb-
resistant populations were previously detected in
agricultural areas that use bendiocarb heavily, this study
revealed that An. arabiensis showed resistance in both
urban nonagricultural areas and suburban agricultural
areas. This may be attributed to the adaptation of A.
arabiensis larvae developed in different polluted breeding
sites in different areas of Khartoum, which might enhance
tolerance to the insecticides. This attribution, supported
by a study in Khartoum, indicated that polluted breeding
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Table 4. Knockdown Mortality Time (minutes) in Anopheles arabiensis in the 4 Study Sites

KDT,, (95% CI)

KDT, (95% CI)

Study Area Insecticide Resistance Status
0.1% Bendiocarb PR
Al-mahlab 4% DDT R
(Suburban) 5% Malathion R
0.75% Permethrin R
0.1% Bendiocarb R
Al-salha 4% DDT R
(Suburban) 5% Malathion R
0.75% Permethrin R
0.1% Bendiocarb R
Kafouri 4% DDT R
(Suburban) 5% Malathion R
0.75% Permethrin R
0.1% Bendiocarb S
Wad-elbakhet 4% DDT R
(Urban) 5% Malathion R
0.75% Permethrin R

37.83 (36.21 - 39.46)
74.43 (65.64 - 91.35)
78.15 (64.79 - 116.64)
30.36 (28.00 - 32.97)
35.88 (33.53 - 38.44)
63.22 (58.48 - 70.87)
44.26 (39.93 - 50.05)
30.67 (28.22 - 33.27)
31.99 (28.84 - 35.43)
58.90 (55.14 - 64.47)
68.09 (56.92 - 93.82)
34.55(31.39 - 38.26)
22.58 (20.75 - 24.46)
42.99 (39.05 - 48.11)
31.78 (27.83 - 36.49)
29.32(27.25-31.54)

62.19 (58.05 - 67.88)
179.64 (132.75 - 304.05)
196.53(127.28 - 540.88)

109.98(91.44 - 140.16)

77.10 (68.13 - 90.77)
122.95 (101.25 - 168.56)
112.94 (89.28 - 164.82)

71.32 (62.00 - 86.12)

80.35 (66.99 - 104.68)
112.40 (94.94 - 146.39)
213.67 (137.15 - 523.76)
109.64 (88.52 - 148.51)

45.16 (40.05 - 52.99)
118.97 (94.97 - 166.62)
108.13 (82.07 - 167.42)

90.22 (77.66 - 109.30)

Note: R (Resistant), PR (Potentially Resistant) and S (Susceptible).

Number of tested mosquitoes per insecticide per site=100

Table 5. The Effects of Site Type (Urban or Suburban) and Site (Nested Within Site Type) on Bioassay Mortality for Each Insecticide

Model factor Bendiocarb DDT Malathion Permethrin
Sites P<001 P<001 P<001 NS
Site types NS P<001 NS NS
Site X Site types P<001 P<001 P<001 NS

NS, not significant.

Table 6. Frequencies of L10T4F Alleles Detected in Susceptible and Resistant Mosquitoes of Anopheles arabiensis Exposed to DDT and Permethrin in Urban and

Suburban Areas

Insecticide  Area Phenotype LL LF FF F L *P Value OR (95% CI) P.value for OR
Susceptible 34 6 0 0.08 0.92 >0.05
Urban 6.8 (2.6-17.9) <0.001
Resistant 0 39 1 0.51 0.49 <0.001
Permethrin
Susceptible 38 2 0 0.03 0.97 >0.05
Suburban 24.2 (5.4-107.9) <0.001
Resistant 0 33 7 0.59 0.41 <0.001
Susceptible 38 2 0 0.03 0.97 >0.05
Urban 22.2 (5.01-98.559) <0.001
Resistant 0 36 4 0.55 0.45 <0.001
DDT
Susceptible 39 1 0 0.01 0.99 >0.05
Suburban 44.4 (5.8-340.03) <0.001
Resistant 0 36 4 0.55 0.45 <0.001

L=Leucine (wild-type allele); F=Phenylalanine (kdr allele); OR=o0dds ratio.
*P value from y2 test of allelic association.
The frequencies were calculated for each insecticide and mosquito status (resistant/susceptible) after exposure.

