Matiya et al. Malar J (2019) 18:102

https:/doi.org/10.1186/512936-019-2738-6 Malaria Journa |

RESEARCH Open Access

i P : .. ®
Dynamics and monitoring of insecticide sl

resistance in malaria vectors across mainland
Tanzania from 1997 to 2017: a systematic review

Deokary Joseph Matiya'? ®, Anitha B. Philbert?, Winifrida Kidima? and Johnson J. Matowo?

Abstract

Background: Malaria still claims substantial lives of individuals in Tanzania. Insecticide-treated nets (ITNs) and indoor
residual spray (IRS) are used as major malaria vector control tools. These tools are facing great challenges from the
rapid escalating insecticide resistance in malaria vector populations. This review presents the information on the
dynamics and monitoring of insecticide resistance in malaria vectors in mainland Tanzania since 1997. The informa-
tion is important to policy-makers and other vector control stakeholders to reflect and formulate new resistance
management plans in the country.

Methods: Reviewed articles on susceptibility and mechanisms of resistance in malaria vectors to insecticides across
mainland Tanzania were systematically searched from the following databases: PubMed, Google scholar, HINARI and
AGORA. The inclusion criteria were articles published between 2000 and 2017, reporting susceptibility of malaria
vectors to insecticides, mechanisms of resistance in the mainland Tanzania, involving field collected adult mosquitoes,
and mosquitoes raised from the field collected larvae. Exclusion criteria were articles reporting insecticide resistance
in larval bio-assays, laboratory strains, and unpublished data. Reviewed information include year of study, malaria vec-
tors, insecticides, and study sites. This information was entered in the excel sheet and analysed.

Results: A total of 30 articles met the selection criteria. The rapid increase of insecticide resistance in the malaria
vectors across the country was reported since year 2006 onwards. Insecticide resistance in Anopheles gambiae sensu
lato (s.l.) was detected in at least one compound in each class of all recommended insecticide classes. However, the
Anopheles funestus s.l. is highly resistant to pyrethroids and DDT. Knockdown resistance (kdr) mechanism in An. gam-
biae s.|. is widely studied in the country. Biochemical resistance by detoxification enzymes (P450s, NSE and GSTs) in An.
gambiae s.l. was also recorded. Numerous P450s genes associated with metabolic resistance were over transcribed in
An. gambiae s.|. collected from agricultural areas. However, no study has reported mechanisms of insecticide resist-
ance in the An. funestus s.l. in the country.

Conclusion: This review has shown the dynamics and monitoring of insecticide resistance in malaria vector popula-
tions across mainland Tanzanian. This highlights the need for devising improved control approaches of the malaria
vectors in the country.
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Background
For about two decades, African countries have been
intensifying malaria vector control activities. Insecticide-
treated nets (ITNs/LLINs) and indoor residual spray
(IRS) have been scaled up as major tools for malaria vec-
tor control. This has resulted in a substantial reduction
in malarial morbidity and mortality [1, 2]. However, the
rapid expansion of insecticide resistance observed in
major African malaria vectors, Anopheles gambiae s.1.
and Anopheles funestus s.l. could jeopardize this achieve-
ments [2, 3]. This has been further accelerated by the use
of similar insecticide classes against crop and livestock
pests, thus, exerting more selection pressure to the vec-
tors and hence worsening the situation [4]. Insecticide
resistance monitoring in malaria vectors has been carried
out in most of the malaria endemic countries [4]. Many
countries in Africa have reported insecticide resistance in
the main malaria vectors to at least two of all four major
insecticide classes (pyrethroids, organochlorine, carba-
mates, and organophosphates) recommended for vector
control. Of all the classes of insecticides, high levels of
resistance have been recorded against pyrethroids, which
is the only class of insecticides used in ITNs/LLINs [2, 3].
In the mainland Tanzania, efficacy and effectiveness
trials of ITNs against malaria vectors were conducted
between early 1980s and late 1990s [5], followed by the
national wide scaling up of ITNs that started in 1996 [6,
7]. IRS programmes in the country particularly in the
North Western zone around the Lake Victoria, com-
menced in 2007. Those programmes started with pyre-
throid-based insecticide (lambdacyhalothrin) in 2007,
followed with bendiocarb (carbamate) in 2011 then piri-
miphos methyl (organophosphate), from 2014 to date
[8-11]. Since late 1990s there have been some large-
scale (having 5-29 study sites) [6, 11-16] and small-scale
(having one study site) [8, 17-30] studies on insecticide
susceptibility and mechanisms of resistance monitor-
ing in malaria vectors conducted across several sentinel
sites in the mainland Tanzania. Although those studies
have documented insecticide resistance and/or resist-
ance mechanisms to different insecticides, there is no
collective information regarding dynamics and monitor-
ing of insecticide resistance in the country. Therefore, we
systematically analysed information from 30 published
articles on the susceptibility of malaria vectors to vari-
ous insecticides and resistance mechanisms across main-
land Tanzania. The aim was to elucidate dynamics and
monitoring of insecticide resistance in malaria vectors
across the country. This information will help revealing
the extent of insecticide resistance, and the major chal-
lenge in the current malaria vector control strategies. The
information will be useful in directing future vector con-
trol strategies.
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Methods

Literature search, inclusion, and exclusion criteria

Data for this review were collected from different online
research databases including PubMed, Google scholar,
HINARI and AGORA. The key terms used in the bib-
liographical searching include “Insecticide resistance/
susceptibility’, “Malaria vectors’, “Anopheles’, “Tanzania”.
The inclusion criteria were articles published between
2000 and 2017 on insecticide susceptibility and/or
resistance mechanisms of field collected adult mosqui-
toes and mosquitoes raised from larval collected from
the field. Reviewed articles were also restricted to stud-
ies conducted in mainland Tanzania because Zanzibar
and mainland Tanzania have different levels of malaria
transmission and different malaria control strategies.
On the other hand, articles reporting results from larval
bioassays and susceptibility of laboratory strains were
excluded since they do not reflect the real field situation.
Unpublished data were also excluded.

Data handling, management, and analysis

The extracted information include year of study, vector
species tested, insecticide tested, study sites, phenotypic
resistance frequencies and mechanisms of resistance
across different sites. This information was entered in
excel sheet and cleaned i.e. checked for missing data and
consistency before analysis. Descriptive statistics was
used to summarize data in proportions (percentage),
tables, and figures. Insecticide susceptibility was evalu-
ated according to the 2016 World Health Organization
(WHO) guideline [31]. The 2016 guideline interprets
mortality rate >98% as susceptible population, mortality
rate between 90 and 97% as possible resistance and mor-
tality rate <90% as a resistant population.

Results

Literature search summary

A total number of 41 articles were recovered from vari-
ous databases and repositories, but only 30 met the
inclusion criteria. Information such as year of study,
insecticide tested, number of study sites and study
themes are presented in Table 1. The data in the reviewed
articles reporting insecticide susceptibility or mecha-
nisms of resistance from 1997 to 2017 was recorded from
35 sites across mainland Tanzania.

There has been increasing number of study sites and
reports on malaria vectors susceptibility to various
insecticides and resistance mechanisms across main-
land Tanzania (Fig. 1). Moreover, types of insecticide
being monitored have also been increasing across the
sites and in different periods of time (Fig. 1). These
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Table 1 Summary of information collected from the reviewed articles that met the selection criteria

