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Abstract

Background A dramatic malaria resurgence occurred in areas of Uganda between 2020 and 2022, coinciding

with the switch to clothianidin-based formulations for indoor residual spraying. During the resurgence, Anopheles
funestus sensu lato (s.l.) numbers increased more than those of Anopheles gambiae s.l, but when an alternative insecti-
cide, pirimiphos-methyl, was reintroduced in 2023, both malaria cases and An. funestus mosquito density fell.

Methods In this study, we investigated possible causes of the resurgence by assessing (1) whether sufficient quanti-
ties of insecticide were sprayed, (2) the residual insecticide bio-efficacy against wild mosquitoes, and (3) the insecti-
cide susceptibility of both key vector populations using standard test tube assays and wall cone assays.

Results In 2023, after adjusting for extraction efficiency, 70-80% of the houses had optimal residual concentrations
of insecticides (clothianidin > 0.3g/m?; pirimiphos-methyl > 0.5g/m?), with significant variations between sampling
rounds and wall types. Mud walls had the lowest residual concentration of insecticides, and the lowest observed
mortality in wall cone assays, compared to burnt bricks with plaster/cement/paint. In the studies of residual bio-
efficacy, by World Health Organization (WHO) definitions, An. funestus s.I. showed resistance to clothianidin (<80%
mortality) up to 11 months, and susceptibility to pirimiphos-methyl (> 90% mortality) when exposed to wall surfaces
up to 7 months post-spray. In WHO tube tests, variations were observed in susceptibility to clothianidin in An. funestus
s.l. populations using dose— and time-response assays (80-98% mortality). In 2022, An. gambiae s.|. was largely sus-
ceptible to the clothianidin-based formulation Sumishield (85-90% mortality), although the levels dropped slightly

in 2023 (60-85% mortality), mainly in mud and pole houses. In contrast, An. gambiae s.I. was highly susceptible
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with mild tolerance to the pirimiphos-methyl-based formulation Actellic (~80% mortality), and time-response assays
showed that An. gambiae s.|. populations had very low knockdown and mortality at lower exposure time compared
to An. funestus s.|. Regression models showed a positive association between residual insecticide concentration (RIC)
and mortality in houses sprayed with Sumishield but not Actellic houses.

Conclusions Despite the possible variations observed in spray operations, the study revealed that An. funestus s.l.
exhibited a higher tolerance to clothianidin-based formulations compared to An. gambiae s.l, and this might have
driven the malaria resurgence observed in Uganda. However, there are signals of An. gambiae s.l. resistance to pirimi-
phos-methyl, which will require further investigation and monitoring.

Keywords Indoor residual spraying, Sumishield 50WG, Actellic 300CS, Clothianidin, Pirimiphos-methyl, Anopheles

funestus, Anopheles gambiae, Malaria resurgence, Tolerance

Background

Malaria control and elimination campaigns have largely
relied on vector control interventions, especially in high
transmission areas, mainly through long-lasting insecti-
cidal nets (LLINs) and indoor residual spraying (IRS), and
also the contribution of artemisinin-based combination
therapies (ACTs) [1]. Historically, IRS has played a vital
role in campaigns aimed at eliminating malaria, but its
use in sub-Saharan Africa has been limited due to scarce
logistical resources [2]. Until recently, IRS has relied on
a limited range of insecticides, namely organochlorines,
pyrethroids, carbamates, and organophosphates [3].
More recently, the World Health Organization (WHO)
has approved new classes of insecticides such as neo-
nicotinoids (e.g., clothianidin) and pyrroles (e.g., chlor-
fenapyr) [4] which have provided a needed expansion of
the armamentarium. In Uganda, IRS has focused on high
transmission zones since 2009, using a diverse array of
formulations starting with carbamates (bendiocarb) and
then moving to the organophosphate Actellic®300CS
(referred to herein as Actellic)—containing pirimiphos-
methyl [5]. In 2020-2022, Uganda switched to clothi-
anidin-based formulations: Fludora®Fusion (referred
to herein as Fludora Fusion) and Sumishield®50WG
(referred to herein as Sumishield). Clothianidin is a neo-
nicotinoid with low mammalian toxicity, primarily used
against insects of agricultural and veterinary importance
[6]. The mode of action of neonicotinoids is to target the
nicotinic acetylcholine receptor (nAChR) in the insect
central nervous system [7]. Sumishield has only clothia-
nidin as the active ingredient, while Fludora Fusion com-
bines clothianidin with a pyrethroid—deltamethrin. An
experimental hut trial in Benin showed that clothianidin
in combination with deltamethrin induced high, long-
lasting mosquito mortality [8], although the impact on
clinical malaria indicators was not measured. In a survey
of 16 countries, including Uganda, before the widespread
use of clothianidin-based formulations for IRS, Anopheles
vectors were largely susceptible to clothianidin [9]. How-
ever, clothianidin resistance has recently been reported

in Cameroon (2019-2020) in Anopheles gambiae sensu
stricto (s.s.) populations [10], which contrasts with the
susceptibility largely observed in Anopheles funestus
[11]. Therefore, it was predicted that clothianidin-based
formulations would be effective for IRS in Uganda. How-
ever, a resurgence in malaria burden occurred following
a change to clothianidin-based IRS (cIRS) in five dis-
tricts of Uganda [12]. Our team continued to monitor
this trend in a cohort of households from one of these
districts (Tororo), where malaria incidence increased
more than eight-fold (0.36 vs. 2.97 episodes per person-
year, P<0.0001) from 2021 to 2022, concomitantly with
the emergence of An. funestus as the dominant vector
[5], in a district like Tororo, where An. gambiae s.l. has
been the dominant vector [13—15]. Furthermore, when
the programme switched back to pirimiphos-methyl IRS
(pIRS) in 2023, there was a marked decrease in malaria
incidence, coinciding with a decrease in An. funestus
vector density [5]. For this study, we conducted a 2-year
longitudinal survey (2022-2023) to investigate potential
causes of the resurgence, with the hypotheses that the
increase in malaria cases was at least partially due to (1)
sub-optimal insecticide deployment and/or (2) emergent
physiological or behavioural resistance to clothianidin in
the primary malaria vectors.

