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1. Background: Good Decisions Require Good Data

Efforts to eliminate vector-borne diseases, for example malaria which caused an
estimated 619,000 deaths in 20211] or arboviral diseases such as dengue and zika [2], rely
heavily on the use of vector control tools. The toolbox available to combat insect vectors
of disease is growing through improvements to existing approaches and new, emerging,
technologies. New chemistries are being developed to target pyrethroid-resistant malaria
vectors, for use in conventional tools such as insecticide-treated nets (ITNs) and indoor
residual sprays (IRS), as well as through innovative means of deployment such as attractive
targeted sugar baits (ATSB), passive emanators and eave tubes. Rear and release strategies
to control Aedesvectors of arboviruses are under pilot evaluation, including versions of
the sterile insect technique (SIT) and the use of Wolbachissymbionts for population control
or replacement. These tools are also being piloted to urgently combat the expansion of
Anopheles stephenisi Africa.

The decision to deploy new vector control tools or approaches on an operational level
should be supported by robust entomological evidence to demonstrate ef‘cacy, comprising
data collected using appropriate and validated methods. A strong evidence base can also
guide effective operational deployment decisions. The Insects Special Issue sInsecticides
for Mosquito Control: Strengthening the Evidence BaseZ presents original research into
developing and characterising new vector control products, as well as understanding
and monitoring insecticide resistance. Review articles explore the impact of insecticide
resistance and offer guidance on insecticide choice in the face of pyrethroid resistance.
Consensus methodologies are presented, in the form of standard operating procedures
(SOPs) designed to be adopted and used to generate reproducible data that can be compared
and interpreted across and between studies. It is hoped that this Special Issue offers
inspiration and guidance on how consistent data can be generated to inform more effective
development, evaluation and use of new and existing vector control tools.

2. The Impetus to Better Validate Entomological Methods

Issues around improved generation and interpretation of entomological data are par-
ticularly timely in light of the establishment in 2016 and ongoing evolution of the World
Health Organization (WHO) Prequali“cation Vector Control Team (PQ/VCT), whose man-
date is to eincrease access to safe, high-quality and effective VCPsZ (vector control products)
by working to evaluate and prequalify tools and contribute to building assessment capacity
in national regulatory authorities. Prequali“cation streamlines access to vector control prod-
ucts by employing regulatory best practices to product evaluation and provides relevant
information to help guide decisions about procurement and implementation. However,
robust decisions can only be made using high quality, consistent data.
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3]. GLP compliance offers reliable, auditable, and reproducible
data, but does not guide on testing methodology. Standard protocols are available in WHO
guidance and elsewhere for evaluating the bioef‘cacy of vector control tools, but these
were developed primarily to measure the fast-acting lethal effect of pyrethroids in contact
assays and may not be appropriate for new modes of action or methods of active ingredient
(Al) delivery. In order to spur innovation, it is crucial that validated methods are available
for tools with different modes of action to measure the relevant end points with suf‘cient
accuracy, sensitivity and reproducibility.

This Editorial will consider in detail the issues relating to entomological ef‘cacy
testing of insecticides and insecticide-based products targeting adult Anophelesnosquitoes,
with a particular focus on ITNs and IRS. However, the illustrations of good practice and
recommendations highlighted here are more widely applicable to other types of tools,
as evidenced by many of the articles included in the Special Issue [4.6]. This includes
tools targeting Aedesmosquitoes [7] where the commercial market is consumer-driven, the
regulatory framework is more "exible and the guidance on evaluation sparser. There are
gaps in the guidance for the evaluation of larvicides and spatial repellents, for both Aedes
and Anophelesontrol. Many issues highlighted in this discussion will also be relevant for
the collection and interpretation of epidemiological data relating to the ef‘cacy of vector
control tools, and to the need to better characterise the mode of action and impact of new
tools [8,9].

The most widely used methods for measuring the insecticidal bioef‘cacy (i.e., the
ability of the insecticide component(s) of a vector control tool to kill susceptible target
vectors) of malaria vector control tools include cone bioassays, tunnel tests, and exper-
imental hut trials (EHTs) [ 10]. Cone bioassays have been used successfully to evaluate
and monitor ITN and IRS bioef‘cacy for more than 20 years and have proven able to
generate GLP-quality data for two important, rapidly induced, easy to measure outcomes:
mosquito knockdown and mortality. These outcomes, which are usually measured around
60 min after exposure for knockdown and 24 h after exposure for mortality, are critically
important factors that in"uence how effective a vector control tool can be at preventing
disease transmission and are, therefore, important to monitor over time. However, these
knockdown and mortality endpoints, similar to the cone bioassay initially implemented to
measure them, were designed speci“cally to easily test the immediate effects of fast-acting,
topically exposed neurotoxins such as DDT and pyrethroids. They were never intended, or
adequate, for capturing the full range of insecticidal modes of action on vector biology or
disease transmission.

These shortcomings led to the inclusion of additional outcomes that are typically
measured with tunnel tests and EHTs, and measures such as blood-feeding inhibition, de-
terrence, induced exophily, and delayed mortality that have become more widely used [ 11].
Tunnel tests and EHTs have proven useful for monitoring the ef‘cacy, and predicting the
effectiveness of, vector control products over time and for guiding product development.
However, their outcome measures have proven more dif‘cult to standardize, replicate, and
interpret across a diverse range of research and implementation settings. These dif‘culties
are being exacerbated by the arrival to market of new active ingredients (Als) with novel
modes of action...for example, the delayed mortality induced conditionally by chlorfe-
napyr [ 11] and others and the reduced mosquito fecundity induced by pyriproxyfen [ 12].
Additionally, complicating the testing landscape are new tools that combine insecticides
from different insecticidal classes with different modes of action, whose bioef‘cacy needs
to be evaluated independently using multiple mosquito strains and/or endpoints [ 13|, and
novel interventions that utilize alternative routes of insecticide delivery distinct from the
tarsal exposure to ITNs and IRS, for example the ingestion of insecticidal Als facilitated by
ATSBs [4].



14.16]. The
cohorts of mosquitoes used for testing should be generated using standardised rearing, and
“tness parameters such as size recorded [L4]. In addition to the insects, it is important that
the key testing parameters should be standardised or characterised as far as possible, for
example using tools such as the Micron Track Sprayer to improve consistency of insecticide
application [ 17], by interrogating methods to identify and minimize possible sources of
variability [ 18], and by optimising methods to improve the consistency of the data [ 19].
Standardised methodologies such as SOPs generated by consensuslf3,14] will facilitate a
comparison and interpretation of the results between testing sites and across studies. Data
collection should be made as objective as possible, for example by the use of automated
scoring tools [20]. It is also best practice, when reporting results of a study, to include
methodological detail alongside the data and ensure that raw disaggregated data, including
control data, is presented.

We rely on data from ef‘cacy and insecticide resistance testing to make choices about
product use and understand the cross-resistance risk for different Als. However, even
with pyrethroids, there is ambiguity in the data generated by accepted methods and a
need to understand the sources of variability and characterise or standardise inputs. For
example, there is insuf‘cient evidence from testing data or our understanding of the mode
of action to con“dently recommend the rotation of different pyrethroids for resistance
management [21].

The establishment of the WHO PQ/VCT has changed the way in which products are
evaluated by WHO, bringing these processes more in line with best practice regulatory
approaches and offering a signi“cant opportunity for the robust evaluation of new product
classes. PQ/VCTes approach is "exible, allowing applicants to agree methods with WHO
that best re”ect their productes mode of action, rather than adhering to rigid, standard
methodologies. This process still requires any data generated to be robust, consistent and
appropriate to the product and its speci“c mode of action and claims. It is a signi“cant step
forward to support innovation in vector control; however, the approach has highlighted
long standing issues in the generation and interpretation of entomological data to evaluate
new tools. Investment in validating methods to generate robust entomological data has been
lacking, meaning that potentially effective tools are unable to smoothly progress through
regulatory processes or be consistently evaluated in the “eld. Developing and validating
methods that are “t for purpose will help to streamline decision-making processes by
better de“ning the effect of a tool and reducing the need for the generation of additional
supporting data.



22]. Improvements and adaptations to new product types are also
important for analytical methods [ 23].

4. Relating Results of Laboratory and Semi-Field Tests to Product Performance

It is important that there is clarity on what entomological endpoints should be mea-
sured in laboratory, semi-“eld and “eld experiments, in order to inform our understanding
of how a vector control product will perform. Taking ITNs as an example, ef‘cacy is
described in the new WHO Guideline for the Prequali“cation Assessment of Insecticide-
Treated Nets [22] as being in"uenced by potency, biologically available fraction of the
surface concentration of Al, net construction, uptake of Al by free-"ying target vectors, as
well as handling and care of the ITN. Bioassays in the laboratory can be used to ascertain
the ef‘cacy of a product against lab strains and to some extent wild populations under
controlled conditions, giving a measure of surface available insecticide across a net and
its potency through uptake of this fraction. Semi-“eld bioassays can provide additional
measures of uptake of insecticide by free-"ying mosquitoes under more ereal lifes conditions.
These parameters predict effectiveness, or how well the net may perform in the real world
in terms of entomological and, potentially, epidemiological outcomes [ 24].

Such sequential testing using increasingly sophisticated methods has been the ac-
cepted approach to determining ef‘cacy and predicting effectiveness. The new WHO
PQ/VCT approach, however, allows more "exibility, facilitating, for example, the progres-
sion of slower-acting toxicants and pro-insecticides such as chlorfenapyr. Standard lab
bioassays were developed to measure the effect of fast-acting pyrethroids, and measure
endpoints which are not appropriate for a pro-insecticide. Unlike pyrethroids that kill by
acute neurotoxicity, chlorfenapyr kills by disrupting a mosquitoes ability to produce energy
in the mitochondria, after it has “rst been metabolised into its active forms. The more
physiologically active a mosquito, the greater the likelihood of higher conversion rates to
these active forms. This process of conversion is also enhanced by biochemical processes
such as metabolic activity of P450 enzymes. Thus the metabolic state of the mosquito is
extremely important during testing. As a result, chlorfenapyr-treated ITNs perform poorly
in the lab under arti“cially controlled testing conditions using standard methods [ 25|, but
better in semi-“eld testing [ 26,27], and have been shown to have a signi“cant epidemio-
logical impact [ 28]. This example illustrates the need to use appropriate and validated
methods to evaluate a given product or product type, and to avoid the over-interpretation
of entomological data.

The results of bioassays and semi-“eld studies should be interpreted with caution
as a prediction of performance of an ITN, de“ned by WHO PQ/VCT as its ability to
provide continuous controlled release of insecticide and maintain physical integrity under
normal use [22]. The link between bioassay data and entomological or epidemiological
impact when a product is deployed is even less clear, and results should not be con”ated to
make implementation decisions. To take the ITN example, durability monitoring should
measure the effective life of an ITN whereby bioassays are a proxy for surface Al availability
and should not be con”ated with effectiveness. Laboratory washing methods are used
to measure regeneration time and as a means to arti“cially age nets, but they may not
re”ect the treatment of nets under normal use conditions [ 29]. In IRS testing, the walls of
experimental huts treated with test products to measure residual ef‘cacy may not accurately
represent the results of real-world application, though new methods and equipment can
at least be used to improve accuracy of wall treatment [ 17]. Methods should be chosen or
designed to accurately measure the intended entomological endpoint for a given purpose,



30]. The WHO cylinder and bottle tests
were designed to provide information about intrinsic susceptibility to the insecticide, not
as a predictor of product ef‘cacy, or to predict product effectiveness at a given location.
Further, susceptibility testing methods may need to be adapted to consider different means
of deploying insecticides, for example ingested insecticide in attractive targeted sugar bait
(ATSB) products [4].

We are left with the question of how far we might be able to link entomological end
points, measured through bioassays, and product impact. Better understanding of existing
testing methods and how to use the data they generate will be key. For example, EHTs
start to bridge the gap between cone tests and entomological impact and are the gold
standard, but the link between EHT results and resistance is highly uncertain [ 31]. Recent
analysis shows that EHT data can be used to parameterise models and reliably predict
epidemiological impact of rapid-acting pyrethroids on ITNs and IRS [ 24]. Conversely,
modelling may be used to more meaningfully interpret and use the data generated by
laboratory and semi-“eld bioassays. Additional data may be generated while applying
existing methods, for example by measuring not just knock down or mortality after expo-
sure to an insecticide-treated product but also measuring sublethal effects of exposure [ 8].
Delayed mortality, reduced fecundity, reduced blood feeding and other parameters may
result in entomological impact. It is important to observe end points that are relevant to
the mode of action and intended effect of the product under evaluation, which relies on
understanding the wholistic impact of insecticide exposure on mosquito populations [ 9].
Sublethal effects of insecticide exposure are much more important to understand in the
case of highly resistant populations, and slow-acting mortality is important to measure and
understand for different modes of action.

If we were able to more directly connect the results of small-scale entomological
experiments, enhanced by using a range of well-characterised vector colonies to re"ect a
wide range of target populations [ 16], to entomological and ultimately epidemiological
impact, then we could potentially reduce the need for costly and lengthy clinical trials
and speed the route marketing new products. This has been one aim of the New Nets
Project, which is implemented by a consortium of partners led by the Innovative Vector
Control Consortium (IVCC) to build the evidence needed to in"uence policy in thisarea[ 32
through enhanced data collection during randomised control trials and under operational
pilot conditions. In some cases, it may be necessary to develop new methods to collect the
evidence that is needed. An example is provided by the Ifakara Ambient Chamber Test
(I-ACT) [ 33], which allows more controlled and high throughput evaluation of the ef‘cacy
of vector control products in semi-“eld conditions and provides greater statistical power
than an EHT; thus, it is an important additional method.

5. The Need for Pre-Emptive Method Development and Validation

For vector control products with novel modes of action that are considered «“rst in
class,Z the WHO Vector Control Advisory Group (VCAG) requires two epidemiological
trials to demonstrate public health value before a product class can be recommended and a
«“rstin classZ product can receive a WHO prequali“cation listing. Any subsequent product
that elicits a similar entomological effect should be able to receive a policy recommendation
based on accepted and validated entomological methods with well understood links to
epidemiological outcomes. This has been demonstrated for pyrethroid-only nets, where
EHTSs predict performance well [ 24], and a similar analysis is underway to correlate hut
trial results for chlorfenapyr-containing nets with “eld performance. However, when



34]. A good example of a testing pipeline for a novel insecticide
from mode of action to method of deployment is described by Mysore et al. [ 5]. Innovative
new approaches need clear guidance on the data required to demonstrate ef‘cacy and the
methods to collect them. Plant-based compounds [6] or RNAi approaches [ 5], for example,
may be used to circumvent resistance, but ites important to ensure that WHO guidelines for
ef‘cacy and resistance testing are appropriate for these alternative Als and tools. Similarly,
ef‘cacy testing of products developed without insecticides such as bite-resistant fabrics [ 7]
are not covered by current guidelines or standard methodologies.

There is a need for a broad and robust data set before a new product is brought to
market, which relies on having robust methods to measure entomological endpoints, as
well as solid interpretation, analysis and use of the data generated. WHO PQ/VCT would
ideally be evaluating products using data generated with validated methods, but thus
far no guidance is available as to what method validation should consist of, beyond the
Collaborative International Pesticide Analytical Council (CIPAC) methodologies which
focus on analytical chemistry [ 35]. CIPAC presents a clear framework for validation;
however, it is a challenge to apply analytical standards to bioassays as they are not realistic
for a biological system. There is a need for rigorous standards and validation of methods,
but until recently there has no guidance on how to perform validation of entomological
methods [36]. This gap has resulted in products going into use before there are established
methods for durability or resistance monitoring, whereas is it important that suf‘cient
baseline data is collected to monitor for loss of ef‘cacy with use or reduced susceptibility as
an insecticide-based product is deployed [ 4]. For some products this could mean that there
is already unidenti“ed cross-resistance in the target population. In some cases, the only
methods available for their evaluation can only be performed in certain sites, for example
the tunnel test currently relies on access to an animal host to perform well [ 19]. In other
instances, it will be important to understand possible interactions between products used
in integrated vector management, and those methods also need to be developed [37].

6. Conclusions: A Timely Opportunity to Drive Improvement in Method Validation
and Evidence Generation

The establishment of the WHO PQ/VCT process, and the welcome focus on a regula-
tory approach to product evaluation, offers the opportunity for a fundamental change in
the way we view vector control products. The promise of this new process is that product
developers can generate data that re"ects the performance of their product, rather than
developing products to meet a rigid set of data requirements. There is an opportunity to
move away from thresholds applied to bioassay results and used to judge ef‘cacy of prod-
ucts, and towards a more rounded sweight of evidenceZ evaluation which allows a greater
understanding of how a speci“c product works, making it easier to compare it to other
classes and meaningfully monitor ongoing ef‘ciency. This in turn should help to correlate
entomological endpoints with product ef‘cacy and impact, and will allow more informed
procurement and deployment decisions. However, this "exibility must be underpinned by
robust, reproducible data that clearly support product claims that are independently vali-
dated. The fact that many current entomological methods have been designed to measure
the rapid kill and knockdown of pyrethroids hinders the exploration of different modes of
action or methods of delivering Als. As such, investing in methodological development is
key to help spur future innovation in vector control.



18]. Innovation can be applied to improve data generation even
with standard methods [ 19]. Taking steps to utilise methods that accurately detect relevant
entomological endpoints will be crucial to interpreting and comparing new tools with
different modes of action. This will be complicated by the wider range of entomological
effects induced by new Als, and the relative impact of the same level of, for example,
sterilisation or delayed action mortality may not be obvious. Data should be generated
using validated methods that are characterised in terms of the natural variability of data
and more effort must be made to characterise material inputs to provide further context to
results. The responsibility for method development and validation for product evaluation
and monitoring lies primarily with manufacturers, who understand their products best,
with the support from the research community on innovation and development. There is a
potential role for an independent body tasked with the validation of proposed entomologi-
cal methods on behalf of the manufacturers, analogous to the role of CIPAC for methods in
analytical chemistry.

Currently, data generation for vector control tools is centered around access to the
market with a focus on a WHO policy recommendation and WHO PQ/VCT listing. These
are important milestones, but data is needed throughout a productes lifecycle to inform on
performance and aid deployment decisions, particularly when implementing resistance
management strategies. Recent history has seen the development of lifecycle management
methods only occurring post market, meaning products in use may not have reliable
methods to generate data on performance trends and ascertain resistance issues when “rst
launched. We therefore recommend that a comprehensive package of data is generated
for a vector control product that goes beyond market access and encompasses lifecycle
management. This should include a package of validated methods for generation of the
data throughout a productes lifecycle, and a means for interpretation to assist decision
making for implementation. Some of this information will be available through established
evaluations (e.g., WHO PQ/VCT), but others should be considered in addition to those
requirements to ensure streamlined uptake of new tools.

€  Scope of the product: detailed description of, for example, under what conditions it
is expected to be effective, the target species, and what resistance mechanisms exist in
the target population/s which might be relevant.

€ Entomological mode of action : as detailed a description as possible about how the
product acts on the target species to elicit the intended effect, which may include IRAC
classi“cation [ 38] and is important to the understanding of cross-resistance risks and
potential interaction between products.

€ Intended entomological endpoints:  clear de“nitions of the entomological effects
which are relevant to the product and should be measured to demonstrate ef‘cacy.

€ Regeneration time: clear understanding of the dynamic presence of insecticide within
the product or its sphere of in"uence, for example the time taken for Al to regenerate
on the surface of an ITN after washing.

€ Insecticide content and formulation:

€ The functionality of an insecticide-based product depends on the amount of in-
secticide present (a) in total, (b) on the surface, and (c) in the bioavailable fraction
which vectors are able to pick up. Insecticide content needs to be monitored
throughout the life cycle of a product.

€ Knowing the way that a product is formulated and the insecticide is presented to
the mosquito is also critical to understanding how a product works, for example
whether an ITN is coated with an Al or the Al is incorporated into the fabric, or
whether an IRS formulation is a suspension or microencapsulated formulation.
The presentation of Al may change over the life of the product.