Refs. Years® Vector Types of insecticides tested No. of sites  Study topics
[6] 1999 Anopheles spp. Permethrin and deltamethrin 5 Susceptibility
2004 An. gambiae s.l. Permethrin, deltamethrin and DDT 8 Susceptibility
[32] 2004 An. gambiae s.l. - 1 Kdr mutation
[33] 2005/2006  An.gambiae s.l. - 1 Rdl mutation
[34] 2007 An. gambiae s.. Permethrin 1 Resistance mechanisms and suscep-
tibility
[35] 2009 An. gambiae s.l. Deltamethrin, propoxur and malathion 2 Susceptibility
[17] 2010 An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT and 1 Susceptibility
dieldrin
[12] 2009/2010  An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDTand 11 Susceptibility
bendiocarb
[8] 2011 An. gambiae s.. Permethrin, deltamethrin, lambdacyhalothrin, DDT and 1 Susceptibility and kdr mutation
bendiocarb
[13] 2011 An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 14 Susceptibility
propoxur and fenitrothion
[16] 201 An. gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 14 Susceptibility
propoxur and fenitrothion
[36] 2011 An. gambiae s.. Lambdacyhalothrin 14 Susceptibility and kdr mutation
[15] 2011 An. gambiae s.. Deltamethrin, DDT and bendiocarb 5 Resistance mechanisms
(37] 2011/2012  An.gambiae s.l. - 1 Resistance mechanisms
[18] 2011 An. gambiae s.. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility
bendiocarb, propoxur and fenitrothion
[19] 2012 An. gambiae s.. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility and resistance mecha-
bendiocarb, and pirimiphos methy! nism
[20] 2013 An.gambiae s.l. Permethrin, deltamethrin, DDT and bendiocarb 1 Susceptibility
[21] 2012/2013  An.gambiae s.l. Permethrin 1 Susceptibility and kdr mutation
[30] 2009-2013  An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility and kdr mutation
bendiocarb, propoxur, fenitrothion and malathion
[14] 2013/2014 An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 29 Susceptibility
bendiocarb, propoxur, and fenitrothion.
[22] 2013/2014  An.gambiae sl.and An.  Permethrin, deltamethrin, lambdacyhalothrin, DDT and 1 Susceptibility
funestus s.l. bendiocarb
[23] 2014 An. gambiae s.. Permethrin and deltamethrin 1 Susceptibility
[24] 2014 An. gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, etofen- 1 Susceptibility and kdr mutation
prox, cyfluthrin and DDT
[38] 2014 An. gambiae s.l. - 1 Kdr mutation
[25] 2013/2014  An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility
bendiocarb and pirimiphos methyl
[26] 2012/2014 An.gambiae s.l. Permethrin, deltamethrin, DDT 1 Susceptibility
nn 2015 An. gambiae s.l. Permethrin, deltamethrin, DDT, bendiocarb, and pirimi- 20 Susceptibility
phos methyl
[27] 2015/2016 An. gambiae s.|.and An.  Permethrin DDT, bendiocarb, and pirimiphos methyl 1 Susceptibility
funestus s.l.
[28] 2015/2016  An.gambiae s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility
dieldrin, propoxur, bendiocarb, pirimiphos methyl and
malathion
[29] 2015/2016  An. funestus s.l. Permethrin, deltamethrin, lambdacyhalothrin, DDT, 1 Susceptibility
dieldrin, propoxur, bendiocarb, pirimiphos methyl and
malathion
[9] 2015-2017  An.gambiage sl.and An.  Permethrin 1 Susceptibility and kdr mutation

funestus s.l.

2 Year in which mosquito collections for testing was done
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Fig. 2 Study reports on insecticide resistance across the 35 study sites in mainland Tanzania from 1997 to 2017

B Number of study reports

studies were conducted in thirty-five (35) sites. Among
35 sites, most studies were conducted in Moshi (16),
Kilombero (12), Muheza (12) and Muleba (9) (Fig. 2).

Dynamics in susceptibility status of Anopheline mosquito
to insecticides across different sites in mainland Tanzania
since 1997

Generally, from the 30 reviewed articles, sites report-
ing full susceptibility of An. gambiae s.l. to insecticides in

the country have been decreasing since 1997 (Fig. 3). The
decreasing pattern of mosquito susceptibility is clearly
shown across pyrethroids (permethrin, deltamethrin,
lambdacyhalothrin) used in ITNs and IRS in the mainland
Tanzania (Fig. 4; Table 2), and DDT (Fig. 5). Before the year
2000, possibility of resistance to permethrin was observed
in 40% (2/5) of sites, Dodoma and Mvomero. Between
2001 and 2005, possibility of permethrin resistance was
observed in 22% (2/9) of sites, Arumeru and Moshi.
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Between 2006 and 2010, An. gambiae s.]. was reported
to be resistant to permethrin, deltamethrin, lambdacy-
halothrin, and DDT. The proportions of the sites where
the resistance was observed for the first time for perme-
thrin, deltamethrin, lambdacyhalothrin, and DDT were
8% (1/12), 9% (1/11), 33% (4/12) and 9% (1/11), respec-
tively. Resistance to permethrin and lambdacyhalo-
thrin was recorded in Moshi, deltamethrin and DDT in
Ilala while resistance to lambdacyhalothrin alone was
recorded in Arumeru, Handeni, and Mvomero.

There was an increase in monitoring sites of insecti-
cides resistance from 2011 to 2017, where An. gambiae
s.l. resistance to pyrethroids and DDT was frequently
reported. Proportions of sites reporting An. gambiae s.1
resistance to permethrin, deltamethrin, lambdacyhalo-
thrin, and DDT by 2017 were 27% (9/33), 39% (12/31),
35% (7/20), and 20% (7/35), respectively. Additionally,
carbamates and organophosphates susceptibility moni-
toring in the country started during this period (Fig. 1).
The proportions of sites reporting An. gambiae s.l.
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resistance to bendiocarb (carbamate), fenitrothion, and
pirimiphos methyl (organophosphates) were 14% (4/29),
5% (1/19) and 14% (3/21), respectively (Fig. 5).

Resistance to at least one pyrethroids compound was
recorded in 14/35 sites (Fig. 4d). Furthermore, resist-
ance to DDT alone was recorded in Kilosa and Ilala [11,
13], while resistance to carbamates alone was recorded
in Mbozi and Ngara [11]. Multiple resistance was also
observed where resistance to pyrethroids and DDT was
observed in Kilombero, Bagamoyo and Magu [11, 16,
22], resistance to pyrethroids and organophosphates
was observed in Arumeru [11], resistance to DDT and

organophosphates was observed in Geita [11], while
resistance to carbamates and organophosphates was
observed in Kyela [14]. Resistance to all four classes of
insecticides was recorded in Muleba [11].

Generally, the susceptibility of An. gambiae s.1. to pub-
lic health insecticides (permethrin, deltamethrin, lamb-
dacyhalothrin, and DDT) between years 2000 and 2017
has shown a decreasing trend (Table 2 and Fig. 6). During
this period, the number of sites for susceptibility moni-
toring increased dramatically.

There have been few studies on susceptibility of An.
funestus s.l. to insecticides in mainland Tanzania. These
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Table 2 Summary of the An. gambiae s.l. mortality rates to insecticides calculated from the pooled mosquito data

since 2000
Insecticide 2000-2005 2006-2010 2011-2017

N n % Mortality N n % Mortality N n % Mortality
Permethrin 2817 2769 98° 1970 1789 91MR 10,405 7609 73R
Deltamethrin 1701 1699 99.9° 1788 1711 96" 10,995 8202 75R
Lambdacyhalothrin - - - 1946 1709 gak 10,124 6329 63F
Etofenprox - - - - - - 570 536 94"k
Cyfluthrin - - - - - - 530 4929 93"
DDT 2334 2277 98° 1868 1818 97"R 12,739 12,121 o5PR
Dieldrin - - - 124 120 97" 816 814 99.8°
Bendiocarb - - - - - - 4430 4227 957k
Propoxur - - - - - - 3886 3872 99.6°
Fenitrothion - - - - - - 3516 3512 99.9°
Pirimiphos methyl - - - - - - 3054 3012 99°
Malathion - - - - - - 1316 1316 100°
Total 6852 8096 62,381

N number of tested mosquitoes, n number of dead mosquitoes, S Susceptible, PR possibility of resistance, R resistance

studies were conducted between 2006 and 2017 in Kil-
ombero, Muheza and Muleba [9, 22, 27, 29] (Table 3).
High level of resistance was recorded against pyrethroids
and DDT in Kilombero [22, 29] and only pyrethroids
alone in Muleba [9]. On the contrary, full susceptibility
to all tested insecticides was reported in Muheza [27, 35].

Insecticide resistance mechanisms

In mainland Tanzania studies investigating insecticide
resistance mechanisms in An. gambiae s.l. started early
in 2000s [32]. Subsequently, there have been some large
[11, 36] and small-scale studies [8, 9, 15, 21, 24, 28, 30,
33, 34, 37, 39] conducted in the country as summarized
in Table 4 and 5. Knock down resistance (kdr) muta-
tions conferring resistance to pyrethroids and DDT is
frequently reported in the country. Both kdr Eastern and
Western variants (L1014S) and (L1014F) respectively,
were confirmed in An. gambiae sensu stricto (s.s.) and
Anopheles arabiensis, the sibling species of An. gambiae
s.l. Their allelic frequencies and geographical distribu-
tion are summarized in Table 4. The kdr East mutation
is predominant in An. gambiae s.s. while the kdr West
in An. arabiensis (Table 4). Highest allelic frequencies of
L1014S in mainland Tanzania were recorded in North-
Western, particularly in Muleba (range, 24—100%). This
was followed by the Eastern zone (range, 33—84%), while
no L1014S mutations were recorded in North-Eastern
highlands.