Methods

Study setting, characteristics of households, and vector
control interventions

The study was conducted in Tororo district, where IRS
has been conducted at least annually since 2014, and
in Busia, a contiguous district, where IRS has never
been deployed (Fig. 1A). A total of 60 households from
Tororo and 15 households from Busia (Fig. 1B), selected
at random during the parent study, were included in this
study and enrolled in the PRISM Border Cohort parent
study [5]. The study was conducted in Tororo and Busia
because the PRISM and Border Cohort studies, monitor-
ing both vector and malaria cases, have been conducted
since 2011. Tororo is the intervention (IRS) district, while
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Fig. 1 Location and number of households enrolled in the study. Map showing the location of study sites in Tororo and Busia districts (A)
and distribution of the number of houses sprayed with either Sumishield or Actellic in 2022 and 2023, together with control houses from Busia

district included in this study (B)

Busia is the non-intervention/control (non-IRS) district.
Both districts are dominated by both An. gambiae s.1.
(referred to herein as An. gambiae) and An. funestus s.l.
(referred to herein as An. funestus) malaria vectors, with
relative abundance in Tororo affected by IRS operations

[13, 16]. Household characteristics were recorded includ-
ing the type of walls of the house (Table 1). The history
of IRS campaigns has been fully described elsewhere [5].
In this study, we focus on the period 2020-2023, captur-
ing the period when our team began monitoring malaria

Table 1 Summary of house characteristics from the total number of households enrolled in the study from Tororo district

No. Wall type Total Sprayed Actellic®300CS Sumishield®50WG Unsprayed
2022 RS Tororo
1 Mud and poles 34 31 0 31 3
2 Burnt bricks with plaster-cement 23 17 0 17 6
3 Burnt bricks with mud 3 3 0 3 0
4 Burnt bricks with plaster-only 0 0 0 0 0
5 Burnt bricks with plaster-painted 0 0 0 0 0
Total number of houses 60 51 0 51 9
2022/23 Busia (non-IRS)
1 Burnt bricks with plaster-cement 6 0 0 6
2 Mud or unburnt bricks 9 0 0 9
Total number of houses 15 0 15
2023 IRS Tororo
1 Mud and poles 32 32 24 8 0
2 Burnt bricks with plaster-cement 22 21 20 1 1
3 Burnt bricks with mud 3 3 3 0 0
4 Burnt bricks with plaster-only 2 1 1 0 1
5 Burnt bricks with plaster-painted 1 1 1 0 0
Total number of houses 60 58 49 9 2
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case trends and observed the resurgence [12]. This study,
however, was conducted in 2022 and 2023 during the
resurgence. Briefly, Fludora Fusion (clothianidin plus
deltamethrin) was sprayed in March 2021, followed by
Sumishield (clothianidin alone) in March 2022, and then
a reversion to primarily Actellic in March 2023, with a
few houses receiving Sumishield. In our study, 51 out of
60 houses were sprayed with Sumishield in 2022, while
in 2023, nine out of 60 houses were sprayed with Sum-
ishield and 49 out of 60 houses were sprayed with Actel-
lic (Table 1, Fig. 1B). Whilst we followed the same 60
households throughout the study, home improvements
resulted in some households moving between catego-
ries in Table 1. The study also included Mayuge district,
another non-IRS district, in 2023, specifically for obtain-
ing indoor blood-fed female Anopheles mosquitoes, in
particular An. funestus, for producing first filial genera-
tion progeny (Fls) for WHO bioassays. Major malaria
vectors from Busia and Mayuge districts have been
shown to have a similar insecticide resistance profile [17].

Mosquito strains, collections, and rearing

Anopheles gambiae mosquitoes

In 2022, we used a combination of field mosquitoes
raised from collected larvae (F0), the BusiaUg colony (A#.
gambiae s.s.) that had been maintained in Nagongera
insectary without selection, and the susceptible Kisumu
lab strain (An. gambiae s.s.) as a control. For mosquitoes
collected from the field, we prioritised the use of adult
females derived from larvae collected from breeding sites
surrounding houses in areas where IRS was conducted.
Molecular species identification on a sample of the adults
raised revealed that most were Amnopheles arabiensis
(55.4%) or An. gambiae s.s. (35.8%), with 8.8% being non-
amplified samples. The FO mosquitoes were fully suscep-
tible to clothianidin (Supplementary Fig. 1). The BusiaUg
colony was used for wall bioassay experiments when
larval breeding sites were dry in August 2022 and Janu-
ary 2023. The BusiaUg colony was established in 2019
[18] and maintained in the Nagongera, Tororo insectary
without insecticide selection. Insecticide resistance char-
acterisation showed that the unselected BusiaUg strain
was resistant to deltamethrin (Supplementary Fig. 1).
The Kisumu strain is from western Kenya and is gener-
ally susceptible to all insecticides, but some tolerance to
DDT has been reported [19]. However, the Kisumu strain
maintained at the Nagongera insectary was found to be
resistant to deltamethrin, permethrin, and DDT, prob-
ably because of colony contamination from wild mos-
quitoes (Supplementary Fig. 1). The Kisumu strain was
used as the control strain for this study. In 2023, we used
a combination of field mosquitoes raised from collected
larvae (F0), adult female mosquitoes (Fls) raised from
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indoor resting collections using an electric Prokopack
aspirator from the neighbouring district of Mayuge, and
the Kisumu lab strain as in 2022. Similarly, we prioritised
the use of females derived from field-collected larvae
from the same breeding sites as in 2022 but used adult
female (F1) mosquitoes when larval breeding sites were
limited.

Anopheles funestus mosquitoes

In 2022, An. funestus mosquitoes were obtained from
indoor resting collections from Busia district and used to
raise F1s for experiments. In 2023, most of the collected
An. funestus mosquitoes from Busia showed very low
oviposition rates with very high larval mortality, and after
several attempts, we opted to collect mosquitoes from
Mayuge district (see Fig. 1A).