€ Anunderstanding of both insecticide content and presentation is needed in two
settings:
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Simple Summary: The *WHO susceptibility bioassayZ is a method from the World Health Orga-
nization used to monitor the resistance to insecticides in mosquito populations. This method was
“rst developed in the 1960s and has undergone multiple changes since then. While these changes
may appear minor, the numerous iterations of the test procedures leave some parameters open to
interpretation, and changes to methodology may affect results. To address this, we reviewed the
published test procedures for this method and the published literature which cited this method to
see where the method could be optimized and exactly how people were reporting their use of this
method. This revealed that the method is not being carried out consistently, and that the most up to
date iterations of the test procedures are not always referenced. To address this, recommendations on
the referencing and reporting of this method were developed. Alongside this literature review, we
detail experimental work that explored whether altering parameters with room for interpretation in

the test procedures could impact bioassay results. From the results, suggestions have been made to
tighten certain parameters to avoid inaccurate measures of insecticide resistance. Closer adherence
to the method and tightened parameters should lead to the generation of more robust data from
the bioassay.

Abstract: Accurately monitoring insecticide resistance in target mosquito populations is important
for combating malaria and other vector-borne diseases, and robust methods are key. The sWHO
susceptibility bioassayZ has been available from the World Health Organization for 60+ years:
mosquitoes of known physiological status are exposed to a discriminating concentration of insecticide.
Several changes to the test procedures have been made historically, which may seem minor but
could impact bioassay results. The published test procedures and literature for this method were
reviewed for methodological details. Areas where there was room for interpretation in the test
procedures or where the test procedures were not being followed were assessed experimentally
for their impact on bioassay results: covering or uncovering of the tube end during exposure; the
number of mosquitoes per test unit; and mosquito age. Many publications do not cite the most
recent test procedures; methodological details are reported which contradict the test procedures
referenced, or methodological details are not fully reported. As a result, the precise methodology is
unclear. Experimental testing showed that using fewer than the recommended 15...30 mosquitoes
per test unit signi“cantly reduced mortality, covering the exposure tube had no signi“cant effect,
and using mosquitoes older than 2...5 days old increased mortality, particularly in the resistant strain.
Recommendations are made for improved reporting of experimental parameters

Keywords: insecticide resistance; resistance monitoring; method validation; WHO tube
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1]. Resistance monitoring using this approach relies on the collection of wild
female adult mosquitoes or wild larvae, which are then reared to adulthood in a test facility.
They are then exposed to a discriminating concentration (DC) of insecticide on a treated
“Ilter paper so that their knockdown and mortality can be scored.

The WHO tube bioassay is a simple direct response-to-exposure test. The test kit was
developed in 1958 to test for the emergence of resistance to organochlorine and organophos-
phate insecticides following widespread resistance to organochlorine insecticides [ 2]. It was
designed to expose a de“ned number of adult mosquitoes of known ages and physiological
statuses to an insecticide impregnated on a “Ilter paper for a standard exposure time (1 h).

While the WHO test procedures provide parameters for some key environmental
conditions which should be kept constant while carrying out the bioassay, during insecticide
resistance monitoring there are multiple potential sources of (non-resistance-associated)
variability, which can in"uence the result of the bioassay. During a recently concluded
formal WHO multicenter study to establish species-speci“c discriminating concentrations
and procedures for new and existing insecticides, WHO tube and WHO bottle assays (an
adaptation of the Centre for Disease Control (CDC) bottle bioassay developed to align end
points with those of the WHO tube test) were used to generate concentration response
data in multiple testing centers for a range of insecticides and multiple Anophelesand Aedes
species, so that DCs could be established and validated. Within this extensive dataset,
a substantial degree of variation was seen both within and between centers performing
replicate assays using the same standardized methodologies [3].

One of the sources of variability in data generated when using the WHO tube bioassay
methodology is the mosquitoes being tested. When using the method in the “eld to screen
for resistance in the target population of an intervention, wild-caught adult mosquitoes
should be used so that any differences in susceptibility may more closely re”ect the changes
in intrinsic resistance level seen for a particular intervention, and the sampled populations
will be representative samples of the wild vector population in terms of age distribution
and genetic variability. However, the age distribution, blood feeding status, nutritional
status, and gravidity will vary between samples and potentially reduce the comparability of
the results between tests and between sites. This differs from the mosquito populations that
DCs are established on. Moreover, while operators using this methodology should ensure
that they follow the guidance for the selection of mosquitoes for testing, it is still possible
to accidentally include mosquitoes that fall outside these parameters (e.g., older than
2...5 daysmales, partially blood-fed) when testing with wild-caught mosquitoes. Instead of
wild-caught mosquitoes, F 1 progeny of wild-caught mosquitoes can be used; although this
requires facilities to rear and test the mosquitoes, there is greater control over the rearing
conditions than for wild-caught mosquitoes.

Larval rearing conditions in laboratories have been shown to have an impact on
bioassay results. Overcrowding or poor diet reduce insecticide tolerance by reducing size
and “tness, for example [ 4,5]. Any impact on longevity because of larval rearing conditions
could impact the outcome on mosquito survival. Poor mosquito survival could lead to
high control mortality and more discarded tests (control mortality > 20%); this will affect
the feasibility of testing. Larval rearing may also be more important for insecticides such as
chlorfenapyr, where the effect of the compound is impacted by metabolism, though the
correlation between longevity and size is not always positive [ 6]. In contrast, when the
WHO tube bioassay is employed for research, a well-characterized (and ideally susceptible,
so that resistance levels do not have to be maintained) laboratory strain can be used
alongside the mosquito strain of interest. The bene“t of this is that the researcher knows
the rearing conditions of their laboratory strain and the resistance status and background
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7]. Chlorfenapyr (while not validated for
use in the WHO tube bioassay) is also strongly affected by a temperature of <25 C [3].

Mosquito age has been shown to affect insecticide resistance, with mosquitoes older
than 10 days post-emergence showing increased susceptibility to insecticides [8]. As well
as age of mosquito, the nutritional status of adults can also affect the response to insecticide
exposure. Machani et al. showed that the ingestion of a blood meal increased insecticide
susceptibility [ 9]. Further to this, it has also been shown that lowering the temperature
during insecticide susceptibility testing below the recommended 27 % 2 C can strongly
affect insecticide tolerance [10]. As part of a study conducted in a Ugandan “eld insectary,
which lacked environmental controls but where temperature and humidity were monitored,

a strong and highly statistically signi“cant decline in  A. gambiaemnortality was detected as
humidity increased [ 11]. In light of this, it is important to be as consistent as possible when
performing susceptibility bioassays and, where it is not possible to control the conditions
fully, at least to understand the effect external factors can have on the outputs from this
testing and report the environmental conditions alongside the data so that the results can
be interpreted accordingly.

The WHO test procedures for monitoring Insecticide susceptibility have been re-
viewed and updated multiple times since their original publication in 1958, and some
methodological details have changed between versions. We therefore set out to review the
current literature to identify which test procedures are being referenced when using this
method, what data and methodological detail is being reported when this method is used,
and where data gaps lie for this methodology. We aimed to achieve this by looking for
parameters in the test procedures which leave room for interpretation and using a literature
search to explore how these parameters can in"uence the results of the bioassay. Parameters
which were not clearly de“ned or supported with evidence and where evidence is not
already available in the literature were chosen to be explored experimentally. In doing
this, we hope to suggest additional guidance on the optimum method for performing the
WHO tube bioassay, as well as the key information required for the reporting of insecticide
resistance data, thus producing more robust data and reporting it in a way that supports
more meaningful interpretations.

2. Materials and Methods
2.1. Test Procedures Review

Thirteen WHO documents containing details outlining how to perform the WHO tube
bioassay or the rationale behind the bioassay parameters, both published test procedures
and meeting reports were reviewed to extract speci“c methodological details outlined in
the test procedures. For each of these documents, the speci“cs and justi“cations for the
methodological details outlined below were noted for each document and then compared.

Mosquito age

Number of mosquitoes per test unit

Number of mosquitoes required per treatment tested
Tube remaining still during exposure or being agitated
Vertical or horizontal orientation of the test unit
Exposure time

ah dh dh b dh
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1]); use of a formulated IRS
product; or a version of the bioassay adapted to use an LLIN.

A second search was performed using smosquitoZ, *WHOZ, «susceptibilityZ, and
«bioassayZ to account for alternative ways of referring to the bioassay, but no additional
publications were identi“ed. This left 61 publications to be included in the analysis, as
detailed in Figure 1.

The same information was then extracted from the identi“ed publications as was
extracted from the test procedures as well as:

€ Insecticide class-speci‘c recommendations for carrying out the bioassay.

€ Species-speci‘c recommendations for carrying out the bioassay.

€ Interpretations of results.

€ If “eld mosquitoes were used, whether a susceptible reference strain was
tested alongside.

€ Sample size.

€ Any additional methodological details.

Details of all identi“ed publications are given in Supplementary File S1.

14



12). Insectary conditions were
maintained at 26 £ 2 C and 70+ 10% relative humidity (RH), with a L12:D12 h light:
dark cycle and a 1 h dawn and dusk. Larvae were reared in puri“ed water and fed
ground TetraMin ® tropical "akes (Tetra U.S., Blacksburg, VA, USA), adults were provided
continuous access to a 10% sucrose solution, and adult females were given access to blood
using a Hemotek membrane feeding system (Hemotek Ltd., Blackburn, UK). Two well-
characterized laboratory strains of mosquito were used as representative populations,
one susceptible and one resistant to commonly used insecticides. A. gambiaeKisumu is a
reference insecticide-susceptible strain originally from Kisumu, Kenya, reared at LSTM
since 1975, andA. gambiaeTiassal 13 is a resistantAnophelestrain which was colonized
from Tiassalé, Cote delvoire and has been reared at LSTM since 2013. Kisumu has no
selection procedure and so is susceptible, whereas Tiassaé 13 is selected with a 1 h exposure
to 0.05% deltamethrin and shows high resistance to pyrethroids, which is mediated by both
target sites 1014Fkdr and ace-1 and metabolic resistance, which is mediated by several
cytochrome P450s.

2.3.2. WHO Tube Bioassay Testing

A WHO holding-tube and its exposure tube pair are referred to as a stest unite. Test
units using mosquitoes from the same cohort are technical replicates of each other. Test
units using mosquitoes from different cohorts are referred to as biological replicates. Three
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1]) permethrin for Tiassal é 13 testing.
The 0.043% papers were made in the LITE laboratories, whereas the 0.75% papers were
purchased from WHO Malaysia (Universiti Sains Malaysia, Penang, Malaysia). Permethrin
was chosen as it is a heavily used insecticide for pro“ling, with a well understood mode of
action and established resistance mechanisms in the Tiassaé 13 strain.

To investigate the effect of the number of mosquitoes per test unit and compare the
results from covered and uncovered tubes in parallel, the experimental layout for a single
replicate is outlined in Table 1. Additional technical replicates of the tubes containing fewer
mosquitoes were conducted to ensure equivalent numbers of mosquitoes were screened
per treatment and to nullify the potential bias of a smaller sample size in"uencing the
mortality estimate.

Table 1. Experimental outline of a single biological replicate to investigate the effect of covered vs.
uncovered exposure tubes and number of mosquitoes per test unit. The test concentration was 0.043%
for Anopheles gambig&isumu, susceptible) testing and 0.75% for An. gambiagTiassalé 13, resistant)
testing. Mosquito age was 2...5 days for both strains and all treatments.

Test Unit Treatment Number per Test Unit Covered/Uncovered
Negative Control 1 Silicone oil only 25 Uncovered
Negative Control 2 Silicone oil only 25 Uncovered

Uncovered 1 Permethrin 25 Uncovered
Uncovered 2 Permethrin 25 Uncovered
Covered 1 Permethrin 25 Covered
Covered 2 Permethrin 25 Covered
30 per test unit 1 Permethrin 30 Uncovered
30 per test unit 2 Permethrin 30 Uncovered
20 per test unit 1 Permethrin 20 Uncovered
20 per test unit 2 Permethrin 20 Uncovered
15 per test unit 1 Permethrin 15 Uncovered
15 per test unit 2 Permethrin 15 Uncovered
10 per test unit 1 Permethrin 10 Uncovered
10 per test unit 2 Permethrin 10 Uncovered

Mosquitoes were exposed in test units for L hat26 + 2 Cand 70+ 10% RH and
then transferred back to holding-tubes post-exposure and held in the same conditions for
24 h at which point their mortality was scored. Data from three biological replicates, each
prepared independently, were used to generate the data.
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3] (2...5 days), 2 days after testing age (overlapping
with the recommended age range, 4...7 days), and 4 days after testing age (outside the
recommended age range, 6...9 days). Mosquitoes were tested with two negative control
test units and four insecticide test units. The test concentrations were 0.043% for Kisumu
testing and 0.75% for Tiassak 13 testing, as in the previous experiment. This experiment
was repeated three times, each with independently reared cohorts of mosquitoes.

2.3.3. Data Analysis

Mortality was calculated as the total number of individuals knocked down or dead
in a test unit as a percentage of the total number of individuals in the test unit at the end
of the 24 h scoring period. If the mortality in the negative control test unit was <20% but

5%, then the observed mortality in each treatment test unit was corrected using Abbottes

formula [ 13]. Where the control mortality was  20%, the results were discarded and the
test replicate repeated.

Both datasets (age and number of mosquitoes per tube) were screened using a binomial
generalized linear model (GLM), a binomial generalized linear mixed model (GLMM) with
a random effect for biological replicates to account for any inter-assay variation, a binomial
GLMM with a random effect for biological replicates, and a nested random effect for
technical replicate to account for the intra-assay variation using the gimmTMB package
in R [14]. For each analysis, the variable was treated as a factor, with 5 days used as a
reference for age and 25 mosquitoes used as a reference for the number of mosquitoes in
the tube. The negative controls were excluded from all analyses, as we were only testing
for the in"uence of these factors on the deviation from the reference. A likelihood ratio test
(LRT) was conducted to identify the best-“tting GLMM.

3. Results
3.1. Comparison of Test Procedures

Although the current WHO test procedures recommend a single DC assay to detect
resistance [3], the WHO tube bioassay method initially recommended a concentration re-
sponse experiment [15]. Field-caught blood-fed females were used, with 15...25 mosquitoes
per test unit using a series of four concentrations, which should lie on a range giving
0...100% mortality with four replicates per concentration for a total of 200 mosquitoes per
test concentration. If a population of mosquitoes was highly resistant, the exposure time
was increased by 1 h until signi“cant mortality was seen. This method continued to be
recommended until 1970, when the method changed from recommending four concen-
trations to only two concentrations, with the lowest concentration to be tested “rst with
a range of exposure times [16]. At a WHO meeting in 1976, this was changed again to a
single concentration known as the discriminating concentration [ 17]. These updates were
made in order to simplify the bioassay to fewer test concentrations for the growing list of
insecticides which required resistance monitoring.

The test kit itself was initially eight exposure tubes marked with a red dot, two control
tubes marked with a green dot, and ten holding-tubes also marked with a green dot
(see Figure2). Moreover, it was speci“ed that the impregnated papers could initially be
reused up to 20 times, and the test kit had to be oriented with the mesh screen facing up
during exposure.

Several meetings were held between the years 1958 and 1992 to discuss the changes to
the methodology to address increased resistance to insecticides and to add new insecticide
classes (See Tabl@ for a list of meeting reports) [ 2,15. 20]. The test procedures were then
updated in 1998 following a multicenter study which recommended DCs for “ve pyrethroid
insecticides [21]. This update also included some methodological changes. Single discrimi-
nating concentrations were provided for both the newly added pyrethroid insecticides and
the organochlorines, organophosphates, and carbamates. Minor adjustments were made
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21].

The WHO test procedures were then updated again in the 2006 «Guidelines for testing
mosquito adulticides for residual indoor spraying and treatment of mosquito netsZ. Little
changed between the 1998 version of the test procedures and this version; the recommended
humidity changed from 70...80% RH to 80+ 10%, and 2...5 day old mosquitoes were speci‘ed
instead of the previous 1...3 day old R2]. Then, in 2013, the *Test procedures for insecticide
resistance monitoring in malaria vector mosquitoesZ was published. Minor adjustments
were made to the test kit itself; the new 12-test-unit kit consisted of four exposure tubes
marked with a red dot, two control tubes marked with a yellow dot, and six holding-tubes
also marked with a green dot. At least 120...150 active 3...5-day old female mosquitoes were
recommended to be exposed in batches of 20...25, ideally with at least 100 per insecticide
and 50 as controls [23].

The most recent update to the test procedures came in 2016 R5]. These procedures
aimed to provide a stronger focus on producing operationally meaningful data and so
introduced resistance intensity (RI) assay testing (using 5x and 10x the pyrethroid DC)
and pyrethroid-PBO synergist bioassays as additional testing alongside the standard WHO
insecticide susceptibility bioassay. Again, slight changes were made to the WHO tube
bioassay protocol. The temperature and humidity changed to 27 + 2 C and 75+ 10%
RH, and it was recommended that the test units be eplaced in an area of reduced lighting
or covered with cardboard discsZ. This was supposed to reduce the light intensity and
discourage mosquitoes resting on the mesh. There was also an additional piece of WHO
documentation in the 2016 *Monitoring and managing insecticide resistance in Aedes
mosquito populations Interim guidance for entomologistsZ, which was published as part
of the response to the Zika epidemic. However, there were no methodological differences
in performance of the bioassay from the previously published 2016 procedures [ 25]. The
same methods are thus recommended for Aedesspp. as for Anophelespecies.
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Figure 2. Original World Health Organization (WHO) tube method as outlined in the «8th Report

of the Expert Committee on InsecticidesZ [24], reproduced with permission of Rajpal Singh Yadav,
WHO. (A) Collect test mosquitoes using a mouth aspirator. ( B) Mosquitoes should be collected in
batches of no more than 10. (C) Test mosquitoes are gently transferred to the holding-tubes until they
number 20...25 per tube.D) The exposure tube is attached, and the slide is opened. Mosquitoes are
then gently blown from the holding-tube to the exposure tube. The holding-tube is detached and set
aside (E) The exposure tubes are left standing upright for 1 h during the exposure. ( F) Mosquitoes
are transferred back to the holding-tube by reversing the process described in C. The holding-tube is

set upright, and a pad of wet cotton wool is placed on top. Tubes are held for 24 h, at which point
mortality counts are made.

The criteria for scoring knockdown and mortality in this bioassay have remained
unchanged. However, there is room for interpretation around what is or is not a knocked
down mosquito. When testing pyrethroids with adult mosquitoes, it is common to see
surviving individuals with several legs missing. These mosquitoes are still technically
alive and able to "y but have clearly been impacted by the exposure. To take this into
account, Hougard et al. assessed sfunctional mortalityZ alongside normal mortality scor-
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26]. However, Isaacs et al. showed that insecticide-induced
leg loss had no signi“cant effect upon either the blood-feeding or egg-laying success of
exposed mosquitoes. A non-signi“cant reduction in blood-feeding success was seen with
1-legged insecticide-exposed mosquitoes, and, while their egg laying behavior appeared
to be altered, the eggs laid were fertile and hatched to larvae. We conclude that studies
of pyrethroid ef‘cacy should not discount mosquitoes that survive insecticide exposure
with fewer than six legs, as they may still be capable of biting humans, reproducing, and
contributing to malaria transmission [ 27].

3.2. Review of the Literature

Only the 1998, 2006, 2013, and 2016 test procedures were referenced in the sampled
publications, with the majority referencing either the 1998 or the 2013 test procedures.
However, when comparing the publication date of a journal article and the publication
dates of the test procedures referenced within, over half the publications were using test
procedures that were between 3 and 18 years out of date (See Figure3).

