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Abstract 

Background: In 2017, more than 5 million house structures were sprayed through the U.S. President’s Malaria Initia‑
tive, protecting more than 21 million people in sub‑Saharan Africa. New IRS formulations, SumiShield™ 50WG and 
Fludora Fusion™ WP‑SB, became World Health Organization (WHO) prequalified vector control products in 2017 
and 2018, respectively. Both formulations contain the neonicotinoid active ingredient, clothianidin. The target site of 
neonicotinoids represents a novel mode of action for vector control, meaning that cross‑resistance through existing 
mechanisms is less likely. In preparation for rollout of clothianidin formulations as part of national IRS rotation strate‑
gies, baseline susceptibility testing was conducted in 16 countries in sub‑Saharan Africa.

Methods: While work coordinated by the WHO is ongoing to develop a suitable bottle bioassay procedure, there 
was no published guidance regarding clothianidin susceptibility procedures or diagnostic concentrations. Therefore, 
a protocol was developed for impregnating filter papers with 2% w/v SumiShield™ 50WG dissolved in distilled water. 
Susceptibility tests were conducted using insectary‑reared reference Anopheles and wild collected malaria vector 
species. All tests were conducted within 24 h of treating papers, with mortality recorded daily for 7 days, due to the 
slow‑acting nature of clothianidin against mosquitoes. Anopheles gambiae sensu lato (s.l.) adults from wild collected 
larvae were tested in 14 countries, with wild collected  F0 Anopheles funestus s.l. tested in Mozambique and Zambia.

Results: One‑hundred percent mortality was reached with all susceptible insectary strains and with wild An. gambiae 
s.l. from all sites in 11 countries. However, tests in at least one location from 5 countries produced mortality below 
98%. While this could potentially be a sign of clothianidin resistance, it is more likely that the diagnostic dose or 
protocol requires further optimization. Repeat testing in 3 sites in Ghana and Zambia, where possible resistance was 
detected, subsequently produced 100% mortality. Results showed susceptibility to clothianidin in 38 of the 43 sites 

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

Malaria Journal

*Correspondence:  Richard_Oxborough@abtassoc.com
1 PMI VectorLink Project, Abt Associates, 6130 Executive Blvd, Rockville, 
MD 20852, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5639-1317
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-019-2888-6&domain=pdf


Page 2 of 11Oxborough et al. Malar J          (2019) 18:264 

Background
Insecticide-treated nets (ITNs) have been the primary 
form of malaria vector control undertaken in sub-Saha-
ran Africa over the past decade. An estimated 1.04 bil-
lion nets were distributed in sub-Saharan Africa between 
2009 and 2016, of which 582 million long-lasting insec-
ticidal nets (LLINs) were distributed between 2014 and 
2016 [1]. It is recognized that vector control has been the 
main driver in averting an estimated 663 million clinical 
cases of malaria in sub-Saharan Africa between 2000 and 
2015, with ITNs contributing to 68% of cases averted and 
indoor residual spraying (IRS) to 11% [2]. While LLINs 
have been the most widespread vector control tool, IRS 
is another proven strategy, which in 2016 protected an 
estimated 45 million people in sub-Saharan Africa [1]. 
Despite the undoubted effectiveness of IRS in many 
transmission settings, the relatively high cost can be pro-
hibitive and tends to limit implementation to relatively 
small target areas, often regions with the highest levels 
of malaria transmission [3, 4]. The US President’s Malaria 
Initiative (PMI) is one of the primary donors supporting 
IRS in sub-Saharan Africa through the PMI VectorLink 
Project (and previously the Africa Indoor Residual Spray-
ing (AIRS) Project). In 2017, more than 5 million houses 
were sprayed through PMI VectorLink, protecting more 
than 21 million people in sub-Saharan Africa [5].

Insecticide formulations that currently have a World 
Health Organization (WHO) prequalification (PQ) listing 
for IRS belong to 4 chemical classes; namely carbamate, 
organophosphate, pyrethroid and neonicotinoid insecti-
cides [6]. The organochlorine insecticide DDT (dichloro 
diphenyl trichloroethane) is also utilized in several coun-
tries, such as India and Zimbabwe but there is currently 
no DDT product with PQ listing [7]. This may make it 
seem like there are a plethora of options for insecticide 
rotation, however, before neonicotinoid formulations 
were PQ listed, there were only 2 modes of action across 
4 insecticide classes, namely sodium channel modulation 
(pyrethroids and DDT) and acetylcholinesterase (AChE) 
inhibition (organophosphates and carbamates) [8]. This 
lack of product diversity increases the likelihood of cross-
resistance between products with the same mode of 
action [9].