Mosquito rearing

For raising the F1 progeny, blood-fed indoor-resting
mosquitoes were collected and kept for 3—4 days on 10%
sugar solution until gravid, and then made to lay eggs by
forced egg laying [20]. Harvested eggs were then floated
in water to hatch into larvae. All mosquito larvae and
rearing were done under standard insectary conditions at
a temperature between 24 and 28 °C with 70—90% relative
humidity and under an approximate 12:12 photoperiod.
Mosquito larvae were reared in larval trays and fed on
larval food ad libitum. For An. funestus, larval water was
changed every 3—4 days until pupation. Emerged adults
were kept in BugDorm cages while being given 10% sugar
solution for 3-10 days before wall cone bioassays and
3-5 days for WHO tube and Centers for Disease Control
and Prevention (CDC) bottle assays. The increased age
range for wall cone assays was to synchronise rearing and
adult emergence but also to capture both old and young
mosquitoes as described previously [21], mimicking the
scenario in the field.

WHO wall cone bioassays

Cone bioassays on wall surfaces were conducted fol-
lowing IRS applications in March 2022 and March 2023
(Table 1) using a standardised WHO protocol [22]. For
the 2022 period, An. gambiae exposures were done in
July, August, September, and January 2023. However, due
to difficulties in rearing, An. funestus was only exposed
in September 2022. For the 2023 period, An. gambiae
exposures were done every 2 months from April 2023
to February 2024. Similarly, due to challenges in rearing
sufficient numbers of An. funestus, we could only expose
them at three time points: September 2023, Novem-
ber 2023, and January 2024. Briefly, following the WHO
methodology, cones were placed on house walls for each
household, at three heights, approximately top, middle,
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and bottom. To control for non-insecticide-induced mor-
tality, an additional unexposed control cone was fixed
to a wall but with a barrier of paperboard to prevent
mosquitoes from directly contacting the wall. Four- to
10-day-old female mosquitoes were used for the tests.
Field mosquitoes were exposed at the top, middle and
bottom, while the Kisumu strain and control cone were
exposed only at the middle position due to numbers
needed (illustrated in Supplementary Fig. 2). Mosquitoes
were aspirated into the plastic cones in batches of 10 and
left exposed on the sprayed surface for 30 min. At the
end of the 30-min exposure period, the mosquitoes were
carefully collected and transferred to paper cups and pro-
vided with 10% sugar solution. One hour after removal
from the wall, knockdown (KD) rates were recorded, and
the final mortality was recorded after a 24-h post-expo-
sure holding period for Actellic and 48 h for Sumishield,
given the delayed mortality expected for slower-acting
neonicotinoids [23]. As a quality control, we performed
similar experiments in 15 houses from Busia district that
have never received IRS.

High-performance liquid chromatography (HPLC) analysis
Sampling insecticide quantities on walls

We sampled insecticide on walls at the same time wall
cone bioassays were conducted. In 2022, we were una-
ble to sample at the same time as the cIRS was deployed
and sampled from the middle part of the bedroom wall
only, where four Bostik glue discs were placed around
the cone, and the insecticide sampled as described in the
supplementary section (Supplementary File 1). For each
household, one sample was taken at 4, 5, and 7 months
post-spray, giving a total of 180 samples comprising Sum-
ishield-sprayed houses (n=51) and unsprayed houses
(n=9). In 2023, sampling was done both at the time of
spraying and post-spray from both the living room and
bedroom. During the spray operations, to enable calcula-
tion of extraction efficiency, three Whatman filter papers
were stuck on the upper, middle, and lower parts of the
house walls in the living room and bedroom. After the
spray operation, filter papers were removed, and residual
insecticide was sampled from around the same area using
four Bostik extra-adhesive glue dots. Extra-adhesive glue
dots were used in 2023 to better sample the micro-encap-
sulated pirimiphos-methyl insecticide during Actellic
spraying, as done previously [24]. The four glue dots were
then carefully removed and stored following the proto-
col described in the supplementary section (Supplemen-
tary File 2). For each household, samples were taken at 0
and 3 months post-spray for Actellic (n=49), Sumishield
(n=9), and unsprayed houses (n=2). The filter papers
and glue dots were stored at 4 °C before shipping to the
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Liverpool School of Tropical Medicine (LSTM) for HPLC
analysis.

HPLC analysis
The analytical standard for pirimiphos-methyl (94.2%)
was purchased from Chem Service (USA). The stand-
ard for clothianidin (98%) and the internal standard
dicyclohexyl phthalate (DCP; 99%) were obtained from
Sigma-Aldrich (UK). HPLC-grade acetone (>99.8%), ace-
tonitrile (>99.9%), and deionised water were obtained
from Fisher Scientific. Filter paper and glue dot samples
were prepared for analysis using a 0.635-cm (%-inch)
diameter hole punch. For the filter paper samples, 12
circles were cut out, providing a consistent total surface
area of 15.201 cm? for each sample. Glue dot samples
consisted of a plastic strip with four glue dots attached
to filter paper. Each glue dot was cut out using the hole
punch, resulting in a total sample surface area of 4.6 cm?.
Where the glue dot was misshapen and the hole punch
could not make a clear incision, scissors were used to cut
around the glue dot. Once cut out, the samples were then
placed into 10-ml glass extraction tubes. The extraction
solution was prepared by dissolving 100 pg/ml of DCP in
acetone. A 5-ml aliquot of this solution was pipetted into
each extraction tube. The tubes were then sealed with tin
foil and capped. Filter paper and glue dot samples were
sonicated at ambient temperature for 30 min and 60
min, respectively, using an Ultrawave U Series sonicator.
Laboratory-optimised protocol requires glue dot sam-
ples to undergo a 60-min sonication because the residual
insecticide is encased within a filter paper and a plas-
tic strip. This causes glue dots to have higher substrate
retention than filter papers, which allows insecticide
residue to be fully exposed to the extraction solution.
Following this, 1 ml of the sonicated solution was trans-
ferred into a new 10-ml glass tube, and the solvent was
evaporated to dryness using a Techne Dri-Block (Cam-
lab, UK) under compressed air at 60 °C. Each evaporated
sample was resuspended in 1 ml of acetonitrile and vor-
texed for 1 min at 2500—-3000 rpm. The vortexed samples
were poured into 1.5-ml Eppendorf tubes and centri-
fuged at 13,000 rpm for 15 min at ambient temperature.
An aliquot of 80 pl of the supernatant was pipetted into
a Chromacol 300-ul glass vial (Thermo Scientific, UK),
ready for HPLC analysis. HPLC analysis was performed
using a Dionex UltiMate 3000 comprising an autosam-
pler, quaternary pump, and variable-wavelength detector
(Thermo Scientific, UK). A 250 mm X 4.6 mm HPLC col-
umn (Thermo Scientific Hypersil GOLD C,;) was used
for both active ingredients (Supplementary Table 1).
Following HPLC analysis, the chromatograms were
analysed using Chromeleon 7.3 software. The active
ingredient concentrations were determined using
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standard curves created from known concentrations
of analytical standards for both pirimiphos-methyl and
clothianidin. The quantified insecticide levels were cor-
rected against the internal standard (DCP) peak areas
to account for any minor concentration changes in
samples during the extraction process. The values were
then adjusted for the 1-in-5 dilution.