4), approximately 90% were
within the WHO range. Those that lay outside the range tended to use between 10 and
15 mosquitoes; these were often “eld studies, and so this was likely due to the limited
availability of mosquitoes in the “eld. This was also mirrored in the number of mosquitoes
used per treatment. The WHO recommend 100 per treatment, but again “eld studies often
used less than this, which again was probably because of mosquito availability. Studies
that showed numbers of mosquitoes per treatment larger than 250 were often pooled from
multiple sites or multiple rounds of testing. However, 44% of the publications sampled
reported 20...257 mosquitoes instead of the actual numbers used per test unit, which shows
that they followed the test procedures but does not provide accurate *ne values for a given
treatment. Several papers reported using mosquitoes in the range of +15...25Z, #10...15Z, or
+10Z per test unit. No justi“cation for this deviation from the WHO test procedures for this
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5).

The sampled manuscripts described the results from a range of Anopheline and
Culicine species, though the species were not always identi“ed, as well as a large number
of insecticides from different mode of action classes (detailed in Supplementary File S1).
In instances where more than one publication tested the same combination of strain of
mosquito and insecticide, we compared the data between the two publications. A total
of 44% of publications used only a “eld strain and so data was not comparable. For the
remaining publications, 38% included a susceptible A. gambiagKisumu), 13% used an
unspeci“ed laboratory strain, two publications used a susceptible A. funestus(FANG), and
one publication used the susceptible A. coluzzii (Negousso) as reference strain alongside the
testing of “eld populations. The data for these susceptible reference strains agreed between

24



28] and
Williams et al. [ 12] both exposed Tiassak 13 to 0.75% permethrin for 1 h; Bagi showed

a 3.4% mortality 24 h post-exposure, whereas Williams et al. showed ~20% mortality
when the strain was pro“led in the years 2017 and 2019 [12,28]. Owusu et al. [29] also
exposed Tiassak 13 to 0.75% permethrin for 1 h and showed a mortality of 78.0%, whereas
Williams et al. [ 12] showed approximately 5% mortality for the years 2017 and 2019.

6, Appendix A).

An additional treatment was performed with 25 mosquitoes per test unit with a
cardboard disc covering the top of the tube during exposure. No signi“cant difference was
detected for this alteration in the study protocol in either the Kisumu strain ( OR =0.83
p=0.391 95% Cl = 0.53...1.28) or Tiassal3 at 24 h (OR = 1.27p = 0.462, 95% Cl = 0.67...2.39).

For the Kisumu strain, the 4...7-day-old and 6...9-day-old mosquitoes showed a sig-
ni“cant increase in mortality at 60 min knockdown. However, only the 6...9-day-old
mosquitoes maintained this statistical signi“cance when assessed at 24 h (OR = 2.46,

p 0.001,95% CI = 1.69...3.59The mortality assessment for the 2...5-day groupes mortality
increased from around 26 to 64% between assessment periods.
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7) with the 6...9-day-old group showing an
increase in mortality of ~9% points compared to the 2...5-day-old group at 60 min (OR =2.99

p 0.001, 95% CI = 1.64...5.46), and both the 4...7-day- and 6...9-day-old groups showing
increased mortality at 24 h (Figure 7).
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2 that the WHO susceptibility bioassay
has undergone numerous updates to its methodology since its inception. While at each
stage these updates have been relatively minor, it is still possible that these could impact
bioassay results, and so it is important to ensure that the most recent iteration of the test
procedures is followed and referenced. However, the literature review shows that this is
not always the case.

The methodological variability between the published test procedures and the way
these test procedures were historically presented on the WHO website leaves the WHO
tube assay for insecticide susceptibility in mosquitoes open to interpretation as to how
to perform the bioassay, as well as being unclear as to what the most up to date itera-
tions of the guidelines are. The WHO website has been updated since this review of
the method began, and the relevant test procedures can now be found considerably eas-
ier (https:/lwww.who.int/teams/global-malaria-programme/prevention/vector-control/
insecticide-resistance[Accessed: 4 February 2022]). Moreover, the lack of comparable data
from the published literature is due to the populations being tested being either “eld strains
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7); however,
this is due to the large intraspeci“c variation between the technical replicates in one of
the biological replicates. It is possible that using more test units with fewer mosquitoes
could result in a lower variability than fewer test units with larger numbers, and so, in
settings where mosquitoes are less available, it may be bene“cial to divide the cohort up
into multiple smaller batches with more test units. Where possible, we would recommend
increased replication with different cohorts of the same mosquito population to increase the
sample size to at least the WHO recommended 100 mosquitoes per insecticide treatment
and 50 mosquitoes per control. We also would not recommend using any more than
30 mosquitoes per test unit, as there is no data available, that we are aware of, to support it,
and we can see no logistical reason for using more than this number per test unit.

Repeating the experiment with the insecticide-resistant Tiassal é 13 exposed to permethrin-
treated DC papers with results based on three replicates showed similar trends to those
using Kisumu. Covering the exposure tube during the period of exposure again had no
signi“cant effect on knockdown or mortality relative to the uncovered test units. Mosquito
numbers between 15 and 30 mosquitoes per test unit did not affect knockdown or mortality,
but again the treatment with only 10 mosquitoes per test unit resulted in lower mortality.
The effect size of the number of mosquitoes per test unit seemed to be smaller than in
the susceptible Kisumu strain, and a larger sample size was needed to be able to detect a
difference. Further replicates of the experiment to ensure equal ¢ne values for the number
of mosquitoes tested per treatment did not affect the trends of results; the variability was
reduced, though not to the same extent as it was in the Kisumu experiment. This replicated
result, even with a DC assay with insecticide-resistant mosquitoes, which are more “eld
relevant than an old laboratory colony, supports the recommendation to use a minimum of
15 mosquitoes per test unit but that covering the exposure tube does not have an effect.

When investigating the effect of mosquito age at the time of testing, we found that
mosquitoes both 2 and 4 days older than the recommended testing age (2...5 days) show
an increased susceptibility to permethrin. This increased susceptibility is seen at 6...9 days
old for Kisumu and 4...7 days old for Tiassalé 13. This difference could be due to the
increased “tness cost caused by resistance mechanisms in the Tiassa 13 strain compared
with the susceptible Kisumu strain. This supports previous “ndings that mosquitoes aged
10 days and above show an increased susceptibility to insecticides [8,9], but there has
previously been little data on mosquitoes aged between 5 and 10 days post-eclosion. While
investigations of the effect of insecticides on malaria transmission focus on older female
Anophelesvhich are the vectors of malaria, it is useful for other testing purposes to know
across what age range mosquitoes can be used for testing and still produce the same result.
When monitoring a population for the emergence of resistance, it is important that variables
including ag, and mosquito density, as discussed above, are held constant to allow robust
comparisons between test replicates and to allow true changes in test results over time to
be identi“ed. The data from this study suggest that, when performing a WHO tube assay,
the recommended testing age of 2...5 days should be adhered to.

29



https:
/lwww.mdpi.com/article/10.3390/insects13060544/s1 , Supplementary File S1: Table detailing all

peer reviewed publications included in the review of the literature and all raw data, and reproducing
Table 2.

Author Contributions:  Conceptualization, G.P. and R.S.L.; methodology, G.P., A.S. and R.S.L.; formal
analysis, G.P., D.P.M. and R.S.L.; investigation, G.P.; data curation, G.P.; writing...original draft
preparation, G.P.; writing...review and editing, G.P., D.P.M., A.S. and R.S.L.; visualization, G.P. and
D.P.M.; project administration, A.S. and R.S.L.; funding acquisition, A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Bill and Melinda Gates Foundation, grant number
INV004350, through Innovation to Impact (121) at the Liverpool School of Tropical Medicine.

Institutional Review Board Statement:  Not applicable.

30



o |

Kisum

Tiassale 13

Knockdown (60min)

0.94
30 per tube 4 194
0.42 ***
20 per tube 4 +.U.42 A28
0.35 ***
15 per tube 4 1), 34 e
0.19*T
10 per tube 4 0197 T
001 00501 05 1
Odds Ratio
1.32
30 per tube ———.1—-4-%
+
1,47
20 per tube -
+
1.18
15 per tube w
—
A1l
10 per tubeq ——@83+*
—
01 02 05 1 2
Odds Ratio

Mortality 24hrs

1.07
-1.17
30 per tube 8118
-
0.642;
20 per tube —323 i
-
D.87
=/D
15 per tube —375
per tube B+ &
0.15 *
Le%]3x
10 per tube 5 —86-10 ***
——
0.01 0.050?1 05 1 5 10
Odds Ratio
1 1.17
—oH14
30 per tube o —&Hi4
+
20 per tube 4 %%7
—.—
0.93
15 per tube 4 ﬂ:g1
——
0.5
57
10 per tube 4 o
—
0.05 0.1 05 1 5 10

Odds Ratio

Model

- GLM

@ GLMM (Bio)
@ GLMM (BioTech)

Model

& GLM

& GLMM (Bio)
@ GLMM (Bio/Tech)



Tiassale 13

Kisumu

Knockdown (60min) Mortality 24hrs
.85 7 1.12
& gg 711
7 days 4 —.:1.95 e 7 days 4 —.1—.11
- -
B.30 ¥4 2.3
_._9.68 xn _._2.46 o
9 days 4 —Q—1 0.30 *** 9 days 4 —.z 47
- -
01 05 1 5 10 50100 01 05 1 5 10 50
0Odds Ratio Odds Ratio
1.25 1.79/**
%733 7 gq
7 days < —‘1—23 7 days « _.1_81 P
—— -
2,93 1 _.3.30 e
—®55 4+ 5 40 **
9 days 4 +2 §g *** 9 days < -.240 R
—— -
01 05 1 5 10 50 01 05 1 5 10 50
Odds Ratio Odds Ratio
CrossRef

32

Model

& GLM

-® GLMM (Bio)
& GLMM (Bio/Tech)

Model

@ GLM

-® GLMM (Bio)
-® GLMM (Bio/Tech)

Grossman, M.K.; Uc-Puc, V,; Flores, A.E.; Manrique-Saide, P.C.; Vazquez-Prokopec, G.M. Larval density mediates knockdown
resistance to pyrethroid insecticides in adult Aedes aegypti. Parasites Vectorg8018 11, 282. [CrossRef [PubMed]

Barreaux, A.M.G.; Stone, C.M.; Barreaux, P.; Koella, J.C. The relationship between size and longevity of the malaria vector
Anopheles gambiae (s.s.) depends on the larval environment. Parasites Vector8018 11, 485. [CrossRef [PubMed]

Balmert, N.J.; Rund, S.S.C.; Ghazi, J.P.; Zhou, P.; Duf‘eld, G.E. Time-of-day speci“c changes in metabolic detoxi“cation and
insecticide resistance in the malaria mosquito Anopheles gambiae. J. Insect Physiol2014 64, 30...39.GrossRef [PubMed]

Rajatileka, S.; Burhani, J.; Ranson, H. Mosquito age and susceptibility to insecticides. Trans. R. Soc. Trop. Med. Hy@011, 105
247...2530rossRef [PubMed]



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

CrossRef
[PubMed]
Glunt, K.D.; Oliver, S.V.; Hunt, R.H.; Paaijmans, K.P. The impact of temperature on insecticide toxicity against the malaria vectors
Anopheles arabiensis and Anopheles funestus. Malar. J.2018 17, 131. [CrossRef [PubMed]
Echodu, R.; Iga, J.; Oyet, W.S.; Mireji, P.; Anena, J.; Onanyang, D.; Iwiru, T.; Lutwama, J.J.; Opiyo, E.A. High insecticide resistances
levels in Anopheles gambiaes s.I. in northern Uganda and its relevance for future malaria control. BMC Res. Note202Q 13, 348.
[CrossRef [PubMed]
Williams, J.; Flood, L.; Praulins, G.; Ingham, V.A.; Morgan, J.; Lees, R.S.; Ranson, H. Characterisation of Anopheles strains used
for laboratory screening of new vector control products. Parasites Vector8019 12, 522. [CrossRef [PubMed]
Abbott, W.S. A Method of Computing the Effectiveness of an Insecticide. J. EconEntomol.1925 18, 265...267CrossRef
Brooks, M.E.; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.,; Nielsen, A.; Skaug, H.J.; Machler, M.; Bolker, B.M.
GImmTMB Balances Speed and Flexibility Among Packages for Zero-In"ated Generalized Linear Mixed Modeling. R J.2017, 9,
378...400CrossRef
World Health Organization. Assessment of Susceptibility to Insecticides in Anopheline Mosquifogd Health Organization: Geneva,
Switzerland, 1957.
World Health Organization WHO. Expert Committee on Insecticides [Meeting Held in Geneva from 19 to 23 April 1971]: Nineteenth
Report 1971World Health Organization: Geneva, Switzerland, 1971.
World Health Organization. Resistance of Vectors and Reservoirs of Disease to Pesticides: Twenty-Second Report of the WHO Expert Cor
mittee on Insecticides [Meeting Held in Geneva from 16 to 23 September; 18@8§l Health Organization: Geneva, Switzerland, 1976.
WHO. Expert Committee on Insecticides: Eighth Rep@vorld Health Organization: Geneva, Switzerland, 1958.
World Health Organization. Insecticide Resistance and Vector Control: Thirteenth Report of the WHO Expert Committee on Insecticides
[Meeting Held in Geneva from 20 to 26 November 198&brld Health Organization: Geneva, Switzerland, 1963.
World Health Organization. Speci“cations for Pesticides Used in Public Health: Fifteenth Report of the WHO Expert Committee on
Insecticides, Geneva, 19...25 October;M®68d Health Organization: Geneva, Switzerland, 1966.
World Health Organization. Insecticide Resistance and Vector Control: Seventeenth Report of the WHO Expert Committee on Insecticides
[Meeting Held in Geneva from 19 to 25 November 1968prld Health Organization: Geneva, Switzerland, 1970.
World Health Organization. Test Procedures for Insecticide Resistance Monitoring in Malaria Vectors, Bio-Ef‘cacy and Persistence of
Insecticides on Treated Surfaces: Report of the WHO Informal Consultation, Geneva, 28...30 SeptenWerld98&alth Organization:
Geneva, Switzerland, 1998.
World Health Organization. Guidelines for Testing Mosquito Adulticides for Indoor Residual Spraying and Treatment of Mosquitp Nets
World Health Organization: Geneva, Switzerland, 2006.
World Health Organization. Guidelines for Laboratory and Field-Testing of Long-Lasting Insecticidal Nets; 20b8ld Health
Organization: Geneva, Switzerland, 2013.
World Health Organization. Monitoring and Managing Insecticide Resistance in Aedes Mosquito Populations: Interim Guidance for
Entomologists 201,6World Health Organization: Geneva, Switzerland, 2016.
Hougard, J.-M.; Duchon, S.; Zaim, M.; Guillet, P. Bifenthrin: A Useful Pyrethroid Insecticide for Treatment of Mosquito Nets.
J. Med.Entomol. 2002 39, 526...533CrossRef [PubMed]
Isaacs, A.T.; Lynd, A.; Donnelly, M.J. Insecticide-induced leg loss does not eliminate biting and reproduction in Anopheles
gambiae mosquitoes. Sci. Rep2017, 7, 46674. CrossRef [PubMed]
Bagi, J.; Grisales, N.; Corkill, R.; Morgan, J.C.; N*Fa#, S.; Brogdon, W.G.; Ranson, H. When a discriminating dose assay is not
enough: Measuring the intensity of insecticide resistance in malaria vectors. Malar. J.2015 14, 210. [CrossRef [PubMed]
Owusu, H.F.; Chitnis, N.; Mdller, P. Insecticide susceptibility of Anopheles mosquitoes changes in response to variations in the
larval environment. Sci. Rep2017, 7, 3667. [CrossRef [PubMed]

33






. insects MDPI

Article

Modi“ed World Health Organization (WHO) Tunnel Test for
Higher Throughput Evaluation of Insecticide-Treated Nets
(ITNs) Considering the Effect of Alternative Hosts, Exposure
Time, and Mosquito Density

Dismas S. Kamande 1:2* Olukayode G. Odufuwa 2:345 Emmanuel Mbuba 245 Lorenz Hofer 43
and Sarah J. Moore 1:2:4:5

The Nelson Mandela African Institution of Science and Technology (NM-AIST),

Arusha P.O. Box 447, Tanzania; smoore@ihi.or.tz

Vector Control Product Testing Unit (VCPTU), Ifakara Health Institute, Environmental Health, and Ecological
Sciences, Bagamoyo P.O. Box 74, Tanzania; oodufuwa@ihi.or.tz (0.G.0O.); embuba@ihi.or.tz (E.M.)

MRC International Statistics and Epidemiology Group, London School of Hygiene and Tropical Medicine,
London WC1E 7HT, UK

Vector Biology Unit, Department of Epidemiology and Public Health, Swiss Tropical & Public Health Institute,
Kreuzstrasse 2, 4123 Allschwil, Switzerland; lorenz.hofer@swisstph.ch

Faculty of Science, University of Basel, Petersplatz 1, 4001 Basel, Switzerland

*  Correspondence: dkamande@ihi.or.tz

Simple Summary: Membrane feeding assays have been widely used in malaria transmission research
and insectary colony maintenance. Here, we investigate whether a membrane feeder can replace ani-
mal baits for evaluating insecticide-treated nets (ITNs) bio-ef‘cacy in the World Health Organization
(WHO) tunnel test. The effect of (1) alternative baits, (2) exposure time, and (3) mosquito density on
the endpoints of mosquito mortality and feeding inhibition or feeding success was investigated. Our
results show that similar mortality at 24-h (M24) or 72-h (M72) is estimated using either a membrane
feeder or a rabbit bait with an overnight (12 h) exposure. However, the membrane measured higher
blood feeding inhibition than the rabbit, likely due to the absence of host cues, notably carbon
dioxide. Therefore, the membrane feeder may be used instead of an animal bait to test mortality
endpoints in WHO tunnel tests and blood feeding rates need to be improved. Experimental results
demonstrated that using 50 or 100 mosquitoes per replicate measure the same for mortality and
feeding inhibition endpoints with an animal bait. Therefore, WHO tunnel tests may be run with
lower mosquito densities. This will reduce strain on insectaries to produce suf‘cient mosquitoes to
meet the large sample sizes needed for bio-ef‘cacy durability monitoring of chlorfenapyr ITNs that
must be evaluated in sfree-"yingZ bioassays.

Abstract: The standard World Health Organization (WHO) tunnel test is a reliable laboratory bioassay
used for «free-"yingZ testing of insecticide-treated nets (ITNs) bio-ef‘cacy where mosquitoes pass
through a ITN sample to reach a live animal bait. Multiple parameters (i.e., bait, exposure time, and
mosquito density) may affect the outcomes measured in tunnel tests. Therefore, a comparison was
conducted of alternative hosts, exposure time, and lower mosquito density against the current gold
standard test (100 mosquitoes, animal bait, and 12-h exposure) as outlined in the WHO ITN evaluation
guideline. This was done with the aim to make the tunnel test cheaper and with higher throughput

to meet the large sample sizes needed for bio-ef‘cacy durability monitoring of chlorfenapyr ITNs
that must be evaluated in free-"yingZ bioassays. Methods: A series of experiments were conducted
in the WHO tunnel test to evaluate the impact of the following factors on bio-ef‘cacy endpoints of
mosquito mortality at 24-h (M24) and 72-h (M72) and blood-feeding success (BFS): (1) baits (rabbit,
membrane, human arm); (2) exposure time in the tunnel (1 h vs. 12 h); and (3) mosquito density
(50 vs. 100). Finally, an alternative bioassay using a membrane with 50 mosquitoes (membrane-50)
was compared to the gold standard bioassay (rabbit with 100 mosquitoes, rabbit-100). Pyrethroid-
resistant Anopheles arabiens@nd pyrethroid susceptible Anopheles gambiagere used to evaluate
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1]. Insecticide-treated nets (ITNs) have been an extremely effective control
measure [2] because they interrupt malaria transmission in two ways, by reducing mosquito
blood-feeding and by killing a proportion of mosquitoes that contact the nets [ 3,4]. Since
2015, however, malaria control progress has stalled, with the COVID-19 pandemic in 2020
placing additional constraints on malaria control efforts. Despite this, ITNs remain the
current cornerstone of global malaria control [ 1].