Similarly, high frequency of L1014F allele was recorded
in Eastern zone ranging from 6% to 41%, followed by
North-Western zone (38%), lastly in North-Eastern high-
lands (8—12%). The Rdl mutation that confers resistance

to dieldrin was recorded by one study conducted in
Moshi [33]. Over transcription of gamma-Amino butyric
acid (GABA) receptor genes were also reported [15]. No
Ace-1gene mutation conferring resistance to carbamates
and organophosphates was detected despite over tran-
scription of acetylcholinesterase [15].

Studies to investigate metabolic mechanisms of resist-
ance in An. gambiae s.]. were done by three different
methods including the use of synergists [19, 28], bio-
chemical assays [11, 34] and molecular methods [15, 37,
39]. Synergy studies involving pre-exposing mosquitoes
to piperonyl butoxide (PBO) and triphenyl phosphate
(TPP)/S,S,S-tributyl phosphorotrithioate (DEF) respec-
tively before WHO insecticide bioassays have confirmed
involvement of P450 monooxygenases (P450s) and non-
specific esterases (NSE) on An. gambiae s.l. pyrethroids
resistance in Kilombero [28] and Muleba [19]. Biochemi-
cal assays of detoxification enzymes in mosquitoes have
evidenced significant elevation of detoxifying enzymes
activities in various sites in the country: P450 s alone in
Bagamoyo and Kondoa [11] P450s and nonspecific ester-
ases (NSE) in Moshi [34], glutathione-S-transferases
(GSTs) in Kahama and Kyela, and all three (3) enzymes in
Arumeru [11].

Molecular mechanisms of metabolic resistance have
also been documented in the country. The over tran-
scription of P450s gene family: CYP6P3 and CYP9J5 in
An. arabiensis was recorded in Dar es Salaam; associated
with DDT and pyrethroid resistance. Over transcription
of CYP9J4 and CYP6P1 was recorded in Hai [15] and
CYP4G16 and ABC transporter in Moshi [37]; associ-
ated with in An. arabiensis pyrethroids resistance. Over
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Table 3 Proportion of sites showing resistance of An. funestus s.l. to various insecticides in Tanzania from 1997 to 2017

Insecticide class Insecticide No. of study sites with mortality rates < 90%/Total No. of study sites (%)
1997-2000 2001-2005 2006-2010 2011-2017
Pyrethroids Permethrin - - - 2/3 (66.7%)
Deltamethrin - 1/1 (100%)
Lambda cyhalothrin - - - 1/1 (100%)
Organochlorine DDT - 2/2 (100%)
Dieldrin - - - 1/2 (50%)
Carbamates Bendiocarb - - - 0/2 (0.0%)
Propoxur - - 0/1(0.0%) 0/1 (0.0%)
Organophosphates Pirimiphos methyl - - - 0/2 (0.0%)
Malathion - - 0/1 (0.0%) 0/1 (0.0%)
Pyrethroids Organochlorine
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Fig. 6 Trends of susceptibility status of Anopheles gambiae s.l. to insecticides calculated from pooled data of tested mosquitoes across mainland

transcription of P450 s, CYP4J10 and CY6P3 in An. gam-
biae s.s. was also recorded in Dar es Salaam; associated
with DDT resistance [39]. Furthermore, over transcrip-
tion of CPAP3-Alb, CPR5 and CPLCG5 genes encod-
ing cuticle protein which are associated with insecticide
resistance in An. gambiae s.l. was also recorded in Dar
es Salaam (urban area) and in Hai (agricultural area) [15,
39].

Discussion

This review aimed at demonstrating dynamics and moni-
toring of insecticide resistance in malaria vectors in
mainland Tanzania between 1997 and 2017. A total of 30
published articles reporting results from 35 study sites
were reviewed. Most studies were conducted from East-
ern, North-Eastern highlands and North-Western parts
of the mainland Tanzania. Commencing from late 1990s,
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Table 4 Distribution of kdr mutation in the major malaria vectors across Tanzania from 1997 to 2017
Geographical zones Species kdr Frequency (%) Refs.
1997-2000 2001-2005 2006-2010 2011-2017
Eastern zone An. gambiae s.s. L1014S - - - 33-84 [15, 36]
Dar es salaam, Muheza, Handeni, L1014F _ _ _ 007
Bagamoyo and Mvomero o
An. arabiensis L1014S - - - 0.6-4
L1014F - - - 6-41
North-Eastern zone An.gambiae ss. L1014S - - - - [30, 32, 36]
Moshi and Babati L1014F _ B _ _
An. arabiensis L1014S - - - -
L1014F - 0.016 - 0.08-12
North-Western zone An. gambiae s.s. L1014S - - - 24-100 [8,9, 24, 36]
Muleba and Sengerema L1014F - - - 7.7-9
An. arabiensis L1014S - - - 1.2
L1014F - - - 38

Table 5 Mechanisms of insecticide resistance detected in Anopheles gambiae s.s. and Anopheles arabiensis populations

Species Insecticide class  Insecticide Mechanisms of resistance Refs.
Target site genes Detoxification genes  Cuticular
An. arabiensis Pyrethroids Deltamethrinand L1014S CY6P3, CYP9J4, CYPOJ5, CPAP3-Alb, [15, 36, 38]
permethrin and CYP6P1. High CPR5 and
activity of Oxidase CPLCG5
and esterase enzymes
An. arabiensis Pyrethroids Permethrin L1014S CYP4G16, ABC trans- [9, 24, 28, 34,
porter and high activ- 37]
ity of Oxidase and
esterase enzyme
An. gambiae Pyrethroids Lambdacyhalo- L1014S Presence and high [9, 24, 28, 34,
s.s.and An. thrin L1014F activity of oxidase and 36]
arabiensis esterase enzyme
An. gambiae s.s.  Pyrethroids Permethrin L1014S [9]
L1014F
An.gambiae s.s.  Organochlorine DDT L1014S Over transcription of [11,39]
CYP4J10, CY6P3, mul-
ticopper oxidase and
sulfotransferase genes
and high activity of
GST enzymes
An. arabiensis Organochlorine Dieldrin RDL, over transcription GABA [15,33]
receptor genes
An. arabiensis Organophosphates Over transcription of acetyl- High activity of esterase [11,15]
cholinesterase genes enzymes
An. arabiensis Carbamates Over transcription of acetyl- Presence and high [11,15, 28]
cholinesterase genes activity of oxidase
An. arabiensis Neonicotinoids Over transcription of nicotinic [15]
acetylcholine receptor
genes
An.gambiae s.s.  Different classes - CPLCG4, [39]
CPLCGS,
CPLCG15 and

CPR131
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number of study sites and types of insecticide classes
for controlling disease vectors have been expanding.
Similarly, the increase in resistance of malaria vectors to
widely studied insecticides (pyrethroids and DDT) was
observed. Whereas, most studies on organophosphates
and carbamates started after the year 2010. The wide
spread of resistance observed between 2011 and 2017 in
mainland Tanzania is a result of development of insec-
ticide resistance in malaria vectors in areas which have
previously recorded full susceptibility. For instance, 50%
(7/14) and 43% (3/7) of study sites, which have recorded
An. gambiae s.l. resistance to pyrethroids and DDT
respectively by 2017, showed high susceptibility in stud-
ies conducted before year 2009.

Moreover, an increasing number of resistance moni-
toring sites over time has also detected new sites with
insecticide resistance in malaria vectors. The mainland
Tanzania consists of about 187 districts [40] and insecti-
cide resistance monitoring studies have so far been con-
ducted in 18% of total districts. Increasing the number
of study sites and regular monitoring of susceptibility of
mosquitoes to insecticides is needed to give a broader
picture of the trend of insecticide resistance status in the
country.

By 2017, An. gambiae s.l. resistance to all four rec-
ommended classes of insecticides used in malaria vec-
tor control had been reported from various parts of the
country. Efficacy of pyrethroids and DDT seems to be
greatly threatened by the observed resistance. Although
DDT is not currently used in vector control, susceptibil-
ity status of malaria vectors to this insecticide should be
known because of its cross resistance with pyrethroids.
The observed DDT resistance might be due to the cross
resistance with pyrethroids or historical use of DDT in
the country. On the other hand, susceptibility studies on
An. funestus s.]. show they are highly resistant to pyre-
throids and DDT while highly susceptible to carbamates
and organophosphates. This implies that carbamates and
organophosphates remain good candidate insecticides
for controlling An. funestus s.l. in the country.