The concentration of active ingredient in each sample
was calculated as follows (where C; is the concentra-
tion of active ingredient in micrograms per sample, A
is the peak area on the HPLC, § is the slope value from
the standard curve, F is the dilution factor, and P is the
DCP correction factor):

A
Co=—xFxP.
S

This value was then used to calculate the active ingre-
dient in g/m? (where C is the concentration of active
ingredient in g/m? C, is the concentration of active
ingredient in micrograms per sample, and R is the sur-
face area of the sample in square centimetres):

C.
C == +100.
R

Using a glue dot to extract active ingredient from a
wall is not 100% efficient. Therefore, the extraction effi-
ciency of this method must be calculated and factored
into final calculations. Extraction efficiency is defined
as the proportion of the total residual insecticide on
the surface that is recovered by the glue dot. This was
calculated by comparing glue dot samples with filter
paper samples that were sprayed with the same levels
of active ingredient. Since filter papers are expected to
retain 100% of the insecticide sprayed onto them, the
extraction efficiency of the glue dots can be calculated
by comparing their results to those of the filter papers.

Extraction efficiency was calculated as outlined below
(where E is extraction efficiency (%), G is the concen-
tration of active ingredient from a glue dot in g/m?, and
F, is the concentration of active ingredient from a filter
paper in g/m?):

G
E = —- x 100.
FP

The concentration of active ingredient in the glue dot
samples was then corrected for their extraction effi-
ciencies, to estimate the total residual insecticide on
the wall, as outlined below (where G, is the corrected
concentration of active ingredient from a glue dot in g/
m?, E is extraction efficiency (%), and G is the concen-
tration of active ingredient from a glue dot in g/m?):
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100
G.=— xG.
E
Where filter papers were provided for specific houses, the
specific extraction efficiency in that household was used.
For households with no filter paper sample provided, the
average extraction efficiency was used.

Temporal profiling of insecticide resistance

In 2023, we assessed insecticide resistance patterns to
pirimiphos-methyl and clothianidin using WHO tube
assays and WHO impregnated insecticide papers and
CDC bottle assays, respectively, as per published stand-
ard protocols [25]. We used collections from May 2023,
August 2023, and November 2023. From the F1 progeny
of An. gambiae and An. funestus mosquitoes, 3- to 5-day-
old female mosquitoes were exposed at different times
(5, 15, 30, and 60 min) to both insecticides, i.e., clothiani-
din and pirimiphos-methyl, to produce a time-response
curve for each insecticide. Additionally, different doses of
clothianidin (1 pg, 2 pg, and 4 pg per CDC bottle) were
used to assess the dose—-response curve. After exposure,
1-h KD was recorded, and the post-exposure mortality
was recorded for 5 days for clothianidin to assess delayed
mortality, since 90% of the mortality occurs within 72 h
[9] and the standard 1 day for pirimiphos-methyl.

Data analysis
Data were transferred from the data recording sheets into
Excel. KD and mortality rates and insecticide residual
concentration were analysed and visualised in R software
(version 1.4.1106). A test for statistical significance was
performed depending on the variables being compared.
The bio-efficacy was assessed by looking at KD and mor-
tality rates. If the mortality rate was above 90%, the popu-
lation was considered mostly susceptible, while below
90% but temporally inconsistent it was considered toler-
ant. A comparison of means between KD and mortality
rates within the same year was performed using the one-
way analysis of variance (ANOVA) test. A comparison of
mean KD and mortality rates between the years and mos-
quito species in bioassays was performed using a ¢-test
for two independent population means. The wall sur-
faces were categorised as sub-optimal (concentration less
than 0.5 g/m? for Actellic and 0.3g/m? for Sumishield) as
described previously [24] and compared between months
of spray. Similarly, the residue insecticide concentra-
tion was averaged by household to determine how many
households received adequate or excessive amounts of
insecticides.

We used models to establish the relations between
mortality and insecticide concentration using R soft-
ware (version 1.4.1106). Pearson’s product-moment
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correlation was performed to assess the relationship in
the residual insecticide concentrations between the dif-
ferent months post-spray. A binomial logistic regression
analysis with logit link function was used to examine the
relationship between survivorship and residual insecti-
cide concentration as the predictor variable and house-
hold as a random effect to address potential clustering.
Additionally, the binomial logistic regression also exam-
ined the relationship between the occurrence of mortal-
ity against various predictors, including insecticide levels,
the type of wall material, mosquito strain, and months
post-spray. We then further used the Gaussian regres-
sion model with identity logLink to examine the relation-
ship between insecticide levels and different types of wall
materials. Lastly, we also ran the linear regression model
to examine the relationship between KD or mortality
rates and residual concentration of insecticides on the
walls.

Results

Concentration of IRS chemicals sprayed on walls of houses
in 2022 and 2023

To test the hypothesis that inadequate insecticide cover-
age contributed to the resurgence of malaria, we meas-
ured the concentration of IRS chemicals sprayed on the
walls of houses to determine whether recommended
application rates had been achieved. Given that we were
only able to control for extraction efficiency during the
2023 round, we will discuss these data first. During the
2023 IRS campaign, we took both filter paper and glue
dot samples during spraying (0 months) and 3 months
post-spray from both Sumishield and Actellic-sprayed
houses.