To date, all ITNs contain pyrethroid insecticides, which reduce the number of bites
that individuals sleeping under them receive even if the nets become old and torn, because
pyrethroids inhibit mosquito "ight and feeding responses|[ 5,6]. However, mass deployment
of pyrethroid ITNs globally has led to widespread pyrethroid resistance with varying
mechanisms [7] observed in eighty two countries. To sustain the malaria control gains
attributed to ITNs and to assist in reducing malaria by at least 90% by 2030 [ 8], several ITNs
with different insecticide classes in combination with pyrethroids have been developed.
These so-called dual-insecticide ITNsZ afford non-neurotoxic modes of action with no
cross-resistance (chlorfenapyr), reduced fecundity, and fertility (pyriproxyfen, PPF), or
increased susceptibilities to pyrethroids (piperonyl butoxide, PBO) [ 9..14]. Randomized
control trials have demonstrated greater malaria control using dual-active ITNs compared
to pyrethroid nets in areas of high pyrethroid resistance, with pyrethroid combined with
PBO [15,16], or chlorfenapyr [ 17]. Operational research has indicated an additional public
health bene“t of chlorfenapyr [ 18] and pyriproxyfen [ 18] in combination with pyrethroid
compared to pyrethroid-only ITNs.

New ITN products must demonstrate their continued effectiveness for malaria control
up to three years after deployment through biological ef‘cacy testing against mosquito
vectors [19,20]. The current World Health Organization (WHO) guidelines for ITN testing
outline bioassays that were designed to evaluate pyrethroids with rapid neurotoxic action
against exposed mosquitoes, i.e., rapid incapacitation (knockdown), reduction in blood-
feeding, and killing within 24 h post-exposure. Chlorfenapyr requires the mosquito to
be metabolically or physiologically active (as it is when encountering ITNs during host-
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21]. Mosquitoes are more metabolically active at night, when "ying,
host-seeking or active during their typical circadian rhythms, for which the «free-"yingZ
WHO tunnel test is a more appropriate bioassay [ 22,23].

The WHO tunnel test is widely used to assess the bio-ef‘cacy of ITNs under laboratory
conditions. Despite predicting a similar bio-ef‘cacy of pyrethroid [ 5] and chlorfenapyr
ITNs [22,23] to those measured in gold-standard experimental hut trials, the tunnel test has
several limitations. Firstly, the animal baits (rabbit or guinea pig) used are non-preferred
hosts for malaria mosquitoes, especially the highly anthropophilic Afrotropical vectors
Anopheles gambiadnopheles funestysnd Anopheles arabiensj&4,25. Moreover, the use
of animals includes welfare concerns, and it is costly to ensure that animals are well
maintained under veterinary supervision. Secondly, the bioassay is conducted overnight
for 12...15 h. There is evidence that mosquitoes interact with treated netting within the “rst
30 min of release [26], thus prolonging exposure time could overestimate outcomes. Thirdly,
the current tunnel test uses one hundred mosquitoes per replicate, which is expensive
for insectaries to produce. Owing to the signi“cance of blood-feeding in the life cycle
of the malaria mosquito, as well as its importance for malaria transmission between
human and mosquito hosts, it is an important component of vector control product testing.
Different baits could be used to minimize the limitations of using humans or live animal
hosts. Membrane feeders have been widely deployed for evaluating topical mosquito
repellents [27], transmission-blocking drugs and vaccines [ 28], and endectocides [29], as
well as for mosquito rearing [ 30..36]. Moreover, the use of an arti“‘cial membrane has
several advantages, including no animal welfare or ethical concerns, reduced chance of
accidental disease transmission, simple logistics, and reproducibility [ 33,35..37]. Given
the signi“cance of host kairomones in encouraging mosquito feeding, worn socks may be
added to augment the attractiveness of the membrane to mosquitoes [38].

Multiple parameters including bait [ 25], mosquito density [ 39], and duration of expo-
sure to ITNs [40] may affect the outcomes measured in tunnel tests. Therefore, the current
paper compared alternative baits, exposure times, and lower mosquito densities against
the current gold standard test (100 mosquitoes, animal bait, and 12 h exposure) as outlined
in the WHO ITN evaluation guideline [ 20] in an attempt to simplify the tunnel test to make
it cheaper with a higher throughput for the evaluation of large numbers of ITNs as needed
for the bio-ef“cacy durability monitoring of chlorfenapyr ITNs that must be evaluated in
«free-"yingZ bioassays [ 41].

2. Materials and Methods
2.1. Study Area

Bioassays were performed at the Vector Control Product Testing Unit (VCPTU) facility
located at the Bagamoyo branch of Ifakara Health Institute (IHI), Tanzania (6.446 S and
38.901 E).

2.2. Description of Investigational ITNs

Interceptor® is made from 100-denier polyester coated with 200 mg/m 2 alpha-
cypermethrin and Interceptor ® G2 is made of 100-denier polyester coated with a mixture
of 200 mg/m 2 chlorfenapyr and 100 mg/m 2 alpha-cypermethrin. Both net brands are
manufactured by BASF, Germany. Sa“ Net, made of polyester manufactured by A to Z
Textile Mills, Tanzania, was used as a negative control to monitor the quality of the bioassay.
The study included the following arms: (1) unwashed Interceptor ©; (2) Interceptor® washed
20 times; (3) unwashed Interceptor® G2; (4) Interceptor® G2 washed 20 times; (5) negative
control...Sa“ Net. Five samples per net were cut and samples were washed twenty times
according to a protocol adapted from the standard WHO washing procedure [ 20] using
20 g/L palm soap (Jamaa brand). The interval of time used between two washes (i.e.,
regeneration time) was 1 day for both Interceptor ® G2 and Interceptor® ITNs (Table 1).
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36)at27+ 2 Cand
40%...100% relative humidity, with an ambient (approximately 12:12) light...dark cycle. The
colony was maintained on a Tetramin “sh food for larvae, 10% glucose for adults. Females
were offered cattle blood in a membrane feeder or were offered a human arm as a blood
source. Mosquitoes were 5...8 days old, nulliparous, sugar starved for eight hours, and
acclimatized to the test room for an hour before the experiment (Table 1). As VCPTU do
not have resistant An. gambiadn the colony, we used metabolic resistant An. arabiensis
instead. Since the bioassay measured contact toxicity, it was deemed that the mechanism
for resistance was more critical than the species used for the evaluation.
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20] (Figure 1A). The
tunnel was divided into two chambers separated by a netting sample that were deliberately
holed with 9 small (1 cm) holes through which the mosquitoes had to pass to reach the
bait. The bait was placed in the short chamber. In the long section, 100 unfed female
mosquitoes aged 5...8 days were released at 19:00 h. The tunnel was covered with a black
cloth and left overnight. The following morning, between 07:00 and 09:00 h, mosquitoes
were removed from the tunnel using an aspirator. Mosquitoes were scored as alive fed,
alive unfed, dead fed, or dead unfed in each chamber and put into a separate paper cup
for post exposure mortality monitoring. Mosquitoes were supplied with access to 10%
sugar solution ad libitum and were then scored for post-exposure delayed mortality at 24-h
and 72-h. The experiment and post exposure holding was conducted at a temperature of
27+ 2 Cand arelative humidity of 80% =+ 10. For the experiment to be considered valid,
the following thresholds were used: control 24-h mortality 10% in all experiments and
blood-feeding success 50% with experiments using the rabbit bait.

Figure 1. WHO tunnels for comparison of baits: ( A) Conduct of standard WHO Tunnel with the bait
chamber to the left of the picture and mosquitoes being placed into the longer end of the chamber;
(B) Rabbit,in Experiments 1...4; (C) Hemotek® membrane,in Experiment 1 and 4; and ( D) Human
arm,in Experiment 1.

2.5. Bait Used and Preparation

Rabbit: three groups of “ve healthy rabbits were used. Rabbits were maintained under
veterinary supervision. The rabbit was shaved on its back to allow the mosquitoes to feed.
The rabbit was gently restrained in a mesh tube that was suspended in the short section
of the WHO tunnel throughout the 12-h experiment (Figure 1B). Membrane feeding: A
Hemotek® membrane feeder (SP-6 System, Hemotek Ltd., Blackburn BB6 7FD, UK) was
used. Two membrane feeders were placed on top of the <bait chamberZ of each tunnel
(Figure 1C). Each feeder reservoir contained 3 mL of cow blood covered by a stretched
para“‘lm membrane and tightened with an o-ring to prevent any leakage. Cow blood was
obtained from cattle maintained under veterinary supervision at VCPTU and was stored
for up to two weeks at 4...8 C in heparinized tubes. Socks worn by the investigator (DK)
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1D). Before testing, their arms were washed with water. The volunteers were
non-smokers and did not drink alcohol or use perfumed lotions during the experimental
period. The experimental time for arm feeding wa s 1 h to allow for standardized evaluation
and to minimize volunteer discomfort. Previous work has shown that 30 min of exposure
resulted in high blood feeding [ 35]. To protect human participants, several procedures are
routinely undertaken in the laboratory. Anybody who works in the insectary and blood-
feeds mosquitoes (including the participants) are screened weekly for malaria parasites
using malaria rapid tests (SD bioline). Colony mosquitoes are not kept beyond 10 days,
as it takes 12...14 days for mosquitoes to develop sporozoites. Mosquitoes used in the
experiments were nulliparous. Therefore, participants were not at risk of malaria infection
as a result of the experiments.

2.6. Study Design

Experiments were comparative bioassays with a minimum of 5 replicates per net type,
per permutation (Table 1). A total of sixty one experimental nights were run between March
2021 and February 2022. All procedures for preparation, release, collection, and mosquito
scoring were performed as per the standard WHO tunnel test procedure [ 20] (Figure 1A)
outlined above with the factors of interest (bait, exposure time, and density) varied (Table 1).
The endpoints measured were blood feeding success (BFS) or blood feeding inhibition
(BFI), mortality at 24-h (M24), and mortality at 72-h (M72).

2.6.1. Experiment 1: The Impact of Bait/Host

The bio-ef‘cacy of unwashed and 20 times washed Interceptor ® G2 and Interceptor®
ITNs was tested using 100 pyrethroid-resistant An. arabiensiger replicate with membrane,
human arm, and rabbit bait (Figure 2A). Mosquitoes were left in the tunnel for 12 h
overnight and BFS, M24, and M72 endpoints were evaluated. Five samples for each
ITN type and condition (Interceptor ® G2 unwashed and 20x washed and Interceptor®
unwashed and 20x washed) for each host type were evaluated using “ve tunnels. One
control and four treatments,,i.e., one per net type and condition,were conducted each
night for 15 nights with each bait (membrane, human, and rabbit) and were evaluated for
“ve nights each. Each bait type was tested on different nights to allow for an independent
comparison of each bait in the absence of competing host kairomones.

2.6.2. Experiment 2: The Impact of Exposure Time

The bio-ef‘cacy of unwashed and 20 x washed Interceptor® G2 and Interceptor® was
tested using 100 pyrethroid-resistant An. arabiensiger replicate with either a human arm or
membrane bait (Figure 2B). When investigating 1 h exposure, mosquitoes were exposed to
ITNs for only 1 h with a human arm or membrane and were then removed from the tunnel
and placed in holding cups with access to sugar for 11 h overnight. For the 12-h exposure,
the human arm was only available for 1 h, but the mosquitoes were left in the tunnel for
the remaining 11 h of the experiment. In the membrane assay, mosquitoes interacted with
membrane in the tunnel throughout the 12 h of exposure. In both tests, the BFS, M24, and
M72 endpoints were evaluated. Five samples for each ITN type (Interceptor ® G2 unwashed
and 20x washed and Interceptor® unwashed and 20x washed) plus a negative control
were tested using “ve tunnels. Five replicates per treatment arm for each bait and exposure
time were conducted over 10 nights. The 1 h and 12 h of exposure were conducted on the
same night for either the membrane or the human arm. The 1 h exposure was performed
and then a 12-h exposure was conducted on the same net using a fresh batch of mosquitoes.
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3A). Experiments were conducted following standard procedures
with 12 h of exposure and continuous access to a restrained rabbit. For this, two species
were used: pyrethroid-resistant An. arabiensigested for the pyrethroid and chlorfenapyr
Interceptor® G2 (unwashed or 20x washed) and pyrethroid-susceptible An. gambiaeor
the pyrethroid only Interceptor ® ITN (unwashed or 20 x washed). A total of seven tun-
nels (one control, 3 with unwashed, and 3 with washed ITNs) per night were run with
15 replicates conducted per net condition for each mosquito density. Each strain and density
(Table 1) were evaluated in a separate 5-night block. This was done to ensure the “tness of
mosquitoes used, as the experiments were conducted at a time when the mosquito colony
was under pressure from multiple evaluations.

2.6.4. Experiment 4: Possibility to Replace Standard Bait (Rabbit) with the
Membrane Assay

To determine whether the rabbit can be replaced with the membrane assay as the
bait, the bio-ef‘cacy measurements of BFS, M24, and M72 endpoints were evaluated in
the WHO tunnel with 12 h of exposure using 50-membrane and 100-rabbit (gold standard)
with resistant An. arabiensisnosquitoes (Figure 3B). The same procedure was used for all
“ve arms: a negative control and four treatment arms of Interceptor ©® unwashed or 20x
washed and Interceptor® G2 unwashed or 20x washed (Table 1). For the membrane, a
total of 5 tunnels (1 per arm) were run per night, and for the rabbit, 9 tunnels (1 control
and 2 replicates per treatment arm) were run per night, with a total 15 replicates per arm
for each assay. Different baits were run on separate nights to allow for an independent
comparison of each bait in the absence of competing host kairomones.
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42] in R statistical software 3.02 https://www.r-project.org/  (accessed
on 23 April 2022) was performed to detect a 10% effect difference between the nets, sim-
ulations were performed using an estimated mosquito mortality of 80% for unwashed
Interceptor® G2 and 70% for unwashed Interceptor®, and 10% for Sa“Net® (deliberately
holed). The power estimated was more than 90% based on estimates from previous studies
conducted in the same setting: mean mortality of 81.5% for the WHO tunnel test with an
assumed daily variation of 0.5 and 15 replicates per arm [ 23].

2.7.2. Statistical Analysis

Data were collected using standard paper forms and double entered into an Excel
spreadsheet, cleaned, and imported into STATA 16.1 (Stata Statistical Software: Release
16. College Station, TX, USA: StataCorp LLC.) for analysis. Descriptive statistics were
used for data summarization, whereby mean percentage mortality at 24-h (M24) or 72-h
(M72) or blood feeding success (BFS) or blood-feeding inhibition (BFI) with their 95%
Con“dence Intervals (Cl) were calculated. Multivariable mixed logistic regression with
a binomial link was conducted with “xed effects for the exposure of interest, adjusting
for ITN condition and mosquito species, with day as a random effect to account for daily
variability in environmental conditions and mosquito batch variability. Model “t was
checked by the testing of model residuals. To estimate the superiority of Interceptor ® G2
over Interceptor ® with resistant mosquitoes, the same regression was used for comparing
superiority measured using the gold standard 100-rabbit to 50-membrane on M72 and
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43] methods were used to estimate the
agreement in outcomes M24, M72 and BFS measured by assays: (1) membrane vs. rabbit;
(2) 100 vs. 50 mosquitoes; and (3) 100-rabbit vs. 50-membrane.

3. Results
3.1. Experimental Validity

In all the bioassays conducted, control M24 was <10% and at M72 was <13%. BFS
was 50% in both the human arm and the rabbit controls and was <23% in the membrane
control (Table 2).

Table 2. Impact of bait on mortality and blood-feeding adjusted for the net condition. The difference
in the odds of mosquito mortality at 24-h (M24) or 72-h (M72) and blood feeding success (BFS) for
100 pyrethroid-resistant Anopheles arabiensixposed to Interceptor® and Interceptor ® G2 with either
a rabbit, human arm or membrane feeder as bait *.

BFS M24 M72
% (95% CI) OR (95%Cl) p-Value % (95% CI) OR (95%Cl) p-Value % (95% Cl) OR (95%Cl) p-Value

Control

Rabbit 64.8 (51.2...78.3) 1 3.8(0.8-6.8) 1 7.7(5.1...10.3) 1
Membrane 22.8(10.4...35.1)  0.16 (0.14...0.20) <0.001 6.8(5.9...7.6) 1.83(1.22...2.75) 0.004 8.9(8.3...9.5) 1.16 (0.84...1.59) 0.36¢
Humanarm  74.4(67.9...80.8)  1.59 (1.25...2.02) <0.001 6.4 (4.9...7.8) 1.71(1.05...2.77) 0.030 11.7(9.0...14.4)  1.58(1.11...2.26) 0.01:
Treatment

Rabbit 6.6 (2.2...11.0) 1 49.7 (36.4...62.9) 1 66.1 (55.3...76.9) 1
Membrane 46(1.5..7.7) 0.34(0.28...0.48) <0.001  46.5(35.7..57.3)  0.90(0.79...1.02) 0.086 67.2(57.0...77.3)  1.07 (0.93...1.22) 0.35:

Humanarm  55.9(49.1...62.7)  9.81(8.25...11.67)  <0.001  29.3(22.1..365) 0.42(0.37..048)  <0.001  37.3(29.7...45.0) 0.31(0.27...0.35)  <0.0(

* Mosquitoes were exposed for 12 h. Data presented are mean proportion (%) with 95% con“dence interval
(95% Cl) and odds ratios (OR) derived from regression analysis with 95% CI adjusted for net type and condition.

3.2. Experiment 1: The Impact of Baits

The bait used affected both the feeding and mortality endpoints measured. The mem-
brane measured a similar mortality and a lower blood feeding success than the rabbit. The
human arm measured a lower mortality and higher blood feeding success than the ra bbit.

M24 in the intervention arms was not signi“cantly different between the rabbit and
membrane (OR: 0.90, 95% CI: 0.79...1.¢25+ 0.086) and was signi“cantly lower using the
human arm (OR: 0.42, 95% CI: 0.37...0.48< 0.001) compared to the rabbit (Table 2). M72
in the intervention arms was not signi“cantly different between the rabbit and membrane
(OR: 1.07, 95% CI: 0.93...1.325 0.352) and was signi“cantly lower using the human arm
(OR:0.31, 95% CI: 0.27...0.35< 0.001) compared to the rabbit (Table 2). Control M24 was
higher in the membrane and human arms; but control M72 was higher in the human arm
(OR: 1.83, 95% CI: 1.22...2.%57 0.004) and was not different between rabbit and membrane
(OR: 1.16, 95% CI: 0.84...1.597 0.366). In the treatment arm, BFS was signi“cantly lower
using a membrane (OR: 0.34, 95% CI: 0.28...0.48< 0.001) and was signi“cantly higher
using a human arm (OR: 9.81, 95% CI: 8.25...11.67< 0.001) compared to the rabbit (Table 2).
The same trend was observed in the control arm.

The same trends in mortality and blood feeding inhibition (BFI) were observed for
both Interceptor ® ITN and Interceptor ® G2 (Figure 4). Higher blood feeding resulted in
lower mortality (Figure S1), which will explain the lower mortality measured with the
human arm, which also had substantially higher BFS. Therefore, the human arm could
not be considered for further evaluation. Between the membrane and the rabbit with
100 mosquitoes per replicate, no systematic difference was observed for agreement by
Bland and Altman methods (Figure S2). The mean difference was 6% ($10.81...23.01) for
BFS and$1.09% §72.91...70.73) for M72.
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3). With the membrane bait,
longer exposure signi“cantly increased both the odds of M72 (OR: 2.30, 95% CI: 2.02...2.62,
p = 0.001) and the odds of BFS (OR: 1.55, 95% CI: 1.08...2.22; 0.017). Similarly, in the
human arm, the longer exposure signi“cantly increased the odds of M72 (OR: 1.66, 95% CI:
1.45...1.9¢,= 0.001), while the effect of exposure time on BFS could not be measured since
the human arm was only available for one hour (Figure 5). The time that mosquitoes are
left in the tunnel overnight is a signi“cant factor in mosquito mortality and should always
be recorded and reported.