In this review, high frequencies of both west and east
African kdr mutations in An. gambiae s.]. were observed
in Eastern and North-Western parts of the country. Simi-
larly, pyrethroids and DDT resistance had been detected
in the same areas. This is due to the cross resistance pat-
tern existing among these compounds that share the
common target site that is voltage gated sodium channels
(VGSCQ) of insect nerve cell [41]. However, kdr mutations
are strongly associated with DDT and less associated
with pyrethroids resistance [42]. Different studies in the
country have recorded resistance to either pyrethroids
alone, DDT alone or resistance to more than one com-
pound with unrelated target sites (e.g. pyrethroids or
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DDT with organophosphates or carbamates). This situ-
ation might be triggered by metabolic resistance of
which cross resistance is difficult to generalize [43]. For
instance, P450 s enzymes in some cases have shown spec-
ificity by acting differently in compounds within the same
insecticide class [43—45]. In other cases P450s enzymes
have metabolized compounds between different classes
of insecticides [44, 45]. Moreover, a metabolic resistance
study conducted by Kisinza et al. [11] across the country
has shown elevation of detoxification enzymes associated
with different classes of insecticides.

Areas, which have recorded high kdr frequencies in this
review, are dominated by An. gambiae s.s., while other
areas with high phenotypic resistance and low or no kdr
mutations are being dominated by An. arabiensis [8, 28,
30, 32, 36]. This suggests that An. arabiensis resistance
to insecticides mostly depend on metabolic path-way.
According to Rusell et al. [46], An. arabiensis, is the pre-
dominant species of the An. gambiae s.l. over An. gam-
biae s.s. in most areas of the country. Their exophilic and
exophagic behavior have reduced their mortality from
exposure of the indoor insecticide applications of LLINs
and IRS, thus, increase in their dominance. This increase
dominance of An. arabiensis over An. gambiae s.s. in the
country should be coupled with deployment of new tools
for reducing residual malaria transmission.

There are limited studies on molecular mechanisms
of metabolic insecticide resistance in An. gambiae s.l. in
Tanzania. A study by Nkya et al. [15] revealed over tran-
scription of several genes in An. arabiensis as compared
to the susceptible laboratory colony, mostly in agricul-
tural areas. The most significantly over transcribed genes
in An. arabiensis were P450s: CYP6P3 and CYP9J5 asso-
ciating with pyrethroid and DDT resistance in Dar es
Salaam (urban); and CYP9J4 and CYP6P1 genes in asso-
ciating with pyrethroid resistance in Hai district (agricul-
tural areas) [15]. Conversely, another study by Matowo
et al. [37] conducted in Moshi district (agricultural areas)
near Hai district has recorded over transcription of dif-
ferent genes in An. arabiensis, which include over tran-
scription of CYP4G16 and ABC transporter genes in
An. arabiensis associating with pyrethroids resistance
[37]. Nevertheless, over transcription of CYP4J10 and
CY6P3 genes in An. gambiae s.s. associating with DDT
resistance was also observed in urban areas [39]. These
findings are contrary to studies conducted elsewhere in
Africa where over transcription of CY6P3, CYP6M2,
CYP6Z1, CYP6Z2 and Cyp9K1 genes associating with
pyrethroid or DDT resistance was observed [47—-52]. This
indicates that different genes, depending on the environ-
ment in which mosquitoes are exposed, might mediate
metabolic resistance in An. gambiae s.l. In another study,
over transcription of CPAP3-Alb genes encoding cuticle
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protein was also recorded in agricultural areas in the
country and were associated with pyrethroid resistance
[15]. Over transcription of these genes was also recorded
elsewhere in West Africa [53]. There is a need to explore
further involvement of other metabolic and cuticular
resistance genes associated with pyrethroid resistance
in Tanzania where pyrethroid LLINSs is scaled up as the
main malaria vector control tool. So far, no studies in the
country that have reported mechanisms of resistance in
the An. funestus s.1.

There are several factors, which might have contributed
to the intensified development, spread and variations in
malaria vectors resistance to various insecticides across
different sites in the country. These factors include his-
torical use of pesticides, contemporary use of pesticides
in agriculture, non-pesticides pollutants and insecticides
use in vector control.

The historical role of pesticides usage in the development
of insecticide resistance in malaria vectors

Between 1940s and 1960s malaria vector control by IRS
and aerial spray of organochlorines (DDT, dieldrin and
lindane) were conducted in Dar es Salaam [5]. As part of
global malaria eradication campaign between 1950 and
1960, pilot projects of IRS with DDT and dieldrin were
conducted in Pare-Taveta border. Some other low scale
IRS activities were conducted in selected areas from
the five region of mainland Tanzania [5]. From 1970s
to 1980s organochlorines pesticides were also vastly
donated to the country for agricultural pest control [54].
Areas in the country with the known history of massive
utilization of these pesticides include: Dar es Salaam,
Lake Victoria basin and Moshi [55]. Use of DDT and
other persistent organochlorine insecticides were banned
in the country for public health use in 1980s and for agri-
cultural use in 1997 [56]. This was due their hazardous
effect on human beings, biodiversity and environmental
concerns [56]. Following banning, there were stockpiles
of improperly kept pesticides which had contaminated
the environment around storage sites [54]. Some of the
nine major unattended storage sites are located in the
six regions of the main-land Tanzania [56]. Several stud-
ies conducted around some storage sites and other areas
which have largely utilized these pesticides, have detected
their residuals in water, soil and plants [24, 55—61]. These
insecticide residuals may also be exposed to mosquitoes
by leaching to their breeding sites [24]. Currently, there
has been a rapid development of DDT and pyrethroids
resistance in some parts of the Lake Victoria zone after
deployment of pyrethroids intervention (LLINs and IRS).
This might be due to the existence of small population of
resistant mosquitoes from DDT residuals exposures fol-
lowed by pyrethroid exposures. DDT and pyrethroids
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share the same target site, hence cross resistance between
these insecticides [24]. However, the effect of the DDT
contamination around former storage sites on malaria
vector insecticide resistance has not been established.
Therefore, investigations of pyrethroids and DDT resist-
ance around those former pesticide storage sites are
needed, to evaluate their contribution to the current
DDT and pyrethroids resistance in malaria vectors.

The role of contemporary usage of pesticide in agriculture
in the development of insecticide resistance in malaria
vectors

Importation of pesticides increased enormously in Tan-
zania after trade liberalization of agricultural inputs in
1990s [62]. Pesticides imports increased from about 500
to 12,000 metric tons between 2000 and 2014, respec-
tively [63]. More than 80% of pesticides have been used
for agricultural and veterinary purposes [54]. Large
amount of pesticides have been used in the country to
control pests in horticulture, floriculture, cotton, cashew
nuts, coffee, sugar cane, legumes and rice cultivation
[64]. Pesticides frequently used in the country include:
pyrethroids (alpha cypermethrin, deltamethrin, lambda-
cyhalothrin and permethrin), organophosphates (chlor-
pyrifos, dimethoate, profenofos, pirimiphos methyl,
diazinon, malathion, fenitrothion and glyphosate) organ-
ochlorines (endosulfan, chlorothalonil) carbamates (car-
bofuran, carbaryl, aldicarb and mancozeb) [20, 62-71].
These insecticide classes are the same as ones used in
public health vector control, hence accelerating selec-
tion of resistance in malaria vectors. Accordingly, several
studies in Africa have shown an association between agri-
cultural practices and insecticides resistance in malaria
vectors, reviewed in [72]. Additionally, similar observa-
tions have been reported in Tanzania [15, 20, 24, 37, 39].
Studies on molecular mechanisms of resistance con-
ducted in the areas with intensive agricultural practice
in Lower Moshi and Hai have reported over transcrip-
tion of several genes associated to pyrethroid resistance
compared to non-agricultural areas [15, 37]. Moreover,
a study by Kisinza et al. [11] conducted in Arumeru, has
shown the high resistance of An. gambiae s.l. to pyre-
throids and pirimiphos methyl (organophosphate). This
An. gambiae s.1. resistance to pyrethroids and pirimiphos
methyl might be a result of the long time large scale use
of pyrethroids and organophosphates used in agricultural
pest control in Arumeru [67, 69, 73-76].

The role of non-pesticide pollutants in the development

of insecticide resistance in malaria vectors

Mosquitoes breeding sites are exposed to various pollut-
ants from different human activities. Anopheles gambiae
s.l, which normally breed in clean water, have currently
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been found in polluted breeding sites of the urban and
rural areas in Tanzania [77, 78]. Breeding sites of mos-
quitoes have been found to be contaminated with several
pollutants including organic pollutants (sewage, rotting
plants, domestic and animal wastes and other industrial
organic chemicals); also inorganic pollutants such as
heavy metals (Zn, Au, Mn, Hg, Pb, Cu, Fe, Cd and Co)
[79, 80] and others (industrial and agrochemicals). Pol-
lutants affect the physical-chemical parameters of breed-
ing sites, consequently may affect mosquitoes’ genetic
makeup [81-84]. These physical-chemical parameters
include pH, conductivity, turbidity, total dissolved solids
(TDS) and total suspended solids (TSS), Na*, Ca’", KT,
NH, ", SO}~ PO,*~, NO,~, NO2~, H,0,, ClI” and F~ [78,
81]. Limited studies exist on the influence of those pol-
lutants to the development of insecticide resistance in
malaria vectors [79-81, 84, 85]. Some pollutants or the
change in the levels of physical-chemical parameters in
mosquitoes’ breeding sites have shown toxic effect to lar-
val stages [80, 86]. Mosquito larvae surviving such envi-
ronment have shown tolerance against the effect of those
toxic pollutants and subsequently develop insecticide
resistance in adult stages [84, 87].