Evidence of sufficient amounts of clothianidin

and pirimiphos-methyl on house walls during the 2023 IRS
campaign

In Sumishield houses, results from the filter paper extrac-
tions showed that none of the houses achieved the target
dose (0.3 g/m?) (Supplementary Fig. 3A), with an aver-
age extraction efficiency from the glue dots of 61.27%
and limited variation between or within households
(variance=0.01). In Actellic houses, filter paper results
showed that over 85% of the households exceeded the
optimal levels of insecticide (0.5g/m?) (Supplemen-
tary Fig. 3B), with a low average extraction efficiency of
10.65% and an observed variation between the house-
holds (variance=1.27) but not within the households
from different rooms.

In Sumishield houses (n=9) during the 2023 Actel-
lic round, after adjusting for extraction efficiency, ~70%
of the surfaces had sub-optimal residual concentration
of clothianidin at 0 months post-spray. However, when
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samples were taken at 3 months, only ~10% of the sur-
faces had sub-optimal concentrations. More insecticide
was detected at 3 months than at 0 months post-spray
(P<0.001) (Fig. 2A). The cause of this difference is
unclear, but it could have been non-uniformity in the
spray operations, since different surfaces were sampled at
the different months, or technical error during sampling
in the field. Furthermore, the sample size of households
was too small, and these were all mud and pole houses.
In Actellic-sprayed houses (n=49), only ~25% of the
surfaces had sub-optimal concentrations of pirimiphos-
methyl at both 0 months and 3 months post-spray. Simi-
larly, more insecticide was detected at 3 months than at
0 months (P<0.001) (Fig. 2A). We compared the average
concentration of insecticides sprayed by wall type, room
location, and part of the wall. Consistently, “burnt bricks
with mud” walls had significantly higher concentrations
of insecticides than “mud and poles” walls (P=0.0078, at
0 months; P=0.0072, at 3 months) and “burnt bricks with
plaster-cement” walls at 3 months (P<0.001) (Fig. 2B).
There was no significant difference in insecticide con-
centration between “burnt bricks with plaster-cement”
walls and “mud and poles” walls at 0 months (P=0.686),
although the “mud and poles” walls had higher concen-
trations of insecticides at 3 months (P=0.0178), likely
due to variations in spray operations. We did not observe
any difference in concentrations of insecticides between
the living room and bedroom (Fig. 2C) and part of the
wall (Supplementary Fig. 4C) for both Sumishield and
Actellic houses.

Evidence of presence but not sufficient amounts

of clothianidin on house walls during the 2022 IRS campaign
During the 2022 Sumishield round, we took samples at
4,5, and 7 months post-spray. One major limitation
was that we could not take the samples at the time of
spraying and hence could not adjust for extraction effi-
ciency during the HPLC analysis. Our results showed
that most of the surfaces had clothianidin, but 50-70%
of these surfaces had concentrations <0.05 mg/m?
However, at all points of sampling, none of the surfaces
achieved the desired 0.3 g/m? optimal level of residual
insecticide as per the analysis, without adjusting for
extraction efficiency. There was no significant differ-
ence in clothianidin concentration between the months
of sampling post-spray, 4 and 5 months (P=0.216) and
5 and 6 months (P=0.327) (Fig. 3A). Additionally, we
compared the average concentration of insecticides
between wall types at the different months. There was a
significant difference in concentrations at 4 months and
5 months but not at 7 months. The “burnt bricks with
plaster-cement” walls had significantly higher concen-
trations of insecticides than “mud and poles” walls (4
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months; P=0.014, 5 months; P=0.009) but not when
compared to “burnt bricks with mud” walls. Similarly,
there was no significant difference in insecticide con-
centration between “mud and poles” walls and “burnt
bricks with mud” walls (P> 0.05) (Fig. 3B).

Trends in mosquito exposure to IRS chemicals on walls
of houses in 2022 and 2023

Anopheles funestus shows high tolerance

to clothianidin-based formulation while An. gambiae

is susceptible to the formulation sprayed on the walls
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in the 2022 IRS campaign

We assessed the bio-efficacy of the insecticides sprayed
on the walls against populations of both An. gambiae and
An. funestus in 2022 and 2023. In both years, the control
huts in Busia produced no KD or mortality (0% +0.5),
meaning that mortality observed in the wall cone assays
in Tororo was unlikely to be due to low quality of reared
individuals. In the first year (2022) when Sumishield was
used in Tororo district as an IRS formulation, very high
mortality rates (80-98%) were observed up to 10 months
post-spray in An. gambiae populations, including those
collected from the wild population (Fig. 4A). However,
mortality in wild An. funestus populations was much
lower. When compared in near-contemporary assays
(6—7 months), KD was significantly lower with An. funes-
tus compared to An. gambiae (7.3%+0.4 vs. 50.9% + 2.5,
P=0.00013) as well as 48-h mortality rates (76.1% + 3.8
vs. 98.2% + 4.9, P=0.00043) (Fig. 4B).

Anopheles funestus shows continued tolerance

to clothianidin-based formulation while An. gambiae shows
mild tolerance to pirimiphos-methyl sprayed on the walls

in the 2023 IRS campaign

In 2023, two IRS chemicals were sprayed, Sumishield
and Actellic. In Actellic-sprayed houses, the wild An.