Table 3. Impact of exposure time on mortality and blood-feeding adjusted for the net condition; The
difference in the odds of mosquito mortality at 24-h (M24) or 72-h (M72) and blood-feeding success
(BFS)) for 100 pyrethroid-resistant Anopheles arabiensixposed to Interceptor® and Interceptor® G2
with either a human arm or a membrane feeder as bait *.

BFS M24 M72
OR % OR % OR
p-Value p-Value p-Value
(95% ClI) (95% Cl) (95% ClI) (95% ClI) (95% ClI)
1 24.7 (17.0...32.4) 1 38.9(26.5...51.2) 1

1.55 (1.08...2.22) 0.017 43.3(25.9...60.6)  1.66(1.46..1.89)  <0.001  68.8(52.0...85.5) 2.30(2.02..2.62)  <0.0C
NA 20.3(17.7...22.8) 1 31.1(26.1...36.1) 1

NA 35.2(22.7..47.6)  2.26(1.93..2.64)  <0.001  43.0(29.6...56.3)  1.66(1.45...1.90)  <0.001

* Mosquitoes were exposed for either 1 h before being removed from the tunnel and placed in holding cups with
access to sugar or left overnight in the tunnel for 12 h. Data presented are a mean proportion (%) with a 95%
con“dence interval (95% CI) and odds ratios (OR) derived from regression analysis with 95% CI adjusted for
net conditions.
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4). This was consistent for both Interceptor ® and
Interceptor® G2, unwashed and washed 20 times (Figure 6). No systematic difference in
agreement between methods was observed by Bland and Altman methods (Figure S3).
The mean difference was S4.54% §31.62...22.54) in BFS and 1.71%28.71...32.12) in M72.
Furthermore, when tested using the pyrethroid-resistant strain, the 50-rabbit bioassay
predicted the superiority of Interceptor ® G2 to Interceptor®, as did the 100-rabbit (Table 5).

Table 4. Effects of mosquito density on mortality and blood-feeding. The difference in the odds of
mosquito mortality at 24 h (M24) or 72 h (M72) and blood feeding success (BFS) for resistant Anopheles
arabiensiexposed to Interceptor® G2 or susceptible Anopheles gambiae Interceptor ® in the gold
standard rabbit-100 and 50-rabbit mosquitoes *.

BFS M24 M72
OR % OR % OR
p-Value p-Value p-Value
(95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)

Susceptible An. gambiae with Interceptor ©
1 98.3(97.5...99.1) 1 99.1 (98.6...99.6) 1
2.35(0.80...6.92) 0.122 98.4(97.5...99.3)  1.10(0.32...3.72) 0.882 99.6 (99.3...99.9)  1.80 (0.43...7.54) 0.42
Resistant An. arabiensis with Interceptor © G2
1 51.8 (41.9...61.7) 1 73.9(66.7...81.2) 1
1.54(0.74...3.22) 0.249 45.1(40.7...49.6) 0.69 (0.23...2.12) 0.518 70.0 (67.0...73.1) 0.65 (0.25...1.67) 0.37

* Mosquitoes were exposed for 12 h in the tunnel. Data presented are a mean proportion (%) with 95% con“dence
interval (95% CI) and odds ratios (OR) derived from regression analysis with 95% CI adjusted for net type
and condition.
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5).
This indicates that mosquitoes at a high density are either interacting with each other
to disturb each other from feeding, or discomfort from high biting rates is making the
host more defensive. This increased blood feeding success is likely translating into the
lower odds of mortality observed for washed Interceptor ©® G2 relative to Interceptor © using
50 mosquitoes (OR: 1.07, 95% CI: 0.85...1.%4 0.579) compared to 100 mosquitoes (OR:
1.31,95% CI: 1.12...1.54= 0.001) (Table5). This observation underlines the importance of
consistent control blood feeding success on mortality estimates from the WHO tunnel test
and this should always be recorded and reported.

46



6)
when testing pyrethroid only Interceptor ® or Interceptor ® G2 against pyrethroid-resistant
An. arabiensisAgain, BFS was different, with a far higher BFS in the rabbit-100 assay than
in the membrane 50-assay.

Table 6. Comparison of the membrane assay to the gold standard with rabbit assay. The difference in
the odds of mosquito mortality at 24-h (M24) and 72-h (M72) and blood feeding success (BFS) for resis-
tant Anopheles arabiensigas measured between the gold standard rabbit assay with 100 mosquitoes
and the membrane assay with 50 mosquitoes *.

BFS M24 M72

Assay p-Value p-Value p-Value
% (95% CI) OR (95% CI) % (95% Cl) OR (95% CI) % (95% ClI) OR (95% CI)

Interceptor ©

100 Rabbit 7.9(4.1...11.8) 1 56.4 (45.3...67.6) 1 69.4 (60.0...78.8) 1
50 Membrane 1.2(08..1.7)  0.19(0.08..045) <0.001  525(45.6..59.4) 0.39(0.10...1.61) 0195  73.0(66.9...79.0) 0.54(0.14...2.06)  0.37

Interceptor ©® G2

100 Rabbit 12.5(9.0...16.0) 1 51.8(42.0...61.7) 1 73.9(66.7...81.1) 1

50 Membrane 2.3(1.3..32)  0.17(0.09..0.30) <0.001  56.4(49.8..63.1) 1.10(0.51..2.36)  0.814  83.0(79.1...86.9) 1.50(0.75...2.98)  0.25

* Mosquitoes were exposed for 12 h in the tunnel. Data presented are a mean proportion (%) with a 95% con“dence
interval (95% CI) as well as odds ratios (OR) derived from regression analysis with a 95% CI adjusted for net type.

However, when used for predicting the difference in bio-ef‘cacy between Interceptor ®
and Interceptor® G2, both assays were measured in the same way (Figure7) and both
predicted superior odds of M72 for Interceptor ® G2 (100-rabbit OR: 1.23 (95% ClI: 1.10...1.38),
p < 0.0001; 50-membrane 1.79 (95% CI: 1.50...2.44) 0.0001) and inferior reduction in blood
feeding (100-rabbit OR: 1.76 (95% CI: 1.47...2.1¢)< 0.0001; 50-membrane 1.87 (95% CI:
1.05...3.33) = 0.033) with Interceptor ® G2 relative to Interceptor ® (Table 7). No systematic
difference was observed in agreement for membrane-50 and rabbit-100 by Bland and
Altman methods, with a mean difference (and limits of agreement) of 9.06 % ( S 11.42...29.54)
on BFS andS$5.43 % §50.3...39.45) on M72 (Figure S4).
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Figure 7. Mean percentage mortality and 95% con“dence interval (Cl) for ( A) 24-h (M24); B) 72-h
(M72); and (C) blood feeding inhibition (BFI) for Interceptor © and Interceptor® G2 nets against
pyrethroid-resistant Anopheles arabiensigith 100-rabbit (rabbit bait and density of 100 mosquitoes)
and 50-membrane (Hemotek® membrane bait and density of 50 mosquitoes) in the WHO tunnel test.
The red dashed line depicts the WHO minimum bio-ef‘cacy thresholds of 80% M24 and 95% BFI.
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44. 48] and environmental conditions [ 49,50] that
result in a high degree of heterogeneity between individual nets. The goal of biological
durability monitoring is the precise estimation of the biological ef‘cacy of a population
of ITNs. As the ITN is the unit of replication, greater precision is obtained by evaluating
larger numbers of ITNs.

The current experiment con“rmed that using the Hemotek © membrane feeding sys-
tem as a blood source, together with a worn sock emitting human odor with a replicate
size of 50 mosquitoes, a similar mortality and feeding inhibition as the standard WHO
tunnel bioassay with rabbit and a replicate size of 100 mosquitoes for both pyrethroid
and mixture pyrethroid and chlorfenapyr ITNs is estimated. Our results suggest that a
membrane bioassay can evaluate the difference between ITNs because the membrane assay
estimates the superiority of Interceptor ® G2 over Interceptor® on the M72 outcome using
metabolic-resistant mosquitoes, which was also measured by the gold standard rabbit-100
assay and has been consistently seen in other studies in the WHO tunnel, I-ACT, and
experimental hut [ 23]. It was also able to predict the superior blood feeding inhibition
of Interceptor ®, which has a higher concentration of the pyrethroid alpha-cypermethrin
(200 mg/m 2 alpha-cypermethrin in Interceptor ® and 100 mg/m 2 alpha-cypermethrin in
Interceptor® G2). Being able to test differences between products is the goal of durability
monitoring bioassays that track the bio-ef‘cacy of ITNs over time (biological durability)
and compare them to unwashed positive controls [ 41].

Having a reliable bioassay that can be conducted routinely without animal welfare
concerns will be extremely useful. The data generated by the current work are promising
and further work is planned to improve mosquito feeding success on the membrane as it
was seen that differences in blood feeding success do impact on the mortality estimates.
While this did not impact on the predictions of superiority, and therefore mortality can still
be compared to an unwashed positive control net, if thresholds are used, i.e., the proportion
of nets that meet WHO bio-ef‘cacy criteria, then this might affect the interpretation of the
bioassay results. It is recommended that the results are replicated in additional laboratories,
since having an assay that can accurately predict the differences between net samples
in multiple laboratories with several pyrethroid-resistant mosquito strains and that can
predict the results of experimental hut studies is optimal. Data from the experiments
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225152).

4.1. Impact of the Bait

The use of different baits had an enormous in”"uence on the bioassays. By using a
human arm as bait, feeding inhibition was substantially lower compared to membrane
or rabbit baits [ 53]. This has also been seen in early versions of the tunnel test b1]. This
preference for the human arm is unsurprising, since the colony used in the experiments
is anthropophilic. Therefore, although it is more representative of end-user conditions,
the use of a human is not recommended for ITN evaluation, because the results were
not comparable to those of the rabbit bioassay that was shown to predict the results
of experimental hut trials in this setting [ 23] and elsewhere [9,22,52]. Study “ndings
using An. arabiensismosquitoes were consistent with the existing literature on vector
host preference [25,54], con“rming that mosquitoes are most attracted to humans as bait,
followed by rabbits, and were least attracted to the membrane. Lower attraction in assays
using the Hemotek® membrane system and rabbits reduces the number of mosquitoes
passing the ITN tested, resulting in higher feeding inhibition compared to when the human
arm was used as bait. Several other studies have shown that host-seekingAn. arabiensisare
more attracted to humans than to live animals [ 24,25]. The lower attraction and consequent
higher feeding inhibition when using a membrane is likely due to the absence of carbon
dioxide (CO ) that increases mosquito responses to kairomones B5] and the small size of
the membrane feederes surface, which reduces the amount of heat and moisture available,
which are both important short-range attractants to mosquitoes [ 56.58]. The validity of the
experiment relies on the negative control feeding success of (>50%) for rabbits. In this assay,
with the membrane, augmentation with socks that contained human kairomones improved
the attraction of the membrane to mosquitoes [ 59]. However, it was not possible to use the
same threshold value for feeding success with the less attractive membrane. For this reason,
further work is needed to optimize the attraction of the membranes for use in the WHO
tunnel test. Further improvements to the attractiveness of the membrane could be achieved
by making a larger surface area available [60,61] and the addition of 2-butanone [ 62] or
CO, [63] to augment mosquito response to kairomones until 50% feeding success in the
negative control is consistently achieved.

4.2. Impact of Exposure Time

Exposure time was important with 12 h exposure, increasing both mortality and
feeding success, indicating that the mosquitoes make repeated contact with the ITN sample
overnight. Consistently, prolonged exposure (12 h) increased the ef“cacy of insecticide and
host-seeking activities compared to 1 h exposure, resulting in increased mortality because
of a higher dose of insecticide picked up by the mosquitoes when resting, bouncing, and
passing the ITNs repeatedly. This is also likely in experimental huts and in the community
where ITNs are in use. Therefore, the use of a 12 h overnight exposure is recommended.
For insecticides that require the mosquitoes to be metabolically active, such as chlorfenapyr,
prolonging exposure to 12 h allows the conversion of parent molecules into active forms,
because of mosquitoess metabolic activity when "ying in the tunnel. Interestingly, results
show that with either the pyrethroid only Interceptor ® or the pyrethroid-chlorfenapyr
Interceptor® G2 ITNs higher mortality was observed among unfed mosquitoes. Therefore,
the results of this study underline the WHO recommendation that feeding success should
always be reported when conducting WHO tunnel tests, as low feeding rates will affect the
interpretation of results.

4.3. Effects of Mosquito Density

It was observed that the use of 50 or 100 mosquitoes per testing sample with the rabbit
bait did not signi“cantly alter the mortality and blood feeding success measured with
either resistant An. arabiensir susceptible An. gambiador the pyrethroid only net or the
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35], which may also reduce the host defensiveness of the rabbit [64,65].
Increasing the number of mosquitoes in the tunnel may lead to density-dependent mortality
effects of crowding as mosquitoes can disturb each other when at a high density [ 66]. Our
results suggest that regardless of the insecticides on the ITNs tested, mortality was higher
among unfed mosquitoes, revealing an impact of blood feeding on increased mosquito
resilience to insecticides after a blood meal. A similar study on the effects of bites through
permethrin nets shows that successfully fed mosquitoes survive longer than unfed ones [ 67].
This has been reported for chlorfenapyr, where observed mortality was lower among
blood-fed mosquitoes compared to those who were unfed [ 10]. Blood feeding elevates
detoxifying enzymes (glutathione, monooxygenase), which then assist in the detoxi“cation
of insecticides [68], although this did not translate into substantially lower bio-ef‘cacy with
Interceptor® G2 as upregulation of metabolization converts the parent molecule into the
potent n-dealkylated form that elicits increased mosquito mortality [ 21]. Itis also important
to report control blood feeding success because un‘“t colony mosquitoes are less likely to
"y and feed, which reduces the likelihood that the mosquitoes contact treated nets [ 67],
nullifying the bioassay.

4.4. Study Limitations

The study has several limitations which should be addressed in subsequent work.
Firstly, experiments were conducted in a single testing facility. A comparison of the
alternative method in multiple laboratories is desirable to ensure the reproducibility of
the methods with other mosquito strains. The low feeding success with the membrane
technique needs to be overcome, as clearly feeding success impacts mosquito mortality.
Ideally, the membrane bioassay will be improved to consistently measure 50% mosquito
feeding success at multiple testing facilities. Additionally, two different ITN products from
the same manufacturer were used. It could be argued that the evaluation of dual Al nets of
pyrethroids with PBO and PPF would also be as relevant, although these are best measured
using WHO cone tests as they do not require sfree-"yingZ bioassays for evaluation. Similar
experiments conducted by other facilities are recommended to generate further evidence of
the range of values and precision of the estimates of mortality and blood feeding inhibition
using the 50-rabbit and 50-membrane technique.

5. Conclusions

Here, it was demonstrated that using 50 or 100 mosquitoes with the rabbit gives similar
results with no systematic bias for both pyrethroid and pyrethroid-chlorfenapyr ITNs. The
lower density can be used for the WHO tunnel test when testing pyrethroid Interceptor
and pyrethroid-chlorfenapyr Interceptor ® G2. Reducing the number of mosquitoes per
test decreases its cost and allows a larger number of net samples to be tested at a time.
Larger sample sizes will give greater precision when estimating ITN ef‘cacy since the
unit of replication in ITNs testing is the bioassay (cone, tunnel, I-ACT, experimental hut)
and not the mosquito within that assay. Furthermore, we provide the “rst evidence that
membrane feeding systems can be used as an alternative to rabbit bait in WHO tunnel
assays. Membrane assay shows an excellent comparison to the gold-standard WHO tunnel
test on both the mortality and feeding success endpoint for the ITNs tested, although
control feeding success is lower due to the lower attraction of the membrane to host-
seeking mosquitoes. Using membrane feeding systems instead of rabbits or other animals
in WHO tunnel assays resolves the ethical issues concerning animal welfare and makes the
tests simpler to perform. Further work to improve the feeding success of the membrane

®
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https://
www.mdpi.com/article/10.3390/insects13070562/s1 , Figure S1: Mean percentage mortality at (A) 24-h
and (B) 72-h with rabbit-100, (C) at 24-h and (D) 72-h with membrane-50 of blood fed and unfed
resistant Anopheles arabiensia the WHO tunnel test. The Red dashed line depicts (the WHO
mortality threshold 80%). Figure S2: Bland and Altman plot of (A) blood feeding success (BFS) and
(B) 72-h mortality (M72) for Interceptor ® and Interceptor ® G2 with rabbit or membrane bait against
100-pyrethroid resistant Anopheles arabiensis the WHO tunnel test with a 12 h exposure time. The
average value for both methods is plotted on the x-axis and the mean difference between methods on
the y-axis. The solid line in the middle shows the mean difference with a 95% con“dence interval of
the mean difference represented by the dashed lines. Figure S3: Bland and Altman plot of A-blood
feeding success (BFS) and B-72-h mortality (M72) for Interceptor® with susceptible Anopheles gambiae
and Interceptor ® G2 with resistant Anopheles arabiensising rabbit bait and a density of either 100
or 50 mosquitoes in the WHO tunnel test with a 12-h exposure time. The average value for both
densities is plotted on the x-axis and the mean difference between densities on the y-axis. The solid
line in the middle shows the mean difference with a 95% con“dence interval of the mean difference
represented by the dashed lines. Figure S4: Bland and Altman plot of A-blood feeding success (BFS)
and B-72-h mortality (M72) for Interceptor ® with susceptible Anopheles gambiand Interceptor ®
G2 with resistant Anopheles arabiensis using rabbit bait and a density of either 100 mosquitoes or
membrane bait and a density of 50 mosquitoes in the WHO tunnel test with a 12-h exposure time. The
average value for both densities is plotted on the x-axis and the mean difference between densities on
the y-axis. The solid line in the middle shows the mean difference with a 95% con“dence interval
of the mean difference represented by the dashed lines. Table S1: Mean percentage mortality and
95% con“dence interval (95% CI) for the negative control, Interceptor ® G2, and Interceptor® at 24 h
post exposure (M24) and mortality at 72 h post exposure (M72) and blood feeding success (BFS) or
blood feeding inhibition (BFI) of resistant Anopheles arabiensigith 12 h of exposure time for rabbit,
membrane and human arm and 1 h exposure time for in membrane and human arm in the WHO
tunnel test. The negative control thresholds for the WHO tunnel test are blood feeding succ ess  50%
and M24  10%. Table S2: Mean percentage mortality and 95% con“dence interval (95% CI) for the
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Simple Summary: A key tool in the “ght against mosquitoes, which transmit malaria, is the applica-
tion of insecticidal indoor residual spray (IRS) to the internal walls of buildings where mosquitoes
alight and rest to digest their blood-meals. When evaluating the effectiveness of IRS formulations for
killing mosquitoes when applied to a wall, it is important that the insecticide is applied evenly at
the target dose. Traditionally, IRS is applied using a hand-held pump, but this study showed that an
automated track sprayer delivered the desired dose to wall surfaces more accurately and more evenly.
This was “rst shown using a "uorescent tracer to measure spray deposit on the wall of a laboratory,
and then by spraying different IRS formulations onto the walls of an experimental hut.

Abstract: Indoor residual spraying (IRS) has changed little since its introduction in the 1940s. Manual
spraying is still prone to variation in insecticide dose. To improve the application of IRS in experimen-
tal hut trials, an automated track sprayer was developed, which regulates the speed of application
and the distance of the nozzle from the wall, two key sources of variation. The automated track
sprayer was compared to manual spraying, “rstly using "uorescein solution in controlled indoor
settings, and secondly in experimental huts in Tanzania using several IRS products. Manual spraying
produced greater variation with both "uorescein and insecticide applications. Both manual and
automated spray methods under-dosed the actual dose sprayed compared to the target dose. Overall,
the track sprayer treats surfaces more consistently, offering a potential improvement over manual
spraying for experimental hut evaluation of new IRS formulations.