Vividly, a study by Tene Fossog et al. [86] has demon-
strated that Anopheles coluzzi larvae developed tolerance
after being exposed to the lethal dose of NH;. Moreover,
other studies have shown that Anopheles larvae exposed
to heavy metals or disinfectants (H,O, and/or soap)
developed insecticide tolerance in their adult stages [80,
87]. Some pollutants and levels of physical-chemical
parameters in An. gambiae s.1. breeding sites have shown
to be positively associated with their insecticide resist-
ance [81, 83, 84, 88]. These pollutants and physical—
chemical parameters include greases, oils, TDS, NHj,
NH,", SO,>~, PO4*~, NO,~, NO,™ and F~. A study by
Emidi et al. [78] in Muheza district, Tanzania, correlating
physico-chemical parameters in mosquitoes breeding
sites and larval density, have reported for the first time
the occurrence of An. gambiae s.1. in polluted habitat in
rural areas. However, the influence of these pollutants to
the insecticide resistance across the different ecological
zones in the country is yet to be investigated.

The role of public health insecticides use

in the development of resistance in malaria vectors

The use of LLINs and IRS are major vector control strat-
egies currently utilizing substantial amount of insec-
ticides [89]. Scaling up of ITNs in mainland Tanzania
started in the late 1990s after their efficacy and effec-
tiveness trials between 1980s and early 1990s. Scaling
up of ITNs has been going on through different pro-
grammes including: Kilombero Net Project (KINET)
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in 1996, Social Marketing for ITNs Project (SMITN)/
Strategic Social Marketing for Expanding the Commer-
cial Market (SMARTNET) in 1998 [6]. Others are Tan-
zania National Voucher Scheme (TNVS) in 2004, Under
Five Catch-Up Campaign (U5CC) in 2008 and Universal
Catch-Up Campaign (UCC) since 2010 [7]. Finally, Keep-
Up projects started from 2013 to date [90]. From those
projects ITNs coverage of one net per household raised
from about 23% in 2004 to more than 91% in 2011. On
the other hand, IRS scaling up in the lake zone started
in 2007 with the successive replacement of insecticide
classes. Insecticides used on IRS include lambdacyhalo-
thrin since 2007, bendiocarb since 2011 and pirimiphos
methyl since 2014 to date. It is estimated that, the quan-
tity of insecticides imported in Tanzania for ITNs and
IRS had approximately increased from 10 metric tons in
2007 [91-94] to 311 metric tons in 2012 [7, 91, 94]. This
amount of insecticides used in both ITN and IRS is about
2 to 3% of total imported pesticides, which is relatively
very small compared to 80% of total insecticide used agri-
culture and veterinary pest control [63]. However, mos-
quitoes’ contact with insecticides in ITNs and IRS might
be high because these strategies target their indoor rest-
ing and blood feeding behaviour. Evidently, scaling up
of ITNs and IRS activities, as well as the use of aerosols,
fumigations and coils, particularly among urban popu-
lations, are strongly associated with rapid expansion of
insecticide resistance in malaria vectors since 2004. The
insecticide-based approaches might have exerted selec-
tion pressure on Tanzanian populations of both An. gam-
biae s.l. and An. funestus s.l. Indeed, An. gambiae s.l. has
currently developed resistance to at least one compound
in all four insecticides classes in Muleba. This area has
a long history of utilizing both ITNs and IRS to reduce
existing high malaria burden [11]. Therefore, mitigation
of resistance situation in the country needs involvement
of different authorities from agricultural, public health
and environmental sectors in order to preserve effective-
ness of insecticides for vector control.

Conclusions

This review has provided a picture of dynamics and
monitoring of insecticide resistance in major malaria
vectors in mainland Tanzania, hence highlighting chal-
lenges facing the current malaria control tools in the
country. Currently, An. gambiae s.l. has shown resist-
ance to at least one compound of all insecticides classes
used in the country for malaria control. On the other
hand, An. funestus s.l. has shown resistance to pyre-
throids and DDT while still susceptible to other classes.
However, only few susceptibility studies have been car-
ried out on this group of malaria vectors in the coun-
try. Emergence and spread of the observed insecticide
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resistance could be accelerated by different factors like
the use of pesticides in agriculture and public health as
well as environmental pollution. Therefore, mitigation
of this situation needs involvement of different sectors
in order to preserve effectiveness of insecticides for
vector control. Data from this review may be used as
basis of devising new control strategies of malaria vec-
tors in the country.

Abbreviations

DDT: dichlorodiphenyltrichloroethane; GABA: gamma-amino butyric acid;
GSTs: glutathione-S-transferases; ITNs: insecticide-treated nets; kdr: knock
down resistance; LLINs: long-lasting insecticide-treated nets; IRS: indoor
residual spraying; NSE: non-specific esterases; PBO: piperonyl butoxide; TPP:
triphenyl phosphate; VGSC: voltage gated sodium channels; WHO: World
Health Organization.

Authors’ contributions

DJM: conceived, designed, did literature search; participated in data analysis
and interpretation; wrote the first draft of the manuscript. JJM, APB, and WK
critically revised the manuscript. All authors read and approved the final
manuscript.

Author details

! Dar es Salaam University College of Education (DUCE), PO. Box 2329, Dar es
Salaam, Tanzania. University of Dar es Salaam (UDSM), PO. Box 35064, Dar es
Salaam, Tanzania.  Kilimanjaro Christian Medical University College (KCMUCo),
PO. Box 2240, Moshi, Tanzania.

Acknowledgements

The authors thank the University of Dar es salaam (UDSM) Library by providing
access to some bibliographical databases and Dar es salaam University Col-
lege of Education (DUCE) by providing internet access for scholarly search.

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

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Funding
Not applicable.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 October 2018 Accepted: 20 March 2019
Published online: 26 March 2019

References

1. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al.
The effect of malaria control on Plasmodium falciparum in Africa between
2000 and 2015. Nature. 2015;526:207-11.

2. WHO. World malaria report. Geneva, Switzerland: World Health Organiza-
tion; 2017.

Page 14 of 16

WHO. Global report on insecticide resistance in malaria vectors:
2010-2016. Geneva, World Health Organization, 2018. https://creativeco
mmons.org/licenses/by-nc-sa/3.0/igo. Accessed Aug 8 2018.

WHQO. Global plan for insecticide resistance management in malaria vec-
tors. Geneva: World Health Organization; 2012.

National Malaria Control Programme, WHO, Ifakara Health Institute and
the INFORM Project. An epidemiological profile of malaria and its control
in mainland Tanzania. Report funded by Roll Back Malaria and Depart-
ment for International Development-UK, July 2013. 2013. http://www.
inform-malaria.org/wp-content/uploads/2014/05/Tanzania-Epi-Repor
t-060214.pdf. Accessed Jun 27 2018

Kulkarni MA, Malima R, Mosha FW, Msangi S, Mrema E, Kabula B, et al.
Efficacy of pyrethroid-treated nets against malaria vectors and nuisance-
biting mosquitoes in Tanzania in areas with long-term insecticide-treated
net use: pyrethroid-treated nets against malaria vectors and nuisance-
biting mosquitoes. Trop Med Int Health. 2007;12:1061-73.

Renggli S, Mandike R, Kramer K, Patrick F, Brown NJ, McElroy PD, et al.
Design, implementation and evaluation of a national campaign to deliver
18 million free long-lasting insecticidal nets to uncovered sleeping
spaces in Tanzania. Malar J. 2013;12:85.

Protopopoff N, Matowo J, Malima R, Kavishe R, Kaaya R, Wright A, et al.
High level of resistance in the mosquito Anopheles gambiae s.l. to pyre-
throid insecticides and reduced susceptibility to bendiocarb in north-
western Tanzania. Malar J. 2013;12:149.

Protopopoff N, Mosha JF, Lukole E, Charlwood JD, Wright A, Mwalimu

CD, et al. Effectiveness of a long-lasting piperonyl butoxide-treated
insecticidal net and indoor residual spray interventions, separately and
together, against malaria transmitted by pyrethroid-resistant mosquitoes:
a cluster, randomised controlled, two-by-two factorial design trial. Lancet.
2018;391:1577-88.