A

100 100

Page 9 of 17

gambiae mosquitoes showed unexpectedly low KD
(below 40%) and mortality rates (below 80%) from
the first month up to the 12th month post-spray, with
a general trend of decreasing mortality in the later
months (Fig. 5A). Compared to the control strain
Kisumu, KD and mortality rates in wild An. gam-
biae mosquitoes were significantly higher (ANOVA;
F=6.85, df=9, P=0.031), meaning that the popula-
tion of An. gambiae might be mildly tolerant to Actel-
lic. When tested against Sumishield-sprayed houses,
wild population of An. gambiae showed higher KD
(60.2% + 15.54) and mortality rates (100% +0.5) at 1-2
months post-spray. Mortality remained above 80%
for up to 12 months, except at the 5-6-month time
point (59.1% +5.75) (Fig. 5B). These results indicate
that the An. gambiae population is largely suscepti-
ble to Sumishield. In contrast, wild An. funestus mos-
quitoes exposed to Actellic, whilst exhibiting lower
KD rates (below 40%), had very high mortality rates
up to 6-7-month post-spray (92.37% + 3.56), although
a marked decline was observed after this point (8-9
months; 60.29% +4.49 and 10-11 months; 51.62% +5.1)
(Fig. 6A). The high susceptibility of An. funestus popu-
lations to Actellic for up to 7 months contrasted with
the Sumishield experiments, where mortality rates
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houses (n=9) where exposure was done. Error bars indicate the standard error of the mean (SEM). The red dotted horizontal line is the 90%
mortality cut-off, below which is confirmed resistance
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throughout the months of observation were below 75%
compared to the control population Kisumu, which
had significantly higher mortality (ANOVA; F=38.82,
df=15, P=0.011) (Fig. 6B). Hence, the results show
that the wild population of An. funestus seems to dem-
onstrate high tolerance to Sumishield based on the
delayed mortality metric.

Variations in mortality rates between 2022 and 2023

in both malaria vectors

In Sumishield houses, An. funestus populations had
significantly lower mortality rates at both 24 h and 48
h than An. gambiae (Fig. 7). When we compared the
response to Sumishield in the same vector popula-
tions between years, in An. funestus, there was a sig-
nificant difference in mortality rates, with higher rates
observed in 2022 (average mortality=72.5%) than in
2023 (average mortality=64.3%) (P=0.016). In An.
gambiae populations, there was also a significant dif-
ference in mortality rates (48 h) at all months of com-
parison, with higher rates observed in 2022 than in
2023 (average mortality=91.5% vs. 79.4%, P<0.003)
(Fig. 7). The higher mortality rates in 2022 than in 2023
may reflect the greater diversity of wall types studied in
2022 (Table 1), given “mud and pole” walls (8 of 9 walls
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in 2023) were shown to have high insecticide retention
(above).

Differences in insecticide bio-efficacy influenced

by the material used to construct the house wall

We compared the differences in spray operation and pro-
vide an estimate of variance in mortality by house using
data from wild mosquitoes exposed to the different types
and parts of walls, selecting only An. gambiae popula-
tions since it had more data points. In 2022, there was
generally a significant difference in KD rates at most of
the months post-spray by wall type (P<0.05). The “burnt
bricks with mud” walls had slightly higher KD rates but
were very similar to “burnt bricks with plaster-cement”
walls, while the “mud and poles” walls had significantly
lower KD rates. However, when we compared mortality
rates, there was no significant difference (P>0.05) (Sup-
plementary Fig. 3A). Similarly, there was no significant
difference in KD or mortality rates considering the part
of the wall (P>0.05) (Supplementary Fig. 3B). Nota-
bly, the “burnt bricks with mud” walls had a very small
household sample size (7 =3). In 2023, we made the com-
parison using only Actellic houses, which was the main
IRS chemical. Looking at wall types, there was a notable
difference in KD rates, especially in the earlier months
(1-6 months post-spray). Again, the “burnt bricks with
mud” and “burnt bricks with plaster-cement” walls had
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significantly higher KD rates, especially at 1-2 months
(P<0.05) and 4—6 months (P<0.001), while “burnt bricks
with plaster-painted” and “mud and poles” walls gave
lower KD rates. Similarly, when we compared mortality
rates, “burnt bricks with mud” and “burnt bricks with
plaster-cement” walls generally gave higher mortality
rates at most of the months post-spray compared to “mud
and poles” walls (P<0.05), with minor variations includ-
ing in the “burnt bricks with plaster-painted” walls (Sup-
plementary Fig. 4A). Contrasting with 2022, there was a
significant difference in KD and mortality rates by part
of the wall in the later months post-spray (7—12 months).
The lower part of the wall had significantly lower KD
rates (P<0.05), except at 11-12 months post-spray, and
mortality rates (P<0.05) compared to the upper part
of the wall which had the highest rates (Supplementary
Fig. 4B).

Correlation analysis between insecticide wall content

and mortality

Table 2 summarises the correlations between insecticide
bio-efficacy and key outcome variables, showing varying
correlations between residual concentrations at different
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months, with no to moderate to strong associations in
some cases but limited predictive value overall. While
binomial logistic regression highlights significant positive
associations between insecticide levels and mortality in
2022, Actellic houses in 2023 showed an unexpected neg-
ative relationship, and linear regression results suggest
positive effects on KD and mortality in 2022 but mixed
results in 2023, particularly for Actellic houses.

Temporal monitoring of insecticide resistance

to clothianidin and pirimiphos-methyl

We used bioassays to assess the resistance profile of both
populations of An. gambiae and An. funestus to clothiani-
din and pirimiphos-methyl. The results revealed signifi-
cant temporal variations in the resistance profile.

Evidence of An. funestus showing resistance to clothianidin
while An. gambiae is susceptible

For clothianidin time—exposure assays (Fig. 8A), in May
2023, An. funestus showed very low KD rates, with no
KD recorded at lower exposure times (5 min, 10 min,
15 min) and rates below 20% recorded at 30 min (20%
+ 0.5) and 60 min (16.7% * 0.5). The mortality recorded

Table 2 Summary of correlation analysis between insecticide wall content and mortality using different models