Keywords: IRS; application technology; bro”anilide; clothianidin; deltamethrin; pirimiphos-methyl

1. Introduction

Indoor residual spraying (IRS) is a cornerstone of malaria vector control. It is typically
conducted manually by spray operators using compression sprayers, a method that has
seen little change since its introduction in the 1940s. Equipment speci“cations for IRS were
“rst published in 1964 and described a hand-operated cylindrical tank with a hose, lance,
and a "at-fan nozzle [ 1]. Speci“cations remained relatively unchanged until the addition of
a control "ow valve (CFV). Regulating the "ow of insecticide through the nozzle with a
CFV meant that, despite decreasing pressure in the tank while spraying, the emitted spray
volume stayed constant. The introduction of CFVs resulted in a recommended application
rate of 30 mL/m 2, rather than the original 40 mL/m 2, reducing the volume (and thus
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2].

Although these innovations in spray equipment have resulted in more accurate IRS
applications, the spray technique itself has remained similar to that in early spray cam-
paigns [3]. In control campaigns, manual spraying is prone to variation in the dose applied
due to variation in competence and skills, and lapses in concentration between operators.
Even in experimental hut trials, human error by individual spray operators can result in
large differences in insecticide application rates between walls within a house and between
positions on a single wall. Both overdosing and underdosing of IRS products have been
reported during the conduct of experimental hut [ 4.7], highlighting the challenges in
spraying IRS products accurately and consistently. Overdosing of IRS products can lead to
higher than anticipated costs and potential safety concerns, while underdosing can result
in a shorter residual half-life and development of mosquito resistance due to exposure
to sublethal doses [8,9]. Consistency in the speed of application and the distance of the
sprayer nozzle from the surface are critical to applying the correct dose of insecticide to
walls, ceilings, and other sprayable surfaces.

High-quality training and supervision of spray operators, plus good maintenance
and calibration of spray equipment, can contribute to the accurate application of IRS
products in experimental hut studies (and in IRS spray campaigns). Accurate quality
control of spray application, however, remains challenging and relies on complicated,
timely, and expensive technology such as HPLC analysis of sprayed “lter papers, or
methods that are relatively insensitive to variations in dose such as cone assays. Variation
in insecticide delivery has impacted the effectiveness of spray campaigns or outcome of
regulatory trials. High accuracy in the measuring of spraying is particularly important in
experimental hut trials evaluating different dosages of IRS products [ 10..15], as these trials
need to inform development decisions on the most appropriate application rate for novel
products prior to regulatory evaluations and subsequent market launch. To improve the
consistency of the application of IRS products, the automated mechanical track sprayer was
developed by Micron Sprayers Ltd., with support and funding via the Innovative Vector
Control Consortium (IVCC). The track sprayer was designed speci“cally for experimental
use, aiming to improve the quality of insecticide application in semi-“eld experimental
hut studies.

This comparative study was conducted to evaluate whether the application of IRS
products by mechanical track sprayer gives less variation in spray application rate than
conventional manual spraying. The comparison was made during two experimental phases:
the “rst phase, conducted in the laboratory at the Micron Centre in Herefordshire, England,
used "uorescein diluted in water; and the second phase, under semi-“eld conditions at the
Kilimanjaro Christian Medical University College (KCMUCo, Moshi, northern Tanzania)
used IRS products. The proof-of-concept laboratory phase allowed for a high-throughput
and low-cost comparison of both spray methods, whereas the semi-“eld phase provided the
opportunity to test with insecticidal products under more realistic experimental conditions.
For both phases, the manual spraying was carried out by an experienced spray operator
and the mechanical spraying was conducted using the automated track sprayer.

2. Materials and Methods
2.1. Spray Methodology

The Micron Track Sprayer (Micron Sprayers Ltd., Bromyard, UK) consists of a conveyer
belt along which a spray head with nozzle can move vertically up and down (Figure  1).
The speed of the nozzle is adjustable using an electronic hand-held controller, and power
is provided by a rechargeable battery pack. The spray head is connected to a pressurized
spray tank of the Micron compression sprayer. Extendable arms at the top and bottom of
the track sprayer were set 45 cm from the wall surface, and the equipment was levelled
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Figure 1. A schematic overview of the sprayer adapted from the Micron product manual is shown on
the (left). A photo showing the set-up of track sprayer in the lab ( centre left) and in an experimental
hut (centre right ) is shown, and a schematic overview of the “Iter paper positions on plywood panels,
with values in centimetres, is shown on the ( right ).

The Micron track sprayer was compared to manual spraying, performed as detailed
in WHO guidelines [ 2,16]. Before manual spraying, the spray operators were extensively
trained using standard operating procedures (SOPs) based on the WHO guidelines which
details lance speed and angle, distance from the wall, and speed of movement vertically
up and down the walls during application. Spray tanks were calibrated and maintained
according to good laboratory practice (GLP) standards. Sprayers were calibrated and
deemed acceptable when spraying 550 mL+ 10% per minute. Spraying was carried out at
an application rate of 30 mL/m 2 using a 1.5 bar CFV. To ensure comparability between the
two spraying application methods, the same spray tank, insecticide solution, 8002E "at fan
nozzle, and CFV were used for both manual spraying and automated track spraying.

For both phases of the comparison, a similar protocol was used; minor differences
between the round with "uorescein and the round with insecticides are detailed below.

2.2. Spraying of Fluorescein

The “rst phase of spraying was performed using 0.1% w/ v "uorescein sodium salt
diluted in water. A3.55m x 2.00 m tiled wall surface was marked up to accommodate “ve
75 cm spray swaths (70 cm spray + 5 cm overlap). Each set of “ve swaths constituted one
replicate test. Filter papers (10 cm diameter, Whatman No.5) were held in place in Petri
dish lids using a plastic ring; the lids were attached to the wall surface using self-adhesive
Velcro strips in a grid pattern with three horizontal positions and “ve vertical positions
per swath (see Figure 1). Vertical positions were located at the following heights: 1.80 m
(high), 1.40 m (mid-high), 1.00 m (centre), 0.60 m (mid-low), 0.20 m (low). Horizontal
positions were at 0.2 m (left), 0.375 m (centre), and 0.55 m (right) from the left edge of the
swath. Six replicates using the track sprayer and “ve replicates spraying manually were
performed using the "uorescein water solution. In total, 1045 “lter papers were analysed.
Track spraying was performed using a Micron CS10 compression sprayer tank. The target
spray rate was 2 metres in “ve seconds; a metronome app was used to assist the manual
spray person to follow an even spray rhythm. The spray time and direction (upwards or
downwards) was recorded for each swath.
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1). Filter papers (9 cm diameter Whatman No. 1) were “xed inside Petri dish lids
with sticky tack; the lids were pierced in the centre and attached to the panel using shoe
tacks. Filter papers were positioned in a grid as shown in Figure 1, with three horizontal
and “ve vertical positions per swath. Each panel with 15 “lter papers constituted one
replicate test, resulting in four replicates per insecticide product.

2.4. Determining Spray Deposit Using a Fluorescent Tracer

Filter papers sprayed with a "uorescent tracer were removed from Petri dishes using
tweezers and placed, with minimal handling, into individual labelled ziplock bags. 100 mL
of 10% NaOH v/ v solution was added to each bag and subsequently stored in the dark for
60 min. Each bag was agitated thoroughly for approximately 1 min to mix the solution
and ensure all "uorescein had been extracted from the “Iter papers. Then, an aliquot of
the sample was added to a glass test tube. Fluorescence of each sample was measured
using a Sequoia... Turner Model 450 Fluorometer and "uorescein “lter set with excitation
at 490 nm and emission at 515 nm. The "uorimeter was calibrated before each replicate
against known concentrations of "uorescein applied to “Iter papers. Before analysing
samples, a single concentration standard was used to check for any drift in the "uorescence
measured over time.

Fluorescence heat maps were generated using Microsoft Excel as a proxy for dosage
applied. A three-colour format was used, with the lowest recorded "uorescence value as
the minimum (yellow), the second highest recorded "uorescence value as the maximum
(red), and a mid-point at 50% of the difference between the high and low points (blue)
when recording concentration.

2.5. Insecticide Sprayed Filter Papers

Sprayed “lter papers were left to dry in the experimental huts for a minimum of
24 h, before they were wrapped individually in aluminium foil and stored at5 + 3 C.
The concentration of active ingredient on the “Iter papers was determined using high-
performance liquid chromatography (HPLC). Samples were extracted from the “Iter papers
at KCMUCo, and dried extracts were shipped to the Liverpool School of Tropical Medicine
(LSTM) for HPLC analysis. The HPLC analysis was performed on a Dionex UltiMate
3000 comprising of an autosampler, quaternary pump, and variable wavelength detector.
Chromeleon 7.2 SR4 software was used for peak analysis.

Prior to extraction, 12 circles were punched out of the “Iter paper using a 0.635 cm
radius (%2 inch diameter) hole punch, to have a consistent exact surface area of 15.201 cr
per disc to extract the sample from. A volume of 5 mL of a 100 pg/mL DCP in acetone
solution was pipetted into a glass tube containing each “lter paper sample and sonicated
for 15 min using an Ultrawave U500H Ultrasonic Cleaning Bath (4.5 litre). Then, 1 mL of
the sonicated sample was transferred to a new vial and left to evaporate until dry.

Samples were re-suspended using 1 mL of HPLC grade acetonitrile, and vortexed
for at least 1 min at 2500...3000 rpm. Subsequently, samples were centrifuged (Eppendorf
Centrifuge 5430) at 13,000 rpm for 20 min, and directly afterwards 100 pL of each sample
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Particle size
Wavelength
Run time
Mobile phase

Flow rate

Table 1. HPLC methodology per active ingredient in the samples.

Active Ingredient

Pirimiphos-Methyl Bro”anilide Deltamethrin Clothianidin
5uM 5uM 5uM 5uM
232 nm 254 nm 232 nm 232 nm
22 min 22 min 9 min 9 min
93% Acetonitrile: 7% 93% Acetonitrile: 7%
70% Acetonitrile: 30% water  70% Acetonitrile: 30% water water with 0.1% water with 0.1%
phosphoric acid phosphoric acid
1 mL/min 1 mL/min 1 mL/min 1 mL/min

2.6. Statistical Analysis

Graphical output was generated using R version 4.0.5 using the ggplot2 package and
Microsoft Excel. Spray data for both track and manual spraying were not normally dis-
tributed, even after transformation with either log 1o or square root methods. Therefore, un-
transformed data were used with non-parametric tests for statistical analysis. Signi“cance
between spray categories was evaluated using the Kruskal...Wallis method, incorporating
Dunnes correction for multiple comparisons, with an alpha of 0.05. Unpaired, 2-tailed t-test
was used to compare time taken to spray a downwards swath vs. an upwards swath.

A "uorimetry calibration was performed with each trial, and data were corrected
accordingly prior to analysis. The "uorescein spray data were analysed with and without
overlap points, due to the assumed greater inherent variability in the overlap spray zones.
Comparisons between the insecticide concentration and the target dose, and subsequently
the corrected target dose, were performed using one-sample Wilcoxon signed rank tests.
Analysis was performed using Microsoft Excel, R version 4.0.5, and GraphPad Prism v7.03.

3. Results
3.1. Fluorescein Spray Results

In total, 547 and 488 “Iter papers sprayed with the automated track sprayer were
included for analysis with and without overlap points, respectively, and 475 and 375 “Iter
papers were included for the manual spray.

Heat maps plotting the distribution of "uorescein deposition on the wall surface
showed a general uniformity of spray from the automated track sprayer, with the majority
of recorded values falling around the mid-point colour range; some visual variation was ap-
parent between the Left, Centre, and Right swath positions (Figure 2A). Similar uniformity
of deposition was not evident in the manual wall spray, which showed high variability of
spray over the entire wall surface, particularly when "uorescein deposition at the top and
bottom wall positions were compared (Figure 2B).

Descriptive statistical analyses con“rmed that wall spraying using the track sprayer
had higher median and mean "uorescein deposition, and lower standard deviation and
percentage coef‘cient of variations in the track spray compared to the manual spray (Table 2,
SD of 36.15 and 33.87 for track spray with and without overlaps, respectively, compared to
88.83 and 69.51 for manual spray with and without overlap, respectively, and coef‘cient of
variation of 19.96% and 19.30% for track spray with and without overlap, respectively, vs.
58.03% and 53.54% for manual spray with and without overlap, respectively).
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3). Similar
to spraying with "uorescein in laboratory conditions, variation in insecticide application
rate in the experimental huts was much greater for manual spraying compared to the
track sprayer. For both PMM and BRF, Leveness test reported unequal variances between
manual spraying and the track sprayer (F = 3.316, p < 0.001 ard F = 4.3533,p < 0.001,
respectively), indicating that the variation in insecticide application rate from top to bottom
and from left to right of the wall was larger when spraying manually compared to using
the automated track sprayer. Likewise, for CTD and DLT, the vertical variance between the
two application methods was statistically different (F = 4.1735, p<0.001 and F = 4.6389,
p < 0.001 respectively).

Two of the active ingredients, PMM (Figure 3A) and BRF (Figure 3B), showed a
signi“cant difference ( p< 0.01 andp < 0.0001, respectively) in the sprayed concentration
when comparing track and manual spraying. For BRF, this resulted in a lower median
concentration for the track sprayer (66.0 mg/m 2, SD 23.8) compared to manual spraying
(91.4 mg/m 2, SD 49.7), whereas for PMM the median track sprayer concentration was
higher (485.8 mg/m 2, SD 193.4) compared to manual spraying (392.3 mg/m2, SD 268.6).
Clothianidin (CTD) and deltamethrin (DLT) were sprayed together in the combination
product Fludora Fusion and, unsurprisingly, the results for the two actives followed the
same pattern and trend (Figure 3C,D). The amount of CTD sprayed by manual application
(177.9 mg/m 2, SD 51.3) was not signi“cantly different from the amount of CTD sprayed
using the track sprayer (165.4 mg/m 2, SD 104.7)p = 0.5288. Likewise, the amount of DLT
sprayed by manual application (18.4, SD 11.0) was not signi“cantly different from the
amount of DLT sprayed by using the track sprayer (19.1, SD 5.1), p= 0.6217.

For each active ingredient, the amount delivered by each spray method was also
compared to the target dose. For PMM the target dose is 1000 mg/m 2, and both spray
methods resulted in a signi“cantly lower dose on “Iter papers ( p < 0.0001). The concentra-
tion found in the liquid samples taken from the spray tanks prior to spraying was used to
correct for possible mixing errors (see Table 3). This resulted in calculated concentrations of
568.5 mg/m 2 for manual spraying and 576.6 mg/m 2 for the track sprayer. Compared to
the corrected target dose, manual spraying was signi“cantly lower ( p < 0.001), but there
was no signi“cant difference for the track sprayer ( p=0.07913).
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3). The target concentrations for the liquid samples were calculated by taking the
recommended dose per m?, divided by the application rate of 30 mL/m 2, resulting in
a target concentration of 33.33 mg/mL for PMM, 6.66 mg/mL for CLT, 0.83 mg/mL for
DLT, and 3.33 mg/mL for BRF. Apart from the concentration of BRF before spraying, the
concentration of active ingredient found in the spray solution was generally lower than
the target concentration. The spray tank solution had a DLT concentration of 0.65 mg/mL
before and 0.71 mg/mL after manual spraying (target 0.83), and a CTD concentration of
5.66 mg/mL before and 6.15 mg/mL after spraying (target 6.66 mg/mL). The average
concentration of BRF was 3.44 mg/mL before and 3.06 mg/mL after spraying, both within
10% of the target concentration (3.33 mg/mL). The concentration of PMM in the tank
solution was considerably lower than the target dose (33.3), ranging between 19.22 mg/mL
($36%) and 15.11 mg/mL (S 50%).

Table 3. HPLC results of liquid samples taken from the spray tank before and after spraying. The
target dose in mg/m 2 is given for each active ingredient. HPLC results are represented as a percentage
deviation from the target dose.

Concentration before Concentration after Target Concentration Deviation from Target Dose

18.95 mg/mL 15.11 mg/mL 33.33 mg/mL $37% to S50%
19.22 mg/mL 16.18 mg/mL 33.33 mg/mL $36% to S46%
5.66 mg/mL 6.15 mg/mL 6.66 mg/mL S8%to $15%
6.59 mg/mL 6.60 mg/mL 6.66 mg/mL 1%

0.65 mg/mL 0.71 mg/mL 0.83 mg/mL S141t0S522%
0.79 mg/mL 0.77 mg/mL 0.83 mg/mL S$5% to S7%
3.44 mg/mL 3.06 mg/mL 3.33 mg/mL 3% to 8%

3.4. Consistency of Wall Spraying across the Swath

The nozzle delivered the most consistent "uorescein deposition from the track sprayer
at the centre of the swath, displaying the lowest range of "uorescein deposited, the lowest
standard deviation (13.43 vs. 24.25, 22.36 and 35.36 for Centre, Left, Right, and Overlap
positions, respectively), and the lowest coef‘cient of variation (9.58% vs. 11.79%, 12.37%
and 17.15% for Centre, Left, Right, and Overlap positions, respectively). However, sig-
ni“cantly less "uorescein was deposited in this position compared to both the left and
the right positions on the swath ( p  0.0001 in both cases, Figure4A). Further signi“cant
differences were seen between the Left and Right, Right and Overlap, and Centre and
Overlap positions (p  0.0001 for all). No signi“cant difference was seen between the Left
and the Overlap positions (p  0.9999).
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4B). However, signi“cant differences
were seen between Left vs. Centre p = 0.0041), Right vs. Centre p = 0.0027), Left vs.
Overlap (p=0.0001), and Right vs. Overlap (p 0.0001) positions on the swath.

To discern whether the greater variation between "uorescein deposition at different
wall heights in the manual spray was obscuring horizontal differences, data were further
split into vertical and horizontal spray position categories. Except for comparisons in-
cluding Overlap data, only one comparison showed a signi“cant difference (CB vs. RB,
p =0.048. Plotting the strati“ed data showed a general trend for mean values from the
Centre position to be lower than either Left or Right position data, indicating that this
variation exists independently of the method of spray application.

Similar to results with "uorescein, the amount of insecticide sprayed with the track
sprayer was most consistent in the middle position of a swath (Table 4). For both CLT
and DLT, the middle position also had the lowest concentration deposited ( p < 0.0001 for
all combinations). However, this was not observed for PPM or BRF. For three out of the
four insecticides, the left position on a swath resulted in a higher concentration of active
ingredient applied compared to either the centre or right positions.

Table 4. Horizontally strati“ed application rates of insecticides. Manual and track spray data was
classi“ed using left, centre, and right horizontal swath positions. Median application rate  *+ standard
deviation is indicated for each horizontal position. Comparisons are done between horizontal
positions by spray method. Signi“cant differences are indicated by different lower-case letters.

Left Centre Right
Manual 47.02+ 40.0 93.1° + 34.4 122.4°+ 39.0
Track 66.22+ 25.1 61.2+ 15.9 85.0° + 25.8
Manual 300.32 + 266.7 400.920 + 233.9 446.00 £ 292.1
Track 782.62 + 228.5 462.5" + 67.2 467.9 + 1385
Manual 205.72 + 134.4 151.7° + 80.4 168.80 + 85.5
Track 224.72 + 454 118.8" + 56.1 181.6°+ 32.1
Manual 2312+ 13.8 17.48 + 8.4 18.32+ 9.7
Track 2332+ 4.2 14.0° + 5.2 20.8°+ 3.8
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5). There were no signi“cant differences between deposition onto “Iter
papers immediately above or below each other. However, a signi“cant difference between
deposition onto “lter papers at the uppermost and lowermost wall positions was evident
(high vs. low, p=0.0166).

Figure 5. Wall height analysis for track and manual spray with "uorescein. ( A) Track spray strati“ed
by height with no overlap; ( B) Manual spray strati“ed by height with no overlap. Signi“cant
differences are indicated by different lowercase letters.