. Protopopoff N, Wright A, West PA, Tigererwa R, Mosha FW, Kisinza W, et al.

Combination of insecticide-treated nets and indoor residual spraying in
Northern Tanzania provides additional reduction in vector population
density and malaria transmission rates compared to insecticide-treated
nets alone: a randomised control trial. PLoS ONE. 2015;10:e0142671.

. Kisinza WN, Nkya TE, Kabula B, Overgaard HJ, Massue DJ, Mageni Z, et al.

Multiple insecticide resistance in Anopheles gambiae from Tanzania: a
major concern for malaria vector control. Malar J. 2017;16:439.

. Kabula B, Tungu P, Matowo J, Kitau J, Mweya C, Emidi B, et al. Susceptibil-

ity status of malaria vectors to insecticides commonly used for malaria
control in Tanzania. Trop Med Int Health. 2012;17:742-50.

. Kabula B, Tungu P, Malima R, Rowland M, Minja J, Wililo R, et al. Distribu-

tion and spread of pyrethroid and DDT resistance among the Anopheles
gambiae in Tanzania: insecticide resistance in An. gambiae. Med Vet
Entomol. 2013;28:244-52.

. Fornadel C (GH/HIDN/ID:AAAS). President’s Malaria Initiative Country

Insecticide Susceptibility Summaries. 2015 https://www.pmi.gov/docs/
default-source/default-document-library/tools-curricula/pmi-insecticid
e-susceptibility-summary-april-2015.pdf?sfvrsn=4. Accessed Jun 6 2018.
Nkya TE, Akhouayri |, Poupardin R, Batengana B, Mosha F, Magesa S, et al.
Insecticide resistance mechanisms associated with different environ-
ments in the malaria vector Anopheles gambiae : a case study in Tanzania.
Malar J. 2014;13:28.

Kisinza W, Kabula B, Chege P, Sindato C, Mweya C, Massue DJ, et al.
Detection and monitoring of insecticide resistance in malaria vec-

tors in Tanzania Mainland; Technical Report of the National Institute
for Medical Research, Tanzania. Tanzania; 2011. http://ihi.eprin
ts.org/779/1/insecticide_resistance_technical_report_nimr_dec_2011.
pdf. Accessed 23 Aug 2018.

Okumu FO, Chipwaza B, Madumla EP, Mbeyela E, Lingamba G, Moore
J, et al. Implications of bio-efficacy and persistence of insecticides
when indoor residual spraying and long-lasting insecticide nets are
combined for malaria prevention. Malar J. 2012;11:378.

Ngufor C, Tungu P, Malima R, Kirby M, Kisinza W, Rowland M.
Insecticide-treated net wall hangings for malaria vector control: an
experimental hut study in north-eastern Tanzania. Malar J. 2014;13:366.
Matowo J, Kitau J, Kaaya R, Kavishe R, Wright A, Kisinza W, et al. Trends
in the selection of insecticide resistance in Anopheles gambiae s.I. mos-
quitoes in northwest Tanzania during a community randomized trial of
long lasting insecticidal nets and indoor residual spraying: Selection of
insecticide resistance in An. gambiae. Med Vet Entomol. 2015;29:51-9.


https://creativecommons.org/licenses/by-nc-sa/3.0/igo
https://creativecommons.org/licenses/by-nc-sa/3.0/igo
http://www.inform-malaria.org/wp-content/uploads/2014/05/Tanzania-Epi-Report-060214.pdf
http://www.inform-malaria.org/wp-content/uploads/2014/05/Tanzania-Epi-Report-060214.pdf
http://www.inform-malaria.org/wp-content/uploads/2014/05/Tanzania-Epi-Report-060214.pdf
https://www.pmi.gov/docs/default-source/default-document-library/tools-curricula/pmi-insecticide-susceptibility-summary-april-2015.pdf%3fsfvrsn%3d4
https://www.pmi.gov/docs/default-source/default-document-library/tools-curricula/pmi-insecticide-susceptibility-summary-april-2015.pdf%3fsfvrsn%3d4
https://www.pmi.gov/docs/default-source/default-document-library/tools-curricula/pmi-insecticide-susceptibility-summary-april-2015.pdf%3fsfvrsn%3d4
http://ihi.eprints.org/779/1/insecticide_resistance_technical_report_nimr_dec_2011.pdf
http://ihi.eprints.org/779/1/insecticide_resistance_technical_report_nimr_dec_2011.pdf
http://ihi.eprints.org/779/1/insecticide_resistance_technical_report_nimr_dec_2011.pdf

Matiya et al. Malar J

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

(2019) 18:102

Nnko EJ, Kihamia C, Tenu F, Premji Z, Kweka EJ. Insecticide use pattern
and phenotypic susceptibility of Anopheles gambiae sensu lato to com-
monly used insecticides in Lower Moshi, northern Tanzania. BMC Res
Notes. 2017;10:443.

Kabula B, Tungu P, Rippon EJ, Steen K, Kisinza W, Magesa S, et al. A
significant association between deltamethrin resistance, Plasmodium
falciparum infection and the Vgsc-1014S resistance mutation in Anoph-
eles gambiae highlights the epidemiological importance of resistance
markers. Malar J. 2016;15:289.

Lwetoijera DW, Harris C, Kiware SS, Dongus S, Devine GJ, McCall PJ,

et al. Increasing role of Anopheles funestus s.I. and Anopheles arabiensis
in malaria transmission in the Kilombero Valley, Tanzania. Malar J.
2014;13:331.

Kweka EJ, Lyaruu LJ, Mahande AM. Efficacy of PermaNet® 3.0 and
PermaNet® 2.0 nets against laboratory-reared and wild Anopheles gam-
biae sensu lato populations in northern Tanzania. Infect Dis Poverty.
2017,6:11.

Philbert A, Lyantagaye SL, Pradel G, Ngwa CJ, Nkwengulila G. Pyre-
throids and DDT tolerance of Anopheles gambiae s.I. from Sengerema
District, an area of intensive pesticide usage in north-western Tanzania.
Trop Med Int Health. 2017;22:388-98.

Mbepera S, Nkwengulila G, Peter R, Mausa EA, Mahande AM, Coetzee
M, et al. The influence of age on insecticide susceptibility of Anopheles
arabiensis during dry and rainy seasons in rice irrigation schemes of
Northern Tanzania. Malar J. 2017;16:364.

Kweka EJ, Lee M-C, Mwang'onde BJ, Tenu F, Munga S, Kimaro EE, et al.
Bio-efficacy of deltamethrin based durable wall lining against wild
populations of Anopheles gambiae sl in Northern Tanzania. BMC Res
Notes. 2017;10:92.

Emidi B, Kisinza WN, Kaaya RD, Malima R, Mosha FW. Insecticide
susceptibility status of human biting mosquitoes in Muheza, Tanzania.
Tanzan J Health Res. 2017;19:1-10.

Matowo NS, Munhenga G, Tanner M, Coetzee M, Feringa WF, Ngowo
HS, et al. Fine-scale spatial and temporal heterogeneities in insecticide
resistance profiles of the malaria vector, Anopheles arabiensis in rural
south-eastern Tanzania. Wellcome Open Res. 2017,2:96.

Kaindoa EW, Matowo NS, Ngowo HS, Mkandawile G, Mmbando A,
Finda M, et al. Interventions that effectively target Anopheles funestus
s.l. mosquitoes could significantly improve control of persistent malaria
transmission in south—eastern Tanzania. PLOS ONE. 2017;12:e0177807.
Matowo J, Kitau JA, Kabula B, Kavishe R, Oxborough RM, Kaaya R,

et al. Dynamics of insecticide resistance and the frequency of kdr
mutation in the primary malaria vector Anopheles arabiensis in rural
villages of Lower Moshi, North Eastern Tanzania. J Parasitol Vector Biol.
2014,6:31-41.

WHO. Test procedures for insecticide resistance monitoring in malaria
vector mosquitoes. 2nd ed. Geneva: World Health Organization; 2016.
Kulkarni MA, Rowland M, Alifrangis M, Mosha FW, Matowo J, Malima R,
et al. Occurrence of the leucine-to-phenylalanine knockdown resistance
(kdr) mutation in Anopheles arabiensis populations in Tanzania, detected
by a simplified high-throughput SSOP-ELISA method. Malar J. 2006;75:6.
Mahande AM, Dusfour I, Matias JR, Kweka EJ. Knockdown resistance, rdl
alleles, and the annual entomological inoculation rate of wild mosquito
populations from lower Moshi, Northern Tanzania. J Glob Infect Dis.
2012;4:114.

Matowo J, Kulkarni MA, Mosha FW, Oxborough RM, Kitau JA, Tenu F, et al.
Biochemical basis of permethrin resistance in Anopheles arabiensis from
Lower Moshi, north-eastern Tanzania. Malar J. 2010;9:193.