Many countries in sub-Saharan Africa have adopted the 
policies outlined in the Global Plan for Insecticide Resist-
ance Management (GPIRM) produced by the WHO 
and have prepared national resistance management 
documents according to the WHO framework [10, 11]. 
According to several national policy documents, insecti-
cide rotation should be undertaken in areas of IRS, using 
insecticides with different modes of action against sus-
ceptible malaria vectors [12–14]. However, resistance to 
DDT and pyrethroids is widespread and several countries 
have reported resistance to carbamates in some regions 
[15]. Pirimiphos-methyl resistance is also beginning to 
emerge in some settings [16]. In addition, the residual 
duration of IRS formulations is of key importance, with 
products such as the carbamate Ficam™ WP (wettable 
powder) showing extremely short residual duration on 
substrates such as mud, being unsuitable in areas with 
long transmission seasons [17]. The end result is that 
there have been few, if any, viable options for insecticide 
rotation. Therefore, despite having established policies 
based on GPIRM, countries have generally been unable 
to practically implement insecticide rotation for insecti-
cide resistance management.

It has taken 40  years for new chemical classes to be 
developed for malaria vector control. Until the recent 
WHO listing of neonicotinoid and pyrrole insecticides, 
the pyrethroids were the last new chemical class to be 
brought through to the public health market, in the 
1980s, and have proved to be highly successful both 
for LLINs and IRS [18, 19]. New IRS formulations, 
SumiShield™ 50WG (water dispersible granules) and 
Fludora Fusion™ WP-SB (wettable powder in a water 
soluble bag), became WHO prequalified vector con-
trol products in 2017 and 2018 respectively and were 
included to the list of products which meet Global Fund 
requirements for procurement [6, 20]. The active ingre-
dient of SumiShield™ 50WG is the neonicotinoid insec-
ticide, clothianidin, which is applied in IRS at a target 
dose of 300  mg ai/m2, while Fludora Fusion WP-SB 
contains a mixture of clothianidin and deltamethrin 
(pyrethroid) and is applied at 225  mg ai/m2. Neonico-
tinoid compounds were first developed for agricultural 
use in the 1990s and soon became the most widely used 

in sub‑Saharan Africa, including malaria vectors with multiple resistance mechanisms to pyrethroids, carbamates and 
organophosphates.

Conclusions: This study provides an interim diagnostic dose of 2% w/v clothianidin on filter papers which can be 
utilized by National Malaria Control Programmes and research organizations until the WHO concludes multi‑centre 
studies and provides further guidance.
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pesticides in the world against a broad spectrum of 
economically important crop pests [21]. Clothianidin 
(one of at least 8 registered neonicotinoid insecticides) 
is a metabolite of another neonicotinoid insecticide, 
thiamethoxam [22]. Both thiamethoxam and clothiani-
din are market leading broad spectrum, systemic com-
pounds used in agriculture, which diffuse throughout 
the crop, including the roots and foliage, thus provid-
ing long-lasting protection against a variety of sucking 
and chewing pests [22]. While clothianidin is primar-
ily a systemic insecticide targeting agricultural chew-
ing pests, it can also be applied inside houses to control 
malaria vectors through tarsal contact. The target sites 
of neonicotinoids are nicotinic acetylcholine receptors 
(nAChR), which represent a novel mode of action for 
vector control, meaning that cross-resistance through 
existing mechanisms is unlikely [8].

Studies conducted in experimental huts in Benin 
showed that SumiShield™ 50WG produced high levels 
of Anopheles gambiae sensu lato (s.l.) mortality for at 
least 8 months [23]. While village scale IRS in India dem-
onstrated control of Anopheles culicifacies for at least 
5 months and was operationally accepted by spray opera-
tors and community members [24]. Fludora Fusion™ 
WP-SB has also shown similar impressive residual lon-
gevity in experimental hut trials in Benin, lasting for at 
least 8 months on mud and cement walls [25].

In 2017, all IRS programs funded by PMI in sub-Saha-
ran Africa were conducted with Actellic™ 300CS (capsule 
suspension) in areas with pirimiphos-methyl susceptible 
malaria vectors. However, in many countries Actellic™ 
300CS has been sprayed annually, for up to 4 consecutive 
years, and it is important to implement rotation strate-
gies as soon as possible, before resistance develops. Base-
line clothianidin susceptibility testing was conducted in 
16 countries in sub-Saharan Africa to determine whether 
there was any resistance prior to rollout of SumiShield™ 
50WG and Fludora Fusion™ WP-SB, as part of national 
rotation strategies.