Fluorescein deposition using a manual spraying (Figure 3B) showed signi“cant dif-
ferences between the two upper positions and the two lowest positions on the wall (four
comparisons, p  0.0001). Signi“cant differences in "uorescence were seen between the
centre and the lower middle position ( p = 0.0294), centre and bottom position (p  0.0001),
and lower middle and bottom position on the wall ( p=0.0017). No signi“cant differences
were seen between the three upper positions. When the direction of spray (upwards or
downwards swath) and total swath spray time were added to the analysis, the pattern of
variation was preserved only in downwards swaths. Upwards swaths showed no signi“-
cant difference between "uorescein deposition at the tops and bottoms of walls ( p= 0.9555,
but signi“cant differences were seen between the top and centre of the wall ( p=0.0164) and
the upper middle, middle, and lower middle compared to the bottom of the wall (  p=0.0014
p 0.0001;p=0.0356, respectively). No signi“cant difference was found between the time
taken to spray a downwards swath vs. an upwards swath ( p = 0.8779), indicating that it is
spray rhythm, rather than spray time, that differs with spray direction.

The minor trend towards decreasing "uorescence with vertical positions was not
shown when spraying with insecticides. No signi“cant differences were found between
vertical positions sprayed with the track sprayer for either PMM or BRF. For DLT and CLT,
only the upper middle position was signi“cantly different, compared to the lower middle
position (CLT; p < 0.05) or the centre position (DLT; p < 0.05).
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5). For PMM, the
centre position had a signi“cantly lower concentration on “lter papers compared to the
upper middle and lowest position (two comparisons; p < 0.05). No signi“cant differences
were found for BRF. For DLT, only the highest position was signi“cantly different, compared
to upper middle, centre, and lower middle positions (three comparisons, p < 0.01) and
lowest position (p< 0.001). Similarly, for CLT the highest position was signi“cantly different,
compared to upper middle and centre positions (two comparisons; p < 0.01) lower middle
position (p < 0.05), and lowest position (p < 0.001).

Table 5. Wall height analysis for track and manual spray for insecticides. Median application
rate + standard deviation is indicated for each vertical position. Comparisons are done between
vertical positions by spray method. Signi“cant differences are indicated by different lowercase letters.

High Mid-High Centre Mid-Low Low

98.22+ 588 90.72 + 46.9 105.8 + 53.2 952+ 44.7 76.0R  54.4

67.52+ 20.5 68.5 + 14.9 65.3% + 28.6 72.00 + 35.7 6188+ 17.7
334.08b+ 169.4 538+ 317.8 215.1%+ 1725 421.13%+ 268.1 421.8 + 330.0
510.02+ 2234  500.0'+ 1943 47472+ 219.3 498.0'%+ 1750 463.8+ 166.6
263.23+ 77.3  1524P+ 913 1618+ 1257 140.8 + 1045 1040 + 715
159.78 + 539  148.8%+ 36.6 19492+ 538 1854+ 581  180.%P + 46.5

3162+ 8.8 16.8°+ 9.9 19.2° + 12.8 164+ 95 11.7°+ 7.4

17.08b+ 4.9 1723+ 3.7 2245+ 52 2050+ 59 19.62° + 5.1

4. Discussion

IRS is a widely applied vector control intervention. However, relatively little attention
is given to the assessment of application rates whether at the level of control programmes
and communities, or at the level of households. Tools aimed at improving consistency of
application on a community level, such as the IK Smart Light [ 17], are being developed
but are not yet widely deployed. Apart from the implications for IRS campaign success,
consistent delivery of insecticidal products is important when conducting experimental
hut trials, which are reliant on the well-de“ned application rate of IRS products. In this
study, we compared an automated track spray system for IRS to a well-trained human
spray operator, to discern whether the track sprayer delivered a more consistent spray such
that use in experimental hut trials could be implemented.

Large variation in spray deposits, measured by the amount of insecticide applied
to a “Iter paper, have previously been reported for the three insecticides tested in this
study, ranging from 0.31 to 3.78 times the recommended dose for Actellic 300CS [18§],
between 0.63 and 1.37 times the dose for Vectron T50012,13], and between 0.80 and 1.32 for
Fludora Fusion [19,20]. A large proportion of this variation could be removed by using an
automated spraying process, such as shown here with the Micron track sprayer. Analysis
of the overall wall spray pattern using both "uorescein and IRS products demonstrated
markedly less variation in the automated than in the manual spray. This con“rms that
a signi“cant proportion of variation in spray application could be eliminated. Improved
accuracy in insecticide application in trials would lead to more robust data and thus
better-informed product development decisions, which could avoid unnecessary delays in
bringing new products to the market.

With the exception of the study with BRF, the track sprayer resulted in a higher median
concentration sprayed than manual spraying. For the insecticidal products, results were
also compared to the target dose and showed underdosing with both spray methods.
Although this underdosing was only signi“cant for the track sprayer, it is likely that the
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Simple Summary: With resistance to the pyrethroid family of insecticides increasing, it is more
important than ever that tools are available to measure the ef‘cacy of alternatives. Pyriproxyfen
(PPF) is an alternative insecticide whose mode of action sterilises adult mosquitoes. Consequently,
the ef‘cacy of PPF-based tools can be measured through visual examination of egg development by
trained experts. This, however, can be a time-consuming process for which the required expertise
can be dif‘cult to train and is not available in many contexts. As such, we propose that an objective
machine learning program, which can automatically classify the fertility status of adult mosquito
ovaries via a colour image, be developed to improve the speed, accuracy, and consistency of assess-
ment. This study shows that a convolutional neural network, built in Pythones TensorFlow library,
can quickly classify images of dissected ovaries into either «fertiles or «infertiles with a high accuracy
rate. Such an application would be a practical and accessible tool available to all researchers studying
the ef‘cacy of PPF or other insecticides with a similar mode of action.

Abstract: Pyriproxyfen (PPF) may become an alternative insecticide for areas where pyrethroid-
resistant vectors are prevalent. The ef‘cacy of PPF can be assessed through the dissection and
assessment of vector ovaries. However, this reliance on expertise is subject to limitations. We show
here that these limitations can be overcome using a convolutional neural network (CNN) to automate
the classi“cation of egg development and thus fertility status. Using TensorFlow, a resnet-50 CNN
was pretrained with the ImageNet dataset. This CNN architecture was then retrained using a novel
dataset of 524 dissected ovary images fromAn. gambiaes.l. An. gambiaéAkron, and An. funestuss.l.,
whose fertility status and PPF exposure were known. Data augmentation increased the training set
to 6973 images. A test set of 157 images was used to measure accuracy. This CNN model achieved
an accuracy score of 94%, and application took a mean time of 38.5 s. Such a CNN can achieve an
acceptable level of precision in a quick, robust format and can be distributed in a practical, accessible,
and free manner. Furthermore, this approach is useful for measuring the ef‘cacy and durability of
PPF treated bednets, and it is applicable to any PPF-treated tool or similarly acting insecticide.

Keywords: Anophelesmosquito; fertility; ovary development; pyriproxyfen (PPF); side-effects;
machine learning; image classi“cation; automated identi“cation; convolutional neural network

1. Introduction

Insecticide-treated nets (ITNs) are a common vector control tool and have considerably
decreased the burden in"icted by malaria [ 1]. However, in recent years, species of the

https://www.mdpi.com/journal/insects



2]. Consequently, alternative effective insecticides for use
on ITNs need to be identi“ed to maintain the ef‘cacy of this intervention and meet the gap
in global disease control that pyrethroid resistance has created [3,4]. ITNs treated with a
mixture of pyriproxyfen (PPF) and pyrethroids offer an alternative to standard pyrethroid-
treated ITNs in areas where pyrethroid-resistant malaria vectors are prevalent [ 5.8]. The
mode of action of PPF affects the fertility, longevity, and lifetime fecundity of malaria vec-
tors [9,10], and PPF-treated ITNs have been shown to sterilise Anophelesnosquitos under
both laboratory and “eld conditions [ 11,12]. As vector ovary development is inhibited
by exposure to PPF [8], and females that fail to develop morphologically normal eggs
have been shown to not oviposit [ 13,14], a means of measuring ef‘cacy and monitoring
the durability of PPF and PPF-treated tools is through the assessment of eggs for signs of
abnormal or inhibited development [ 8,12]. Although different means of scoring sterility
exist (e.g., by looking for the ability to prevent egg laying or oviposition inhibition), another
method to determine fertility status is based on trained experts manually dissecting ovaries
and classifying egg development according to Christopheres stages [15]. However, this
can be a time-consuming process and requires a level of expertise not always available.
Therefore, to increase the throughput and robustness of data used to measure the ef‘cacy
and durability of PPF-based ITNs, and to aid ef‘cient and reproducible data collection in
research settings, freely available alternative methods for the accurate, quick, and automatic
classi“cation of ovary development are required.

In recent years, deep learning models and convolutional neural networks (CNNSs)
have made signi“cant progress across a range of computer vision problems, including
image classi“cation [16]. A CNN implements a convolution operation across several
distinct layers to convert an input (i.e., an image) into an output (i.e., a classi“cation)
The convolution operation applies a “Iter or kernel (usually a3 x 3 or 5% 5 matrix) to
a two-dimensional representation of an image. This matrix then slides over the full 2D
grid, performing calculations on the data depending on the kerneles weights, transforming
data into a representation of patterns found within the image (i.e., edges, etc.) [ 17]. A
CNN, therefore, uses linear regression with forward and backward propagation in a neural
network to automatically adjust and determine the most appropriate kernel weights[  1819].
These weights can then identify different pattern types found within a dataset, with layers
earlier in the network identifying primitive features in an image, such as edges and colours,
while deeper layers detect more complex shapes, patterns, or objects P0,21].

This type of architecture enables the automatic training and detection of multiple
visual features, which can then be used to identify and classify variance between images.
However, the area of application for deep learning and CNNs has been constrained by its
reliance on large datasets to avoid over“tting (i.e., to ensure generalisability) and, thus,
achieve high accuracy rates 22]. Nevertheless, the size of a dataset can be increased
through data augmentation, which employs a raft of tactics so as to arti“cially increase the
available dataspace and allow generalisable models to be built. Data augmentation includes
the geometric transformation, colour augmentation, and random cropping of available
data (amongst other techniques), thereby creating randomised novel images from those
that are already available [23]. However, even with data augmentation, most datasets are
still insuf‘cient to avoid over“tting. In such cases, transfer learning can be used, whereby
opensource architectures and pretrained weights, derived using very large datasets, are
repurposed and “ne-tuned for a different but related task [ 24]. Models trained against the
ImageNet dataset (which contains over 14 million images and 20 thousand classes) are
freely available and regularly achieve high levels of accuracy [ 25. Three common and
high-performing models used in transfer learning, all pretrained and tested against the
ImageNet dataset, are (1) VGG-16 p6], (2) ResNet-50 R7], and (3) InceptionV3 [ 28,29].
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30], the
recognition of lepidopteran species [ 31], and the classi“cation of mosquito species B2.35].
Additionally, automatic tools have been developed to count the eggs laid by female
mosquitos, which can be used to estimate fecundity [ 36..38]. However, current work
on the automatic classi“cation of mosquito fertility and egg development is limited. As
such, this study is aimed at bridging this gap and uses deep learning, data augmentation,
and transfer learning to develop a quick, robust, and practical method to classify the fertility
status (i.e., *fertiles or «infertiles) of mosquito ovaries from colour images. To be successful,
this new method must (1) be automatic and require no, or limited, expert knowledge to cat-
egorise an image, (2) achieve close to the human accuracy rate of 99...100% (rate determined
by the agreement between two scorers assessing the dataset used in this study),(3) bein an
easily distributable, non-proprietary, and low-cost format, and (4) classify ovary fertility
of an image faster than the estimated 2 s taken by human experts (rate determined by the
mean time taken for four trained technicians to classify 30 random ovary images).

Using a novel dataset of dissected ovary images, data augmentation, and transfer
learning, we were able to build and train a CNN in TensorFlow that can detect and classify
the development status (sfertiles or infertiles) of 157 ovaries in 38.5 s at a 94% accuracy rate.
As such, this study proposes a new method for the automatic classi“cation of the fertility
status of Anophelesnosquito ovaries that is quick, accurate, and easily distributable, and
that is not dependent on trained experts to score egg development.

2. Materials and Methods
2.1. Image Dataset

As no publicly available datasets exist, data from ongoing research were used for this
study. A total of 524 images of dissected ovaries from 5...8 day old female mosquitos were
collected and labelled with the appropriate fertility status (based on Christopheres stage of
egg development). These were all full colour images obtained from three sources where
fertility status was determined and corroborated by two trained expert scorers. A summary
of the datasets used here is found in Table 1.

Table 1. Image dataset summary.

Dataset Source Strain Image Count  Fertile  Infertile
1 Cove, Benin An. gambiases.|. 124 79 45

2 Insectary colony An. gambiagAkron 187 43 144

3 Mwanza, Tanzania An. funestuss.l. 125 67 58

4 Mwanza, Tanzania An. gambiases.|. 88 38 50
Total 524 227 297

The “rst dataset contained a total of 124 blood-fed adult pyrethroid-resistant female
An. gambiaes.l. mosquitoes which had survived exposure to either a control untreated net
or a PPF-treated net (Royal Guard) in experimental hut studies performed in accordance
with current WHO guidelines [ 39]. Mosquitoes were collected as wild free-"ying adults
in experimental huts in Cove, Southern Benin, with 36.3% (n = 45) classi“ed as being
infertile and the remaining 63.7% (n = 79) classi“ed as being fertile. The second dataset
contained 187 blood-fed adult pyrethroid-resistant female An. gambiagAkron mosquitoes
from insectary-maintained colonies. All samples had survived exposure to either a control
untreated net or a PPF-treated net (Royal Guard) in WHO cone bioassays [39]. Of the total
samples in the second dataset, 77.0%r{ = 144) were classi“ed as being infertile, and 23.0%
(n = 43) were classi“ed as being fertile. All samples in the “rst and second dataset were,
after exposure, held in plastic holding cups and provided 10% glucose for 72 h to allow
enough time to become gravid. Prior to dissection, mosquitoes were killed by placing them
in a freezer at $20 C for 5...10 min and then dissected on a dissecting slide by separating
the abdomen from the head and thorax to expose the ovaries using dissecting needles. After
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15]. Mosquitoes were classi“ed as
«fertile if eggs had fully developed to Christopher stage V and einfertilee if eggs had not
fully developed and remained in stages I...1V (see Figurel).

Infertile

Figure 1. Christopher stages of egg development. Mosquitos whose eggs have fully developed to
stage V (normal elongated, boat/sausage-shaped eggs with lateral "oats) are classi“ed as sfecunde
or «fertiles. If eggs have not fully developed and remain in stages I...IV (less elongated, round shape,
lacking "oats), the mosquito is classi“ed as *non-fecunde or sinfertiles.

The third dataset contained 125 free-"ying freshly blood-fed pyrethroid-resistant
female An. funestuss.l. mosquitoes collected from the wall and roof of houses in Mwanza,
Northwest Tanzania. Of these mosquitos, 46.4% (nh = 58) were classed as being infertile
and 53.6% f1 = 67) were classi“ed as being fertile. Dataset 4 also contained free-"ying
freshly blood-fed pyrethroid-resistant female mosquitoes collected from the wall and
roof of houses in Mwanza, Northwest Tanzania. However, these were An. gambiass.|.,
56.8% f1 = 50) classed as infertile and 43.2% ( = 38) classed as fertile. All samples from
datasets 3 and 4 were, after collection and following the CDC bottle bioassay guidelines [ 40],
immediately exposed to glass bottles treated with 1 x the diagnostic dose of 100pug/mL of
PPF solution or control bottles treated with acetone for 60 min and left for 72 h post exposure
to allow time to become gravid. Dissection was then carried out under a stereoscopic
dissecting microscope (using a Nikon MODEL C-PSN) at 5 x magni“cation to assess ovary
development. The status of ovaries and eggs was again categorised by two scorers as
either «fertilee or einfertiles according to Christopheres stage of egg development, with
those in Christopher stage V determined to be <fertilee and those in stages I...1V classed as
einfertiles [ 13]. After dissection, one image per mosquito was captured with a Motic camera
microscope into a tablet PC.

2.2. Pre-Processing and Train/Test Split

After data were loaded into Python, all images were rescaled to 224 x 224 pixels to
ensure consistency and improve processing times (Figure 2A). Before data were analysed,
images were “rst randomly allocated to a training and a test set using a respective split
of 70% (nh = 367) and 30% 6 = 157). A training set is used to teach a model to classify the
correct domain. The set used here to train the model consisted of a total of 367 images,
151 (41.1%)classed as fertile and 216 (58.9%) classed as infertile. The test set is used to
measure the accuracy of a model. Here, 157 total images were allocated to testing accuracy,
with 76 (48.4%) classed as fertile and 81 (51.6%) classed as infertile.
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Figure 2. Summary of analysis work”ow. ( A) Data are pre-processed as described in Sectior2.2 Images and labels are
loaded before the images are resized and undergo a random 70%/30% split into training and test sets. ( B) The training set
undergoes data augmentation as described in Section2.3, Each original image produces 18 variations based on a random
rotation around 360 , a random horizontal "ip, a random vertical "ip, and a random brightness shift between 60% and
140%. Each variation retains the same classi“cation as its original. (C) The training set is “tted to a range of CNNs, and
classi“ers are built and tested as described in Section 2.4.

2.3. Data Augmentation

To overcome the limited dataset, data augmentation was employed to increase the
number of images available for training. A total of 18 random transformations were applied
to each image in the training set. The original images were retained, and each variant
maintained its originales classi“cation label (sfertiles or sinfertiles). Each variant underwent
a random transformation along four dimensions: (1) a random rotation around 360 ; (2) a
randomised horizontal "ip; (3) a randomised vertical "ip; (4) a random brightness shift
between 0.6 and 1.4. See FigureB for examples of this data augmentation on a fertile and
an infertile ovary image. When images are rotated, a void is created around the edges.
These voids can be “lled by a number of means (e.g., by repeating the whole image or the
neighbouring pixel). Experimentation found that leaving these voids black had the least
impact on classi“cation. Data augmentation was only applied to the training set, increasing
it from 367 to 6973 images. The test set did not undergo any data augmentation.
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2C).
The dimensions of each image were rescaled to the correct input shape for the training
algorithm (224 x 224 pixels for the bespoke CNN, VGG-16, and ResNet-50 and229x 229
for InceptionV3). Resizing images in this manner also ensures that the magni“cation,
resolution, or quality of the photos available when using the tool do not affect classi“cation.

Before transfer learning was undertaken, a benchmark was established using a be-
spoke handmade CNN in TensorFlow. The architecture used for this CNN comprised a
RelLU activated 3 x 3 input layer with 16 nodes, a (1, 1) stride, and *samee padding (so
that output size was equal to input size). This input layer then fed into three 3 x 3 ReLU
activated hidden layers, with the same stride and padding as the input layer and whose
number of nodes doubled from the previous layer (e.g., 16, 32, 64, and 128). Each convolu-
tional layer fed into a 2 x 2 pooling layer, with a (2, 2) stride, to prevent over“tting. The
“nal hidden layer was used as the input into a binary densely connected softmax output
layer to capture either fertile (0) or infertile (1). As the model was a binary classi“er, it was
compiled using the «Sparse Categorical Cross-Entropye cost method, *Root-Mean-Squared
Propagatione optimiser, and *Binary Accuracye metric [ 41]. The model was trained against
two training sets and used to generate two classi“ers. The “rst classi“er was trained against
the original, pre-data augmentation, training set (i.e., 367 images) and the second full train-
ing set including data augmentation (i.e., 6973 images). During “tting, experimentation
found that “ve epochs and a batch size of 32 produced the optimal performance. These
models provided two benchmarks showing the impact of both data augmentation and
transfer learning.

Once a benchmark was established, transfer learning was undertaken. The VGG-16 [2€],
ResNet-50 R7], and InceptionV3 [ 29 architectures with parameters pretrained against the
ImageNet dataset were repurposed using the full training set (i.e., 6973 images). Although
the architecturese layers were frozen, to maintain their ImageNet weighting, each was
slightly altered for its new purpose. The output layer of each architecture was replaced
with a densely connected softmax layer with two outputs, so as to accommodate the binary
classi“cation of «fertiles or «infertiles. These altered models were then compiled and “t to
the training set. As each model is a deep net classifying a binary problem, all three were
compiled using the *Sparse Categorical Cross-Entropye cost method, sadame optimiser,
and Binary Accuracys metric [41]. The training data were then used to improve the target
predictive function of the architectures to detect and classify fertility status. When “tting,
manual “ne-tuning of the modelse hyperparameters found that “ve epochs and a batch
size of 32 maximised performance.