Malima RC, Oxborough RM, Tungu PK, Maxwell C, Lyimo |, Mwingira V,

et al. Behavioural and insecticidal effects of organophosphate-, carba-
mate- and pyrethroid-treated mosquito nets against African malaria
vectors. Med Vet Entomol. 2009;23:317-25.

Kabula B, Kisinza W, Tungu P, Ndege C, Batengana B, Kollo D, et al. Co-
occurrence and distribution of East (L1014S) and West (L1014F) African
knock-down resistance in Anopheles gambiae sensu lato population of
Tanzania. Trop Med Int Health. 2014;19:1-11.

Matowo J, Jones CM, Kabula B, Ranson H, Steen K, Mosha F, et al. Genetic
basis of pyrethroid resistance in a population of Anopheles arabiensis, the
primary malaria vector in Lower Moshi, north-eastern Tanzania. Parasit
Vectors. 2014;7:274.

38.

39.

40.

41.

42.

43.

44,

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 150f 16

Maliti D, Ranson H, Magesa S, Kisinza W, Mcha J, Haji K, et al. Islands and
stepping-stones: comparative population structure of Anopheles gambiae
sensu stricto and Anopheles arabiensis in Tanzania and implications for
the spread of insecticide resistance. PLoS ONE. 2014;9:e110910.

Nkya TE, Poupardin R, Laporte F, Akhouayri |, Mosha F, Magesa S, et al.
Impact of agriculture on the selection of insecticide resistance in the
malaria vector Anopheles gambiae: a multigenerational study in con-
trolled conditions. Parasit Vectors. 2014;7:480.
Tanzania_Total_Population_by_District-Regions-2016_2017r.pdf. http://
www.nbs.go.tz/nbs/takwimu/census2012/Tanzania_Total_Population
_by_District-Regions-2016_2017r.pdf. Accessed Aug 4 2018.

Liu N. Insecticide resistance in mosquitoes: impact, mechanisms, and
research directions. Annu Rev Entomol. 2015;60:537-59.

Nardini L, Christian RN, Coetzer N, Ranson H, Coetzee M, Koekemoer LL.
Detoxification enzymes associated with insecticide resistance in labora-
tory strains of Anopheles arabiensis of different geographic origin. Parasit
Vectors. 2012;5:113.

Feyereisen R. Insect P450 inhibitors and insecticides: challenges and
opportunities. Pest Manag Sci. 2015;71:793-800.

David J-P, Ismail HM, Chandor-Proust A, Paine MJI. Role of cytochrome
P450 s in insecticide resistance: impact on the control of mosquito-borne
diseases and use of insecticides on Earth. Philos Trans R Soc B Biol Sci.
2013;368:20120429.

Ranson H, N'Guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V. Pyrethroid
resistance in African anopheline mosquitoes: what are the implications
for malaria control? Trends Parasitol. 2011,27:91-8.

. Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP, Killeen GF. Increased

proportions of outdoor feeding among residual malaria vector popula-
tions following increased use of insecticide-treated nets in rural Tanzania.
Malar J. 2011;10:80.

Mdiller P, Chouaibou M, Pignatelli P, Etang J, Walker ED, Donnelly MJ, et al.
Pyrethroid tolerance is associated with elevated expression of antioxi-
dants and agricultural practice in Anopheles arabiensis sampled from an
area of cotton fields in Northern Cameroon. Mol Ecol. 2007;17:1145-55.
Mdller P, Warr E, Stevenson BJ, Pignatelli PM, Morgan JC, Steven A,

et al. Field-caught permethrin-resistant Anopheles gambiae over-
express CYP6P3, a P450 that metabolises pyrethroids. PLoS Genet.
2008;4:21000286.

Djouaka RF, Bakare AA, Coulibaly ON, Akogbeto MC, Ranson H, Heming-
way J, et al. Expression of the cytochrome P450s, CYP6P3 and CYP6M?2
are significantly elevated in multiple pyrethroid resistant populations of
Anopheles gambiae ss from Southern Benin and Nigeria. BMC Genomics.
2008;9:538.

Vontas J, Grigoraki L, Morgan J, Tsakireli D, Fuseini G, Segura L, et al. Rapid
selection of a pyrethroid metabolic enzyme CYP9K1 by operational
malaria control activities. Proc Natl Acad Sci USA. 2018;115:4619-24.
Yahouédo GA, Chandre F, Rossignol M, Ginibre C, Balabanidou V, Mendez
NGA, et al. Contributions of cuticle permeability and enzyme detoxifi-
cation to pyrethroid resistance in the major malaria vector Anopheles
gambiae. Sci Rep. 2017;7:11091.

Yahouédo GA, Cornelie S, Djegbe I, Ahlonsou J, Aboubakar S, Soares C,
et al. Dynamics of pyrethroid resistance in malaria vectors in southern
Benin following a large scale implementation of vector control interven-
tions. Parasit Vectors. 2016;9:385.

Toé KH, N'Falé S, Dabiré RK, Ranson H, Jones CM. The recent escalation

in strength of pyrethroid resistance in Anopheles coluzzi in West Africa is
linked to increased expression of multiple gene families. BMC Genomics.
2015;16:146.

Kihampa C, Mato R. Distribution of pesticide residues in soil due to
point source pollution at old Korogwe, Tanzania. Int J Biol Chem Sci.
2009;3:422-30.

Kishimba M. The status of pesticide pollution in Tanzania. Talanta.
2004,64:48-53.

United Republic of Tanzania. National Implementation Plan (NIP) for the
Stockholm convention on Persistent Organic Pollutants (POPs). 2005.
chm.pops.int/Portals/0/download.aspx?d = UNEP-POPS-NIP-Tanzania-1.
English.pdf. Accessed Jun 20 2018.

Zacharia JT, Kishimba MA, Masahiko H. Biota uptake of pesticides

by selected plant species; the case study of Kilombero sugarcane
plantations in Morogoro Region, Tanzania. Pestic Biochem Physiol.
2010,97:71-5.


http://www.nbs.go.tz/nbs/takwimu/census2012/Tanzania_Total_Population_by_District-Regions-2016_2017r.pdf
http://www.nbs.go.tz/nbs/takwimu/census2012/Tanzania_Total_Population_by_District-Regions-2016_2017r.pdf
http://www.nbs.go.tz/nbs/takwimu/census2012/Tanzania_Total_Population_by_District-Regions-2016_2017r.pdf
http://chm.pops.int/Portals/0/download.aspx%3fd%e2%80%89%3d%e2%80%89UNEP-POPS-NIP-Tanzania-1.English.pdf
http://chm.pops.int/Portals/0/download.aspx%3fd%e2%80%89%3d%e2%80%89UNEP-POPS-NIP-Tanzania-1.English.pdf

Matiya et al. Malar J

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

(2019) 18:102

Kishimba M, Mihale M. Levels of pesticide residues and metabolites in soil
at Vikuge farm, Kibaha district, Tanzania—a classic case of soil contamina-
tion by obsolete pesticides. Tanzan J Sci. 2009;30:77-86.

Henry L, Kishimba M. Levels of pesticide residues in water, soil and
sediments from southern Lake Victoria and its basin. Tanzan J Sci.
2004;29:77-89.

Elfvendahl S, Mihale M, Kishimba MA, Kylin H. Pesticide pollution remains
severe after cleanup of a stockpile of obsolete pesticides at Vikuge, Tanza-
nia. AMBIO J Hum Environ. 2004;33:503-8.

Hellar H, Kishimba M. Pesticide residues in water from TPC sugarcane
plantations and environs, Kilimanjaro region, Tanzania. Tanzan J Sci.
2005;31:1-22.

Ngowi AV. Health impact of exposure to pesticides in agriculture in
Tanzania. Tampere: Tampere University Press: Taju; 2002.

Kiwango P, Kassim N, Kimanya M. Pesticide residues in vegetables: practi-
cal interventions to minimize the risk of human exposure in Tanzania.
Curr J Appl SciTechnol. 2018;26:1-18.

Lekei EE, mkalanga H, Mununa F. Characterization and Potential Health
Risks of Pesticides registered and used in Tanzania. Afr News| Occup
Health Saf. 2014;24. Available from: http://www.ttl.fi/AfricanNewsletter.
Kapeleka JA, Lekei EE, Hagali T. Pesticides exposure and biological moni-
toring of Ache activity among commercial farm workers in Tanzania: a
case of tea estates. Int J Sci Res. 2013;6:1708-13.

Stadlinger N, Mmochi AJ, Dobo S, Gyllbéck E, Kumblad L. Pesticide

use among smallholder rice farmers in Tanzania. Environ Dev Sustain.
2011;13:641-56.