Year IRShouse Model Variables Association Coefficient SE P-value
2022 Sumishield Pearson’s product-moment cor- 4 months post-spray vs. 5 months  Weak positive correlation r=0.07 - 0.0752
relation post-spray
2022 Sumishield Pearson’s product-moment cor- 5 months post-spray vs. 7 months  Moderate positive correlation r=0.25 - <0.001
relation post-spray
2022 Sumishield Pearson’s product-moment cor- 4 months post-spray vs. 7 months Moderate positive correlation r=0.35 - <0.001
relation post-spray
2023 Actellic Pearson’s product-moment cor- 0 months post-spray vs. 3 months Moderate positive correlation r=0.246 - <0.001
relation post-spray
2023 Sumishield Pearson’s product-moment cor- 0 months post-spray vs. 3 months  Strong positive correlation r=0.73 - <0.001
relation post-spray
2022 Sumishield Binomial logistic regression Residual insecticide levels Positive association B=0016 0002 <0.001
analysis and the log odds of mortality vs.
survival
2023 Sumishield Binomial logistic regression Residual insecticide levels No association B=0.090 1.088 0.934
analysis and the log odds of mortality vs.
survival
2023 Actellic Binomial logistic regression Residual insecticide levels Negative association B=-0026 001 0013
analysis and the log odds of mortality vs.
survival
2022 Sumishield Linear regression model Insecticide levels and KD rates Positive association f=0214  0.035 0.001
2022 Sumishield Linear regression model Insecticide levels and mortality Positive association f=0.008 0.003 001
rates
2023 Sumishield Linear regression model Insecticide levels and KD rates No association B=1280 1.029 0.223
2023 Sumishield Linear regression model Insecticide levels and mortality No association B=-4.097 6.029 0.502
rates
2023 Actellic Linear regression model Insecticide levels and KD rates Negative association B=-0.087 0.027 0.001
2023 Actellic Linear regression model Insecticide levels and mortality No association B=-0214 0211 0313

rates

SE standard error, r Pearson’s correlation coefficient, B regression coefficient (beta).
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after 5 days showed lower rates (30-50%) for 5 min,
10 min, 15 min, and 30 min, and 83.3% for 60 min, the
standard exposure time. However, in the same period,
An. gambiae had significantly higher KD (35-55%) (¢ =
5.7, P = 0.0006) and mortality (78-98%) (¢ = 2.9, P =
0.0132) compared to An. funestus. In the later months,
higher KD rates in August (50-75%) and November
(60-85%) and mortality rates in August (95-100%)
and November (90-98%) were recorded in An. funes-
tus populations. Likewise, in An. gambiae populations,
higher KD rates were recorded in August (85-100%)
and November (90-95%), together with very high
mortality rates in August (80-100%) and November
(95-100%). The KD rates recorded were significantly
lower in An. funestus compared to An. gambiae [August
(t = 6.01, P = 0.000477) and November (¢ = 2.80288,
P = 0.015523)], but there was no significant differ-
ence in mortality rates [August (¢ = 0.68, P = 0.2623)
and November (¢ = 1.84, P = 0.0577)]. For clothianidin
dose—response assays (Fig. 8B), although we observed
slightly lower KD rates in An. funestus [August (45—
100%), November (25-75%)], it was not significantly
different from the rates recorded in An. gambiae
populations [August (45-90%), November (50-90%)]

[August (¢ = 0.27, P = 0.4) and November (¢ = 1.05, P
= 0.176)], and similar results were observed in the mor-
tality rates.

Evidence of An. gambiae showing very mild tolerance

to pirimiphos-methyl while An. funestus is fully susceptible
For pirimiphos-methyl time—exposure assays (Fig. 8C),
An. funestus showed significantly higher KD rates [May
(100%), November (80-100%)] than An. gambiae popu-
lations [May (0—-100%), November (0-80%)] [May (¢ =
2.07, P = 0.042282), November (¢ = 2.25, P = 0.033)].
Nonetheless, both vector populations were susceptible to
pirimiphos-methyl, with no significant difference in mor-
tality (¢t = 1.44, P = 0.0853), although An. gambiae popu-
lations had very low mortality rates (0-35%) at 5-min
exposure.

Discussion

Uganda has largely had commendable success using IRS
campaigns for malaria control, especially in very high
transmission districts [26] as a supplement to the large-
scale distribution of LLINs like the piperonyl butoxide
(PBO) net distribution in 2017 [27]. A dramatic malaria
resurgence occurred in 2020-2022, which coincided
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with the introduction of entirely new, clothianidin-based
formulations, Fludora Fusion and Sumishield [12]. Dur-
ing the resurgence, malaria incidence increased by more
than eight-fold (0.36 vs. 2.97 episodes per person year, P
< 0.0001) from 2021 to 2022 when Fludora Fusion and
Sumishield were used, respectively [5]. We sought to
specifically investigate the vector dynamics that might
have contributed at least in part to this resurgence by
assessing the bio-efficacy of IRS insecticides (Sumishield
and Actellic) against wild populations of two major vec-
tors, An. funestus and An. gambiae, during the 2022 and
2023 IRS rounds. Firstly, we measured whether the opti-
mal concentration and type of insecticide were sprayed
on the walls of houses, and secondly, we assessed the
bio-efficacy of both Sumishield and Actellic against wild
resistant populations of An. gambiae and An. funestus.
We detected clothianidin residues in all of the sprayed
houses, confirming that the correct chemical was
applied. Similarly, we detected pirimiphos-methyl in all
the sprayed houses in 2023 during the Actellic round.
When we adjusted for extraction efficiency in 2023, most
of the sprayed surfaces (~70%) had the target concentra-
tion of clothianidin, although there were significant vari-
ations between rounds of sampling. Likewise, during the
Actellic round, most of the sprayed surfaces (~75%) had
above the target concentration of pirimiphos-methyl.
However, we did notice significant variations in insecti-
cide concentration within the houses, considering the
wall position. Furthermore, taking Actellic as a compara-
tive example, the levels of pirimiphos-methyl insecticide
detected during the IRS round were significantly higher
than what would be expected in spray operations. A simi-
lar study conducted in Bioko Island aimed at improving
spray operations, using the same protocol as this study,
reported relatively lower but normal levels of pirimi-
phos-methyl on the walls [24]. Whilst we did not observe
any significant difference in insecticide concentrations
between different rooms, there were significant differ-
ences in insecticide levels on the different wall surfaces,
such as mud and pole walls, which had the lowest con-
centration of insecticides since they are more porous, and
therefore insecticide retention was expected to be lower.
Indeed, the bio-efficacy observed in mud and pole walls
in this study was lower than observed in burnt bricks
and plaster or cement or painted, especially in the ear-
lier months post-spraying. Comparatively, unlike Actel-
lic, which is known to retain bio-efficacy between 6 and
12 months [28, 29], Sumishield showed extended bio-
efficacy up to almost 24 months post-spray in unsprayed
houses against An. gambiae population. This is in con-
cordance with a recent study that showed that Sumishield
residual activity can last up to 18 months on different
wall materials against different mosquito vectors [30],
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highlighting the huge potential of clothianidin-based for-
mulations in areas where vectors are susceptible.