Methods
Study sites
As part of the PMI VectorLink project, insecticide 
resistance monitoring is conducted annually in partner 
countries in sub-Saharan Africa with commonly used 
insecticides for malaria vector control. In anticipation 
of SumiShield™ 50WG (November, 2017) and Fludora 
Fusion™ WP-SB (December, 2018) receiving WHO PQ 
listing, PMI VectorLink entomologists and partners col-
lected baseline data to determine vector susceptibility 
status to clothianidin. Each of the 16 countries conducted 
testing in at least one location using field collected 
Anopheles mosquitoes along with an insectary reared 
susceptible strain. Figure 1 shows the location of sites in 

Fig. 1 Locations in West and Central Africa where clothianidin susceptibility testing was conducted in 2016–17
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West and Central Africa and Fig.  2 shows sites in East 
and Southern Africa where clothianidin susceptibility 
bioassays were conducted.

Preparation of insecticide‑treated papers
Insecticide susceptibility tests are normally conducted 
using pre-treated filter papers that are prepared by a 
WHO collaborating institution (Universiti Sains, Malay-
sia) and distributed to field sites [26]. Diagnostic doses are 
determined by WHO through testing of multiple mos-
quito species in different countries. However, as of 2019 
there was no published guidance from WHO regarding 
clothianidin susceptibility test procedures or diagnos-
tic concentrations. Therefore, a protocol was developed 
and optimized by Sumitomo Chemical Company (SCC). 
SCC conducted WHO cylinder tests to determine a 

suitable solvent and diagnostic dose for clothianidin sus-
ceptibility tests. A dose range of 0.125%, 0.25%, 0.5%, 1%, 
2% and 4% w/v (weight per volume) clothianidin active 
ingredient were tested in WHO cylinder tests against 6 
insectary strains of An. gambiae and Anopheles arabien-
sis. Acetone, hexane and water were tested as solvents. 
Results showed that both hexane and water were suitable 
solvents (poor results were obtained using acetone) for 
evaluating clothianidin in WHO cylinder tests and that 
1% w/v clothianidin provided 100% mortality against all 6 
strains (including pyrethroid resistant strains). The same 
result was observed using either technical grade clothia-
nidin or formulated SumiShield™ 50WG. The diagnostic 
dose was set at 2% w/v clothianidin (i.e. twice the mini-
mum dose that killed 100%), with water or hexane as 
suitable solvents (Ohashi, pers. commun.).

Therefore, in each site, filter papers were treated in situ 
with 2% w/v clothianidin (equivalent of 734  mg/m2), by 
treating each filter paper with 26.4  mg of SumiShield™ 
50WG, diluted in distilled water. SumiShield™ 50WG 
was used instead of technical grade material, due to avail-
ability of formulated product. However, a limitation of 
using formulated material is greater batch-to-batch vari-
ation than technical grade active ingredient. Whatman 
filter papers (grade 1) were cut to 12 cm by 15 cm to be 
the same size as WHO filter papers used in tube tests. 
An insecticide solution was prepared by adding 264 mg 
of SumiShield™ 50WG granules to 20 ml distilled water 
in a Falcon™ tube and shaking until fully dissolved. The 
filter paper was supported on a bed of nails (which were 
hammered into a piece of wood at equal heights) during 
insecticide application, to allow for even absorption into 
the filter paper. A pipette was used to transfer 2  ml of 
insecticide solution evenly onto the filter paper by care-
fully dispensing rows of droplets until there were no dry 
sections of the filter paper at a target dosage of 13.2 mg/
active ingredient per paper (see video [27]). Treated filter 
papers were left in a dark cupboard to dry overnight. As 
the stability of SumiShield™ 50WG on filter papers has 
not been established, all tests were conducted within 24 h 
of treating the papers.