sites might directly affect mosquito susceptibility to
insecticides (25), or it might be attributed to the intensive
use of carbamates as agricultural pesticides in urban and
suburban areas. However, carbamates are not yet used in
public health vector control in the Khartoum area. The
resistance of bendiocarb in urban (mean 82.5%) and
suburban (mean 89.5%) areas is consistent with a previous
study carried out in Khartoum State that observed 60%-
80% mortality in A. arabiensis mosquito populations in
Khartoum. The same study revealed that the heavy use

of bendiocarb and malathion insecticides in agriculture
might reduce the effectiveness of these insecticides in
malaria control. Furthermore, the study showed A.
arabiensis resistance to malathion, permethrin, and DDT
(26). Several studies have reported malathion resistance
in Sudan, and they have attributed its resistance to its
continuous use in both public health and agricultural
activities . Although DDT was banned decades ago, it
was obtained from illegal markets and used in agriculture
(27). This study reported the lowest rate of mortalities
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Figure 2. Gel Electrophoresis Showing the Resistant and Susceptible Alleles in Anopheles arabiensis From Khrtoum/Sudan. A=293 bp, a fragment of the 11S6
segment containing the kdr; B=195 bp, a fragment of kdr west African mutation resistance allele; C=137 bp, a fragment of susceptible allele. Note: Samples

with the three bands are considered heterozygous resistance

in DDT, 42.5% (29.73-55.27), permethrin 50.5% (37.73-
63.27), and malathion 53.5% (40.73-66.27) in suburban
areas. Although resistance to permethrin and DDT was
reported years ago in Khartoum, it was with high mortality
percentages of about 95% and 92% for permethrin and
DDT, respectively, in suburban areas in Khartoum State.
This study is in contrast with our results, which revealed
that suburban mosquitoes were more resistant than urban
mosquitoes. DDT was the only insecticide in our study
that showed a significant difference between urban and
suburban areas.

Insecticides can be considered a very strong predictor of
mortality (a very high wald chi-square value). Currently,
only four insecticide classes are available for vector
control programs, and pyrethroids are the only class
recommended by the WHO for use on LLIN.

The quickest knockdown time in Wad elbakheit was
obtained by bendiocarb (KDT, =22.58), while the slowest
knockdown time was obtained by DDT (KDT, =42.99).
These results follow the study of (28), which showed that
the bendiocarb has the fastest knockdown time (KDT
50=18.2) and the slowest showed by DDT (KDT, = 35.4);
the DDT slow killing of Anopheles mosquitoes was
reported from other African countries (29). Although the
100% mortality shown by bendiocarb in Wad elbakheit
and the increased KDT50 indicate the development of
resistance to this insecticide, according to (30), KDT is an
early indicator of developing resistance.

The Kdr western mutation (L1014F) was detected in all
urban and suburban sites, whereas the eastern mutation
(L1014S) was absent. The absence of the eastern kdr
mutation (L1014S) has been confirmed by many studies
in Khartoum and central Sudan. However, a survey
carried out in Kassala, eastern Sudan, near the Ethiopian
border (560 km from Khartoum) reported an eastern kdr
mutation. The strong association between the presence
of the kdr allele and susceptibility/resistance phenotype
is consistent with, while others, in contrast, revealed the
absence or weak association of the kdr with DDT and

pyrethroid resistance (31). Our kdr frequency aligns with
the study conducted by others which found no significant
difference in kdr frequency between urban and suburban
areas, except for the presence of DDT. The cross-resistance
between chlorines and pyrethroids might be a reason
for increasing the frequency of kdr and the resistance
phenotype of pyrethroids, especially in suburban areas.
Recently, a study of knockdown resistance (kdr) in A.
arabiensis in the Galabat area of eastern Sudan found
that a relationship between kdr frequency and malaria
incidence was not apparent (32).

The continued deterioration in the susceptibility status
of different insecticides, especially those used for ITNs/
LLINs, IRS, or larval control, besides the 1014F kdr
mutation increasing in malaria vectors, is a real threat to
mosquito control campaigns, particularly in some African
countries (33). Consequently, monitoring and updating
knowledge about the susceptibility status of the currently
used and recommended insecticides is vital to ensuring
the quality and success of vector control, especially for
the shift between alternative insecticides. Accordingly,
continuous studies on the susceptibility status of A.
arabiensis and its implications for vector control are
crucial for optimal surveillance and control.

Conclusion

Our results confirmed resistance to all four classes of
insecticides in urban and suburban sites; these findings
are of significant concern, especially for the National
Malaria Control Program (NMCP). The speed of
insecticide resistance development in Bendiocarb, one
of the best choices for the IRS in Sudan, should get more
attention from decision-makers. We also recommend
an investigation of the effect of pyrethroid resistance on
the LLINs in the state. Finally, collaboration between
agriculture authorities and vector control authorities
would be necessary for the management of insecticide-

resistant malaria vectors in agricultural areas.
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