Prior to the rollout of clothianidin-based formulations
for IRS, a cross-sectional study in 2016—2017 established
that malaria vectors were largely susceptible to clothian-
idin-based formulations across sub-Saharan Africa [9]. It
is possible that clothianidin resistance or tolerance in An.
funestus could have developed before this survey since
it was not previously detected by Oxborough et al. in
Tororo, but low mortality (<80%) was observed in 2020
in Busia and Mayuge districts using 13.2 mg/m? clothi-
anidin [17]. In Cameroon, An. gambiae s.s. populations
resistant to clothianidin were discovered in vegetable
farms in 2019-2020 where usage of clothianidin-based
products for pest control was reported [10]. The Cam-
eroon study probably features a well-documented report
of clothianidin resistance in Africa but highlights the role
of pesticide use in agriculture in producing insecticide-
resistant vector populations. Conversely, our study found
that the An. gambiae population was largely susceptible
to clothianidin, similar to what was reported in 2017 [9].
However, An. funestus mosquitoes were tolerant to clo-
thianidin, although with temporal variation in suscepti-
bility, perhaps reflecting changing population dynamics
and seasonal selective pressures [31]. In studies from the
same area in Uganda, An. funestus had reduced mortal-
ity to clothianidin in February 2020 [17] but very high
mortality in October 2021 [11]. This pattern is consist-
ent with our study, when low mortality was observed in
May 2023 but higher mortality in the months of August
and November, which may suggest seasonal variations in
resistance patterns.

Under field conditions, An. fumestus consistently
showed lower mortality on Sumishield-sprayed walls in
2022 and 2023 than on Actellic-sprayed walls. The con-
trasting responses of An. gambiae and An. funestus to
clothianidin provide, at least in part, a compelling expla-
nation for the increase in An. funestus abundance com-
pared to An. gambiae during the malaria resurgence [5].
Similarly, after Actellic was sprayed in 2023, there was
a decrease in both An. funestus abundance and malaria
cases, with a slight increase in abundance of An. ara-
biensis [5]. Our study also provides evidence that the
reversion was a result of differing insecticide susceptibil-
ity in the main malaria vectors, given that An. funestus
was susceptible to pirimiphos-methyl while An. gambiae
(where the majority were An. arabiensis) was mildly tol-
erant to pirimiphos-methyl. Our findings suggest that
the dramatic malaria resurgence that occurred in Uganda
after the switch to clothianidin-based formulations was
driven by An. funestus. Unlike An. gambiae, An. funes-
tus mostly breeds throughout the year and is known to
sustain malaria transmission during dry seasons [32, 33].
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Moreover, a recent review has shown that An. funestus is
now the dominant vector in most localities in East and
Southern Africa, which was likely due to the scale-up of
LLINs between 2010 and 2020 [15]. The exact mecha-
nisms mediating An. funestus tolerance to clothianidin
are not known, but this is an active area of investigation.

The study was not without limitations. First, during
HPLC analysis in 2022, the inability to adjust for extrac-
tion efficiency resulted in sub-optimal clothianidin con-
centration detection, preventing conclusive insights into
spray operations. Additionally, spray operator perfor-
mance was neither recorded nor evaluated. Second, the
2023 sample size for Sumishield-sprayed households was
small, predominantly consisting of mud and pole houses,
which limited the generalisability of insecticide detection
results. Insecticide residues in these houses were also
lower, further restricting the applicability of mortality
data. Third, challenges in rearing An. funestus hindered
the collection of continuous temporal data, particularly
at 1-2 months, making it difficult to confirm popula-
tion susceptibility. Moreover, mosquitoes were collected
from a single area with known resistance escalation,
and indoor Prokopack collections may have been biased
toward resistant mosquitoes exposed to insecticide-
treated bednets or surfaces, which could have skewed
the response following exposure to insecticides. Fourth,
correlation analyses between wall insecticide content and
mortality yielded mixed results, including an unexpected
negative association in 2023 Actellic-treated houses, lim-
iting predictive value. Finally, the study was conducted in
a single IRS district with observed malaria resurgence,
leaving it unclear whether similar trends occurred else-
where. Consequently, the findings might be considered
as location-specific and not broadly applicable to other
regions or contexts.

Conclusions

Insecticide resistance monitoring in malaria vectors is
a vital activity that should inform the rollout of control
interventions. Notwithstanding the variations observed
in spray operations, we are confident that we have ret-
rospectively implicated clothianidin resistance in the
major malaria vector An. fumnestus as the likely driver
of IRS control failure, and it would be preferable for
susceptibility testing including wall-based bioassays
to be conducted in advance of class switches. Clearly,
given the evidence of efficacy of clothianidin-based IRS
in other locations like Benin and Cameroon (8, 9, 34],
local testing is required. This is largely due to the sig-
nificant differences and complexities in vector popu-
lations between regions or even countries. The rapid
response of the National Malaria Control Programme
(NMCP) to reintroduce Actellic was a crucial situation

Page 150f 17

for the short-term alleviation of the problem, but sig-
nals of possible development of tolerance/resistance to
pirimiphos-methyl in An. gambiae populations in both
Uganda and the wider region [35, 36] should not be
ignored. Additionally, it may also be prudent as a coun-
try to have additional training and refresher courses
for spray operators to harmonise the spraying opera-
tions to avoid variations that could produce inadvert-
ent consequences. However, the results from this study
are location-specific and should not be extrapolated too
widely, given that clothianidin-based interventions are
effective in other regions largely against An. gambiae
s.l. populations [8, 9, 37]. One clear advantage of clothi-
anidin-based formulation is prolonged residual activity
as seen in this and other studies [8, 30, 37], although
significant variations between wall surfaces exist, which
is common with most IRS insecticides.
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