Insecticide susceptibility tests
Insecticide susceptibility tests were conducted accord-
ing to established WHO protocols, with modifications 
made to the holding period [26]. In general, a total of 100 
(depending on availability) An. gambiae s.l. or Anopheles 
funestus s.l. were exposed for 60  min in 4 replicates of 
25 mosquitoes, with an additional 1 or 2 replicates of 25 
mosquitoes used for the negative control (paper treated 
with distilled water). Results for the negative control bio-
assays are presented in supplementary file 1. After expo-
sure, mosquitoes were transferred to clean holding tubes 

Fig. 2 Locations in East and Southern Africa where clothianidin 
susceptibility testing was conducted in 2016–17
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and provided with sugar solution. Mortality was recorded 
every 24  h after exposure for a maximum of 7  days, or 
until 100% mortality was reached. Tests were conducted 
in the morning and holding conditions were intended to 
be within WHO guidelines of 27  °C ± 2  °C and relative 
humidity of 75% ± 20%. Temperature and humidity were 
monitored, however, in most cases could not be accu-
rately controlled, as tests with wild collected mosquitoes 
were generally conducted under field conditions. A sum-
mary of max/min temperature and humidity is available 
as Additional file 1: Table S1.

Mosquito species tested
Tests were conducted using insectary-reared susceptible 
Anopheles as well as wild collected malaria vector spe-
cies. Insectary-reared mosquitoes included susceptible 
An. gambiae sensu stricto (s.s.) Kisumu (Burkina Faso, 
Burundi, Ghana, Nigeria, Tanzania, Uganda, Zambia), 
Anopheles coluzzii Yaoundé (DR Congo, Mali, Senegal) 
and An. arabiensis KGB (Ethiopia and Zimbabwe), based 
on previous molecular analysis as part of routine insec-
tary colony checks. Insectary colonies were not tested in 
Kenya, Liberia, Madagascar, and Mozambique.

Larval collections were made at various times between 
September 2016 and December 2017 for each study site 
using larval dippers. Larvae were subsequently trans-
ported to a field insectary for rearing, usually using field 
collected water, with larvae fed using  Tetramin® fish 
food. Emerging adult mosquitoes were provided with 
sugar solution until they were used in insecticide suscep-
tibility tests when aged 2 to 5 days. Wild Anopheles were 
identified morphologically as An. gambiae s.l. in 14 of 16 

countries, and wild caught  F0 An. funestus s.l. adults of 
unknown age were tested in Mozambique and Zambia. 
Molecular species analysis of wild mosquitoes tested was 
not conducted.

Data analysis
Insecticide susceptibility results were presented as per-
centage mortality every 24  h after bioassay exposure 
for a maximum of 7  days. If negative control mortality 
was greater than 20%, the data was discarded and tests 
repeated. Control mortality results are presented for all 
tests in Additional file  1: Table  S2. WHO criteria were 
used for interpretation, with 98–100% mortality indicat-
ing susceptibility; 90–97% indicating possible resistance, 
with resistance genes to be confirmed; and mortal-
ity < 90% indicating resistance [28]. PoloPlus (LeOra Soft-
ware) was used to conduct probit analysis on the 
logarithmic scale to calculate the time taken for a fixed 
concentration of clothianidin to kill a defined proportion 
of insects, known as lethal time (LT). For example, the 
 LT50 is the lethal time predicted for 50% mortality to be 
reached.

Results
Tests with insectary‑reared susceptible Anopheles colonies
Results are presented in Fig.  3 for 12 countries where 
clothianidin susceptibility testing was conducted using 
insectary reared susceptible colonies. Figure  4a rep-
resents results for the median, mean and interquartile 
range for 60  min knock-down and mortality every 24  h 
for 7 days after exposure. Knock-down proportions were 
generally low, in most cases < 20% after 60  min (Figs.  3, 

Fig. 3 Percentage mortality of insectary reared susceptible An. gambiae, An. coluzzii, and An. arabiensis following 60 min exposure to clothianidin 
treated filter papers in WHO tubes in 12 countries
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4a). There was large variation in mortality rates 24 h after 
exposure, ranging from as low as 20% and reaching 100%. 
The interquartile range at 24 h was between 48 and 79% 
(Fig.  4a). Three days after exposure the vast majority of 
mortality had taken place, with an interquartile range of 
90–100% (Fig. 4a). Between 4 and 7 days after exposure 
any increase in mortality was relatively low. However, in 
many cases holding for 7 days increased mortality up to 
100%. Overall, 100% mortality was reached in all tests 
(except for 98% in Uganda) 7 days after exposure (Fig. 3).