Kariathi V, Kassim N, Kimanya M. Pesticide exposure from fresh tomatoes
and its relationship with pesticide application practices in Meru district.
Cogent Food Agric. 2016;2:1196808.

Mrema EJ, Ngowi AV, Kishinhi SS, Mamuya SH. Pesticide exposure and
health problems among female horticulture workers in Tanzania. Environ
Health Insights. 2017;11:117863021771523.

Ngowi AVF, Mbise TJ, ljani ASM, London L, Ajayi OC. Pesticides use by
smallholder farmers in vegetable production in Northern Tanzania. Crop
Prot Guildf Survey. 2007,26:1617-24.

Kariathi V, Neema K, Martin K. Risk of exposures of pesticide residues from
tomato in Tanzania. Afr J Food Sci. 2017;11:255-62.

Lema E, Machunda R, Njau K. Agrochemicals use in horticulture industry
in Tanzania and their potential impact to water resources. Int J Biol Chem
Sci. 2014,8:831.

Reid MC, McKenzie FE. The contribution of agricultural insecticide use

to increasing insecticide resistance in African malaria vectors. Malar J.
2016;15:107.

Kihampa C, Ram Mato R, Mohamed H. Levels of pesticide residues in
irrigation effluent from tomato fields in Owiro Estate, Tanzania. Int J Biol
Chem Sci. 2010;4:601-7.

Kihampa C, Ram Mato R, Mohamed H. Residues of organochlorinated
pesticides in soil from tomato fields, Ngarenanyuki, Tanzania. J Appl Sci
Environ Manag. 2010;14:37-40.

Lekei EE, Ngowi AV, London L. Farmers'knowledge, practices and injuries
associated with pesticide exposure in rural farming villages in Tanzania.
BMC Public Health. 2014;14:389.

Lekei EE, Ngowi AV, London L. Pesticide retailers’knowledge and handling
practices in selected towns of Tanzania. Environ Health. 2014;13:79.
Sattler MA, Mtasiwa D, Kiama M, Premji Z, Tanner M, Killeen GF, et al. Habi-
tat characterization and spatial distribution of Anopheles sp. mosquito
larvae in Dar es Salaam (Tanzania) during an extended dry period. Malar
J.2005;4:4.

Emidi B, Kisinza WN, Mmbando BP, Malima R, Mosha FW. Effect of phys-
icochemical parameters on Anopheles and Culex mosquito larvae abun-
dance in different breeding sites in a rural setting of Muheza, Tanzania.
Parasit Vectors. 2017;10:304.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Page 16 of 16

Awolola TS, Oduola AO, Obansa JB, Chukwurar NJ, Unyimadu JP. Anoph-
eles gambiae s.s. breeding in polluted water bodies in urban Lagos, south-
western Nigeria. J Vector Borne Dis. 2007;44:241-4.

Oliver SV, Brooke BD. The effect of metal pollution on the life history and
insecticide resistance phenotype of the major malaria vector Anopheles
arabiensis (Diptera: Culicidae). PLoS ONE. 2018;13:e0192551.

Kabula BI, Attah PK, Wilson MD, Boakye DA. Characterization of Anopheles
gambiae s.l. and insecticide resistance profile relative to physicochemical
properties of breeding habitats within Accra Metropolis. Ghana. Tanzania
J Health Res. 2011;13:25.

Garba Y, Olayemi IK. Spatial variation in physicochemical characteristics
of wetland rice fields mosquito larval habitats in Minna, North Central
Nigeria. International Institute of Chemical, Biological & Environmental
Engineering; 2015. p. 53-6. http://iicbe.org/siteadmin/upload/9253C
0215116.pdf. Accessed Feb 20 2017.

Imam A, Deeni Y. Larval productivity, and detoxification enzymes

profile in response to physico-chemical environmental factors of
Anopheles gambiae breeding ecologies in Nigeria. Br J Appl Sci Technol.
2015;5:595-612.

Djouaka RF, Bakare AA, Bankole HS, Doannio JM, Coulibaly ON, Kossou

H, et al. Does the spillage of petroleum products in Anopheles breeding
sites have an impact on the pyrethroid resistance? Malar J. 2007;6:159.
Nkya TE, Akhouayri |, Kisinza W, David J-P. Impact of environment on mos-
quito response to pyrethroid insecticides: facts, evidences and prospects.
Insect Biochem Mol Biol. 2013;43:407-16.

Tene Fossog B, Antonio-Nkondjio C, Kengne P, Njiokou F, Besansky NJ,
Costantini C. Physiological correlates of ecological divergence along

an urbanization gradient: differential tolerance to ammonia among
molecular forms of the malaria mosquito Anopheles gambiae. BMC Ecol.
2013;13:1.

Antonio-Nkondjio C, Youmsi-Goupeyou M, Kopya E, Tene-Fossog B,
Njiokou F, Costantini C, et al. Exposure to disinfectants (soap or hydrogen
peroxide) increases tolerance to permethrin in Anopheles gambiae popu-
lations from the city of Yaoundé, Cameroon. Malar J. 2014;13:296.

Tene Fossog B, Kopya E, Ndo C, Menze-Djantio B, Costantini C, Njiokou F,
et al. Water quality and Anopheles gambiae larval tolerance to pyre-
throids in the Cities of Douala and Yaoundé (Cameroon). J Trop Med.
2012;2012:1-10.

van den Berg H, Zaim M, Yadav RS, Soares A, Ameneshewa B, Mnzava

A et al. Global trends in the use of insecticides to control vector-borne
diseases. Environ Health Perspect. 2012;120:577-82.

Stuck L, Lutambi A, Chacky F, Schaettle P, Kramer K, Mandike R, et al. Can
school-based distribution be used to maintain coverage of long-lasting
insecticide-treated bed nets: evidence from a large scale programme in
southern Tanzania? Health Policy Plan. 2017;32:980-9.

RTl International. Tanzania Vector Control Scale-up Project: Spray
Performance Report (November 2011-May 2012). RTl International 3040
Cornwallis Road Post Office Box 12194; 2012. https://www.pmi.gov/docs/
default-source/default-document-library/implementing-partner-repor
ts/tanzania-vector-control-scale-up-project-spray-performance-repor
t-november-2011-may-2012.pdf?sfvrsn=>5. Accessed Jan 3 2019.

Hanson K, Marchant T, Nathan R, Mponda H, Jones C, Bruce J, et al.
Household ownership and use of insecticide-treated nets among target
groups after implementation of a national voucher programme in the
United Republic of Tanzania: plausibility study using three annual cross
sectional household surveys. BMJ. 2009;339:b2434.

WHOPES. Review of spinosad 0.5% GR & 12% SC lambda-cyhalothrin 10%
CS K-O TAB 1-2-3 Interceptor. Geneva: World Health Organization; 2007.
WHO. Review of olyset nets and bifenthrin 10%WP. Geneva: World Health
Organization; 2001.


http://www.ttl.fi/AfricanNewsletter
http://iicbe.org/siteadmin/upload/9253C0215116.pdf
http://iicbe.org/siteadmin/upload/9253C0215116.pdf
https://www.pmi.gov/docs/default-source/default-document-library/implementing-partner-reports/tanzania-vector-control-scale-up-project-spray-performance-report-november-2011-may-2012.pdf%3fsfvrsn%3d5
https://www.pmi.gov/docs/default-source/default-document-library/implementing-partner-reports/tanzania-vector-control-scale-up-project-spray-performance-report-november-2011-may-2012.pdf%3fsfvrsn%3d5
https://www.pmi.gov/docs/default-source/default-document-library/implementing-partner-reports/tanzania-vector-control-scale-up-project-spray-performance-report-november-2011-may-2012.pdf%3fsfvrsn%3d5
https://www.pmi.gov/docs/default-source/default-document-library/implementing-partner-reports/tanzania-vector-control-scale-up-project-spray-performance-report-november-2011-may-2012.pdf%3fsfvrsn%3d5

	Dynamics and monitoring of insecticide resistance in malaria vectors across mainland Tanzania from 1997 to 2017: a systematic review
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Literature search, inclusion, and exclusion criteria
	Data handling, management, and analysis

	Results
	Literature search summary
	Dynamics in susceptibility status of Anopheline mosquito to insecticides across different sites in mainland Tanzania since 1997
	Insecticide resistance mechanisms

	Discussion
	The historical role of pesticides usage in the development of insecticide resistance in malaria vectors
	The role of contemporary usage of pesticide in agriculture in the development of insecticide resistance in malaria vectors
	The role of non-pesticide pollutants in the development of insecticide resistance in malaria vectors
	The role of public health insecticides use in the development of resistance in malaria vectors

	Conclusions
	Authors’ contributions
	References