Tests with wild  F1 An. gambiae s.l. and  F0 An. funestus s.l
Figure 4b represents results for the median, mean and 
interquartile range with wild Anopheles from 16 coun-
tries. More detailed results are presented by site in 
Fig.  5 for sites located in west and central Africa and 
in Fig. 6 for sites located in East and Southern Africa. 
Overall, 11 out of 16 countries reported > 98% mortal-
ity in all sites tested, within 7  days of exposure, indi-
cating susceptibility. Mortality at 7  days was 95% in 
Bandiagara in Mali, but in neighbouring districts of 

Fig. 4 Box and whisker plot showing median and mean mortality and interquartile range following 60 min exposure to clothianidin treated filter 
papers in WHO tubes for: a Insectary reared susceptible Anopheles (combined data for An. gambiae, An. arabiensis and An. coluzzii) from 12 countries, 
and b wild collected Anopheles (combined data for An. gambiae s.l. and An. funestus s.l.) from 16 countries
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Fig. 5 Percentage mortality of wild  F1 An. gambiae s.l. from sites in West and Central Africa following 60 min exposure to clothianidin treated filter 
papers in WHO tubes

Fig. 6 Percentage mortality of wild  F0 An. funestus s.l. (Mozambique and Zambia) and  F1 An. gambiae s.l. from sites in East and Southern Africa 
following 60 min exposure to clothianidin treated filter papers in WHO tubes
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Mopti Region (Bankass, Mopti, Djenné) mortality was 
100%. In Dakar, Senegal mortality only reached 96% 
after 7  days. Mortality after 7  days in Tororo Region 
of Uganda varied, with a minimum of 91% mortality in 
Awanya, but 100% in Nagongera. While in Kumbungu 
Region of Ghana, 98% mortality was reached in Gbul-
lung, but only 89% in Kumbungu town after 7 days. In 
Zambia, mortality for An. funestus s.l. was 94% in Miy-
ambo and 87% in Shitambulli after 7 days.

Results of probit analysis for wild collected Anopheles 
and insectary reared susceptible mosquitoes produced 
similar results, with a non-linear trend showing that 
the majority of mortality occurred within the first 24 h 
and 90% of mortality was estimated to take place 72 h 
after exposure (Fig.  7). There was minimal increase in 
mortality between 3 and 7 days after exposure.

Repeat tests in sites where possible resistance 
was detected
Susceptibility tests were repeated several months later, 
in some sites where possible resistance to clothianidin 
was recorded in the first round of tests. Repeated tests 
of wild An. funestus s.l. in Miyambo and Shitambulli vil-
lages, Zambia produced 100% mortality within 3 days of 
exposure (Fig. 8). Tests done in parallel with an insectary 

strain of An. gambiae Kisumu also produced 100% 
mortality but in a faster time, within 1 day of exposure. 
It should be noted that in the first tests where possible 
resistance was recorded in wild An. funestus s.l., the An. 
gambiae Kisumu strain was killed more slowly than in 
the repeat tests, with 100% mortality only reached 5 days 
after exposure. This may indicate differences in dos-
ing between the filter papers used in the first and repeat 
tests. Repeat tests conducted in Ghana in December 2017 
produced 96% mortality in Kumbungu and 100% mortal-
ity in Gbullung, compared to 89% and 98% respectively in 
the first round of tests. Parallel tests conducted in both 
villages with the An. gambiae Kisumu insectary strain 
were consistent and provided 99–100% mortality for the 
first and repeat tests.

Discussion
Susceptibility bioassays conducted with insectary and 
wild Anopheles species confirmed that clothianidin is a 
relatively slow-acting insecticide, at the concentration 
tested, unlike other neurotoxic insecticides such as pyre-
throids, organophosphates, carbamates and organochlo-
rines. Generally more than 90% of clothianidin-induced 
mortality occurred within 72  h of exposure, however, 
7 days was often required to reach 100% mortality. While 

Fig. 7 Probit analysis used to estimate the holding time, after 60 min exposure to a fixed concentration of 13.2 mg clothianidin active ingredient 
per paper, expected to result in 25, 50, 70, 80, 90 and 95% mortality
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standard WHO susceptibility bioassays have a holding 
period of 24 h after exposure, it was necessary to record 
delayed mortality for up to 7  days for clothianidin sus-
ceptibility tests. This creates greater demands on field 
entomology teams to keep control mortality below 20% 
for 7 days and also increases cost, as more time is spent 
in the field.

Full susceptibility was recorded with all susceptible 
insectary strains and > 98% mortality for wild Anoph-
eles at all sites in 11 out of 16 countries. However, tests 
in at least 1 site in 5 countries produced mortality < 98%, 
which could potentially be a sign of existing clothianidin 
resistance. A more likely explanation is that the diagnos-
tic dose protocol needs further testing and modification. 
Normally, the WHO diagnostic concentration is twice 
the lowest concentration that gives systematically 100% 
mortality, in order to avoid false reporting of resistance. 
In this case the diagnostic dose killed 100% of insectary 
strains but may have been too low to prevent false detec-
tion of resistance. Inbreeding over a period of several 
decades generally reduces the overall fitness of reference 
insectary strains [29]. Therefore, slightly lower levels of 
mortality when testing wild An. gambiae s.l. is expected 
and does not necessarily represent evidence of true 
resistance. Indeed, repeat testing in Ghana and Zambia, 

where possible resistance was detected, subsequently 
showed 100% mortality in 3 sites. This highlights the 
need to repeat bioassays to confirm resistance, particu-
larly when insecticide-treated papers are being self-pre-
pared and especially when resistance is being reported 
for the first time. It was also useful to test an insectary 
strain in parallel, using the same treated filter papers, as 
a way to determine whether self-dosing of papers was a 
potential issue. In Kumbungu, Ghana, parallel testing 
with a susceptible insectary strain produced 100% mor-
tality, while mortality was only 89% and 96% in 2 tests 
with wild An. gambiae s.l. This may be an early indication 
of clothianidin resistance, but should be confirmed with 
further bioassays.

Insecticide selection pressure from agriculture is gen-
erally regarded as an important early driver of insecticide 
resistance in malaria vectors [30, 31]. According to the 
Insecticide Resistance Action Committee (IRAC), neoni-
cotinoid resistance has been reported to at least 12 spe-
cies of crop pest due to agricultural use in Asia, Europe 
and North America, with increased expression of various 
P450 genes implicated in several species [32–34]. Neo-
nicotinoids are undoubtedly becoming more widely uti-
lized for agricultural pest control in Africa. While usage 
statistics from sub-Saharan Africa are scanty, in 2018, 

Fig. 8 Percentage mortality of wild F1 An. gambiae s.l. and insectary reared An. gambiae (Kisumu) following 60 min exposure to clothianidin treated 
filter papers in WHO tubes, from repeated tests for sites in Zambia and Ghana
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there were a reported 45 neonicotinoid products regis-
tered in Cameroon (covering 4 types of neonicotinoid), 
133 products registered in Tanzania (including 6 types), 
and > 70 products in Côte d’Ivoire for use against pests 
of cocoa, cotton, bananas, coffee and tomatoes [35–37]. 
Neonicotinoids are highly water soluble and can persist 
for months in aerobic soil, therefore making contami-
nation of local water surfaces following agricultural use 
highly likely. Neonicotinoid residues were found to be a 
common occurrence in puddles located in maize fields 
with neonicotinoid seed treatment [38]. Such contamina-
tion of water sources may represent an important source 
of mosquito larval selection for neonicotinoid resistance 
in the future and should be monitored.

SumiShield™ 50WG received WHO PQ listing in 2017 
and Fludora Fusion™ WP-SB in 2018. However, before 
these products can be used for IRS it is essential for base-
line susceptibility testing to be conducted to ensure there 
is no existing resistance, either from agricultural use or 
cross-resistance through existing mechanisms. In a time 
where new insecticides for rotation strategies are des-
perately needed, it is vitally important for the WHO to 
implement timely multi-center studies to determine sus-
ceptibility protocols for new active ingredients so that 
guidance can be issued at the same time as a formula-
tion receives PQ listing. A lack of susceptibility protocols 
for new active ingredients can result in delayed uptake 
due to NMCP (National Malaria Control Programme) 
or donor reluctance to utilize products where resistance 
monitoring can’t be effectively conducted.

Conclusion
The protocol used in this study can serve as an interim 
diagnostic dose for determining susceptibility status, 
until the WHO completes multi-center studies to develop 
a suitable solvent system for bottle bioassays of neonico-
tinoids. However, the results obtained in our study show 
that more work is needed to determine a definitive diag-
nostic dose that can detect phenotypic resistance with-
out resulting in overestimation of resistance. Results 
from this baseline study have shown no strong evidence 
for existing resistance to clothianidin in 16 countries in 
sub-Saharan Africa, including mosquitoes with multiple 
resistance mechanisms to pyrethroids, carbamates and 
organophosphates.

Additional file

Additional file 1. Maximum and minimum temperature (°C) and relative 
humidity (%RH) during the 60 minutes testing and up to 7 day holding 
period & % Mortality of mosquitoes tested with the negative control 
(WHO papers treated with 2ml of distilled water) for up to 7 days after 
bioassay.
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