2.5. Resources and Requirements

Image pre-processing, data augmentation, and analysis were performed using the
TensorFlow 2.4.1 library in Python through a Jupyter notebook created for this project by
the lead author. All analysis found here was performed on an Intel 2.20 GHz 10 Core Xeon
Silver 4114 CPU equipped on a desktop computer with 25.8 GB of RAM.

3. Results

For this study, one bespoke CNN architecture was created to classify data, and trans-
fer learning was used to repurpose the existing VGG-16, ResNet-50, and InceptionV3
architectures. All architectures except one were retrained using the augmented training
set (e.g., 6973 images). A version of the bespoke CNN was trained against the original,
pre-data augmentation training set (e.g., 367 images) for benchmarking. The accuracy of all
models was then measured against the test set (157 images). For a summary of the model
performance, see Table2.
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3. As the images used to train and test the were all pre-processed, the magni“cation,
resolution, or quality of image should not affect classi“cation, and the accuracy scores
reported here should be representative of real-world use.

Table 3. Confusion matrix for ResNet-50.

n=1571 Predicted Infertile Predicted Fertile
Actual Infertile 7 4 81
Actual Fertile 5 71 76
82 75

1 Confusion matrix,comparison of actual values with those predicted by the model and giving details on true
positive (top-left), true negative (bottom-right), false positive (top-right), and false negative (bottom-left) rates.

3.2. Classi“cation Speed

All models were able to classify the full test set in under 1 min. To import all the
necessary Python libraries, build the architecture, load the architecture with the pretrained
fertility classi“cation weights, and get the modeles fertility prediction for the 157 images
in the test set took a mean time (over “ve repetitions) of 28 s for the bespoke architecture,
41.7 s using the VGG-16 architecture, 38.5 s for ResNet-50, and 36.5 s for InceptionV3. This
compares with an estimated 5 min 14 s taken for one human expert to classify the same
number of images (“gure determined by multiplying 157 by the mean time of 2 s taken for
four trained technicians to classify 30 random ovary images).

4. Discussion

This study aimed to use deep learning, data augmentation, and transfer learning
to develop an automatic method for the classi“cation of mosquito fecundity. It was
determined that, for a solution to this problem to be appropriate, it must (1) require no, or
limited, expert knowledge to categorise an image, (2) achieve close to the human accuracy
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27], trained against the
ImageNet database, be repurposed and “ne-tuned to classify the fertility status (sfertiles
or «infertiles) of Anophelesnosquito ovaries. Classi“cation was based on Christopheres
stages of egg development [15], with eggs in stage V classed as fertilee and those eggs
remaining in stages |...I1V labelled as sinfertile.s Here, we show that such a model is capable of
automatically classifying 157 images with a 94% accuracy rate in less than 40 s. Furthermore,
as the model is built using TensorFlow 2.4.1, it uses a freely available, accessible, and robust
opensource technology that is easily distributable via the web or mobile phones [ 41].
Consequently, the approach detailed in this study meets three of its aims, as it does not
require any experts to categorise an image, it is easily distributable in a free format, and
it can classify images faster than an expert. However, although the accuracy rate of the
model does not achieve that of a human expert, it is still highly precise and is only 5% less
accurate than trained experts. Furthermore, it is likely that this accuracy rate of 94% can be
raised as more data become available.

Such a model is useful when assessing the ef‘cacy of PPF-based tools through mea-
surements of induced sterility in laboratory reared and “eld-collected populations of
mosquitoes [12], and it could be particularly useful for large-volume bioassays done for
durability monitoring of bio-ef‘cacy of PPF-treated ITNs distributed in disease-endemic
communities over time. It can also be used in bioassays performed during resistance
monitoring, whereby “eld-collected females are exposed to a discriminating concentration
of PPF to measure induced sterility [ 8]. This is a practical and accessible tool available to all
researchers studying the ef‘cacy of PPF or other insecticides with a similar mode of action.

Although offering several advancements over the existing manual method for classi-
fying ovary status via dissection and examination, the model presented here is subject to
its own limitations. Machine learning will not remove the need for trained technicians to
dissect ovaries, only the assessment of their fertility status. Consequently, some equipment
and expertise to dissect samples and to take digital colour images are still required to
use the model. However, as taking photos of dissected ovaries is standard practice for
record keeping and quality control, this modelss need for images should not add additional
work but increase objectivity and reproducibility while removing the need for a second
trained technician to con“rm classi“cation. A second limitation to the current model comes
from the dataset included in its training. As only pyrethroid-resistant  Anophelesnosquito
ovaries exposed to PPF were included in this study, its results are not generalisable to
other species, arthropods, or insecticides. Thirdly, as there are no established dissection
and imaging guidelines for capturing mosquito ovaries, there may be considerable diver-
gence between the methods and tools employed at different sites. This may mean that
the model is currently only generalisable to those locations that use techniques similar to
those detailed in this paperes methods. However, the scale of this divergence, if any, is not
currently known. Lastly, although a distributable application of the ResNet-50 model is
currently in development, a version of the tool accessible via the internet is not yet available.
Consequently, some knowledge of Python is currently necessary to employ the classi“er.

Itis likely that developments can be made to improve performance and accessibility.
For example, to increase accuracy and applicability of the classi“cation tool, the training set
could be expanded to include samples exposed to other growth regulators or insecticides
of interest, images from a broader range of sites, or other species of mosquito (including all
cryptic subspecies of the An. gambiaecomplex). Additionally, accuracy and generalisability
may be increased through the use of a fuzzy image classi“er or classi“cation using fuzzy
logic, rather than a CNN. This alternative approach may improve precision as it could
account for any ambiguity in the image dataset [ 42]. Furthermore, as the current model is
limited to a binary classi“cation of «fertilee or «infertiles, it could be developed to capture the
“ve Christopher stages of egg development or count the number of eggs in the dissected
ovaries. Moreover, although the use of images from multiple locations in this study should
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https://gitlab.com/MTFowler/Istm_ovaryclassify (last
accessed on 3 December 2021). As the images in this study are still being used in ongoing research,
they will only be available upon reasonable request.

Con”icts of Interest: The authors declare no con”ict of interest.
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Simple Summary: When insecticides are used to control mosquitoes, resistance is likely to develop
over time. Itis important to monitor the trait so that an alternative insecticide class can be deployed
if needed, to sustain the ef‘ciency of the intervention. Most insecticides for control of adult malaria
vectors are used in treated bed nets or sprayed on walls where mosquitoes rest, so that mosquitoes
contact them through their tarsi (feet). To control mosquitoes which are becoming resistant to these
tools, new insecticide-based tools using both different chemistry and mode of uptake have been
developed. One example of these is Attractive Toxic Sugar Baits (ATSBs), from which mosquitoes
feed and ingest insecticide that kills them. However, different methods may be needed to monitor for
resistance against interventions that have different modes of uptake. This study employed a method
for applying insecticide directly onto a mosquito and measuring mortality, and the results were
related to mortality from the same insecticide when ingested. This demonstrated that the method
may be suitable to detect signs of resistance developing in mosquito populations targeted with ATSBs.
Application of the method in wild populations will provide further validation.

Abstract: Attractive Toxic Sugar Baits (ATSB) deployed outdoors are likely to be particularly effective
against outdoor biting mosquitoes and, if they contain insecticides with a different mode of action,
mosquitoes resistant to pyrethroids. One such ATSB based on the neonicotinoid dinotefuran is
currently under evaluation in Africa. As with any insecticide-based intervention, it will be important

to monitor for the possible emergence of vector resistance. While methods for detecting resistance
to insecticides via tarsal contact are recommended by the World Health Organization (WHO), these
may not be applicable for orally ingested insecticides. Here, a new ingestion assay, appropriate for
a controlled laboratory setting, is described using "uorescein sodium salt (uranine) as a feeding
marker. Conventional topical application bioassays, more appropriate for routine deployment, have
also been used to apply dinotefuran to the thorax of adult Anophelesnosquitoes with an organic
carrier to bypass lipid cuticle barriers. The two methods were compared by establishing lethal
doses (LD) in several Anophelestrains. The similarity of the ratios of susceptibility to dinotefuran
between pairs of pyrethroid susceptible and resistant strains validates topical application as a suitable,
more practical and “eld applicable method for monitoring for the emergence of resistance to orally
ingested dinotefuran. A discriminating dose is proposed, which will be further validated against
“eld populations and used to routinely monitor for the emergence of resistance alongside ATSB trials.

Keywords: insecticide resistance; Attractive Toxic Sugar Bait (ATSB); Attractive Targeted Sugar Bait
(ATSB); diagnostic bioassay; resistance monitoring
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1].
The primary vector control tools employed against malaria are insecticide treated nets
(ITNs) and indoor residual spray (IRS). However, insecticide resistance represents a major
threat to human health. Alternative interventions with different active ingredients and/or
modes of action, capable of controlling insecticide resistant vectors, as well as vectors which
transmit malaria outdoors, are urgently required to ensure the sustainability of malaria
control interventions.

A number of Attractive Toxic Sugar Baits (ATSBs) are being evaluated as part of an
Integrated Vector Management (IVM) approach. ATSBs deployed outdoors are likely to
be particularly effective against outdoor biting mosquitoes, as well as mosquitoes that
are resistant to pyrethroid insecticides. An ATSB has been developed by Westham Co.
which utilizes the neonicotinoid dinotefuran. The bait station includes a permeable mem-
brane that allows volatile attractive compounds to be emitted and encourage feeding by
mosquitoes yet minimizes feeding by non-target organisms (NTOs) and tarsal contact of
both mosquitoes and NTOs with the insecticide-treated bait. Because of the inclusion of this
permeable membrane, the product is termed an Attractive TargetedSugar Bait (ATSB®) [2].
These bait stations have been shown to be effective in controlling malaria vectors in Mali [ 3]
and are under evaluation in conjunction with the Innovative Vector Control Consortium
(IVCCQ) in trials in Zambia, Kenya, and Mali. Dinotefuran is included as the active ingredi-
ent and, since this insecticide is new to public health, it is not expected that target mosquito
populations will carry any resistance to it, though another neonicotinoid, clothianidin, is
now in use for public health and cross-resistance is a risk. As with any new vector control
tool based on insecticides, once dinotefuran-based ATSBs are deployed, susceptibility test-
ing will need to be introduced to allow early detection of possible emerging resistance and
enable evidence-based resistance management strategies. Conventionally discriminating
(or diagnostic) dose bioassays are used to detect resistance to insecticides encountered by
mosquitoes through tarsal contact on an ITN or IRS, and so a WHO tube assay [4] or the
Centers for Disease Control and Prevention (CDC) bottle bioassay [5] is used. Survival in a
discriminating dose (DD) or discriminating concentration (DC) assay is a sign of possible
resistance in the target population.

Such diagnostic bioassays are not available for orally ingested insecticides, and nor
is a DC recommended by the WHO for susceptibility monitoring of dinotefuran [ 4] via
tarsal contact. Methods for detecting resistance to neurotoxic insecticides via tarsal contact
may not be applicable for the orally ingested dinotefuran due to its negative log P, which
inhibits tarsal uptake due to epicuticular lipids and barriers. In addition, it is possible
that this different method of exposure may be affected by different resistance mechanisms
than those responsible for resistance against contact insecticides. It is therefore desirable to
establish a suitable method to screen for dinotefuran resistance in ATSB deployment sites.

Ideally, mosquitoes would be fed a discriminating dose of dinotefuran ingested in
a sugar solution to most closely match the exposure route in an ATSB. However, to date
only a few methods, rather complicated in terms of practical implementation, have been
established to feed a spiked sugar meal to mosquitoes with a high enough feeding rate to
allow this form of resistance monitoring to be done [ 6,7]. Assays based on feeding an Al to
insects in a sugar meal are vulnerable to huge variability and poor accuracy, due to poor
feeding rates, especially with recently colonized or “eld-caught mosquitoes, and variable
volumes taken up by those mosquitoes that do feed. Topical application of insecticide
bypasses tarsal barriers by applying insecticide solutions in lipophilic solvent directly to the
thorax of the mosquito to be taken in through the cuticle [ 4]. Although this is not the same
entry system as the proposed delivery via ingestion, it is a technique that also bypasses
cuticular barriers and therefore may be suf“ciently representative of oral uptake whilst
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8]. Topical
application is relatively quick with even large numbers of mosquitoes and can be done
with fairly straightforward portable equipment, and as such is a more robust method for
susceptibility testing.

Here, an oral application assay has been developed, able to determine dose response
curves among two Anophelestrains, that prevent tarsal contact while allowing ingestion
of a spiked sugar meal. Practical topical application bioassays were also developed by
applying dinotefuran to the thorax of adult Anophelesnosquitoes with organic carrier to
bypass lipid cuticle barriers. The topical application dose response was compared with the
oral toxicity bioassays across severalAnophelestrains.

2. Materials and Methods
2.1. Mosquito Rearing

Mosquitoes were reared within the insectaries of Liverpool Insect Testing Establish-
ment (LITE) at the Liverpool School of Tropical Medicine as previously described [ 9], at
26+ 2 Cand 80 10% relative humidity. Four strains were used for experiments, all
described by Williams et al. [ 9]. Kisumu is an insecticide-susceptible strain of Anopheles
gambiagecolonized from Kenya in 1975. VK7 2014 is a strain of An. coluzzicolonized from
Valley de Kou, Burkina Faso, in 2014 and resistant to pyrethroids and Dichlorodiphenyl-
trichloroethane (DDT) as a result of both target site and metabolic resistance mechanisms.
Fang is a susceptible colony of An. funestuscolonized from Calueque, Southern Angola
in 2015. FUMOZ-R, also An. funestus,was colonized from Mozambique in 2000 before
being selected by exposure to lambda-cyhalothrin to produce a strain with a high level
of metabolic resistance [10]. Though not of the same species, the VK7 2014 strain was
compared to Kisumu, a model laboratory colony of the Anopheles gambiapecies complex
which is susceptible to all classes of insecticide. A direct species comparison of susceptible
(Fang) and pyrethroid resistant (FUMOZ-R) strains was possible for An. Funestus

All tests were carried out using 2...5 day old female mosquitoes which had been
allowed to sugar feed and mate but not blood feed prior to testing. For mosquito size for
each sample, refer to Supplementary Materials.

2.2. Ingestion Assay

Between one hundred and two hundred 2...5 day old female mosquitoes were starved
in a standard (30 cm x 30 cm x 30 cm) BugDorm-1 (MegaView Science Co., Ltd., Taichung,
Taiwan) cage for approximately 18 h with ad libitum access to puri“ed (Merck Millipore,
Darmstadt, Germany) water-soaked cotton on top of the cage mesh. Mosquitoes were then
exposed to insecticide mixed into sugar solution by adding 2 feeders, designed to prevent
tarsal contact yet allow easy feeding, to each cage for 24 h (Figurel).

The sugar solution was 10% sucrose (granulated sugar in de-ionized water), 0.8%
Uranine (Fluorescein Sodium Salt; Honeywell, Charlotte, NC, USA) "uorescent marker, and
treatment-dependent insecticide concentration (0.000001%, 0.00001%, 0.00002%, 0.000025%,
0.00005%, 0.000075%, 0.0001%, and 0.00186Vv). Between 1 and 5 replications were
performed per concentration and between 5 and 9 replications for each control to collect
suf‘cient data to generate LD values using Rstudio (See Supplementary data). Technical
grade (98.7%) dinotefuran was sourced from Sigma...Aldrich (Manchester, UK). 10 mL of
each insecticide concentration solution was used to soak cotton wool inside sugar feeders
less than 5 min prior to adding the feeder to the cage. Two feeders were used per cage to
ensure mosquitoes had adequate access to sugar/insecticide solution.
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Figure 1. Sugar feeder made from a plastic pot of 2.5 cm height, large radius of 4.5 cm, and small
radius of 4 cm. A wad of cotton wool was pressed into the pot to be just below the upper lip
without touching the netting (judged by eye) and soaked in sugar solution into which the required
concentration of insecticide was dissolved. A double layer of netting was stretched across the top
and secured using an elastic band.

After the exposure period, all mosquitoes were aspirated out of each cage into holding
cups, separated by treatment as well as living or dead, then frozen at $20 C. Once
mosquitoes were killed (usually 1...2 h at freezing temperatures), they were scored for
"uorescence using a Leica MZ 10 F microscope (Leica Microsystems, Milton Keynes, UK)
under a yellow-"uorescent protein (YFP) “Iter (Figure 2). Only those mosquitoes that
were scored as being positive for feeding by "uorescence were included in the mortality
calculations. Feeding rate was calculated for each replicate test from the proportion of
"uorescent positive mosquitoes relative to all exposed mosquitoes. All raw bioassay data
is available in Supplementary Materials.

Figure 2. Side by side comparison of two adult female mosquitoes, one fed on 10% sugar solution
only (right ) and one fed on 10% sugar solution with 0.8% Uranine (left ). Photographs are taken using
white light ( A) and UV light under a YFP “lter ( B).

2.3. Topical Application

Cohorts of 10 2...5 day old female mosquitoes at a time were knocked down using CO,
for 20 s before being transferred to a petri dish with “lter paper dampened with puri“ed
water. While knocked down, the mosquitoes were positioned ventrally so that their dorsi
were easily accessible. 0.21L aliquots of insecticide in acetone solution were applied to the
dorsal side of each mosquito thorax using a 10 pL Hamilton syringe (Scienti“c Laboratory
Supplies Ltd. (SLS), Nottingham, UK). Mosquitoes were then transferred back into holding
cups and knock down or mortality was scored at 30 min, 60 min, and 24 h post-exposure.
As well as an acetone-only negative control and a positive control of Permethrin at a
concentration of 0.1%, six doses of dinotefuran were applied to Kisumu (0.0002%, 0.0005%,
0.0001%, 0.0025%, 0.004%, and 0.0058% v). These six and a further four concentrations
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by applying a range of concentrations which gave mortality ranging from 0 to 100%. Topical
application gives doses in nanograms per mosquito, converted to nanograms per milligram
of mosquito by taking the averages of sample weights of 20 mosquitoes. For the ingestion
assay, doses in nanograms per milligram of mosquito were found by estimating the average
meal sizes of 10% sugar solution and 0.8% Uranine using "uorimetry (see Appendix A,
Quantifying the Average Size of a Sugar Meal Using Fluorescein Sodium Salt (Uranine)).
Dose was then inferred through the estimated average meal size of 0.4 uL per feed against
the average mosquito mass of 20 individuals per sample.

2.5. Calculating LD Values and Resistance Ratios

LDsgg and LD g5 values with associated 95% con“dence intervals were obtained for
each strain by “tting the data to a dose response model (sdrce package [11] in R Studio [ 12].

Susceptibility to dinotefuran was compared between strains by calculating a resistance
ratio by dividing the LD sq of the pyrethroid resistant strain in each species pair by the LD 5¢
of the susceptible strain.

3. Results
3.1. Establishing Dose Response Curves by Ingestion Assay

An ingestion assay was used to plot dose response curves for orally ingested dinotefu-
ran in a sugar solution. The ratio of LD 5q values in each pair of strains, Kisumu vs. VK7
2014 and Fang vs. FUMOZ-R, were similar, so only Kisumu and VK7 2014 were selected to
establish further dose response curves by the ingestion assay for comparison between the
two methods.

The feeding rate between tests ranged from 70 to 98% and 80 to 97% in Kisumu
and VK7 2014 cohorts, respectively, and there was no visible trend with dinotefuran
concentration (see Supplementary Material). The LD 5, for Kisumu was 0.08 (0.06...0.11) ng
of dinotefuran per mg of mosquito and the value for VK7 2014 was 0.17 (0.12...0.23) ng of
dinotefuran per mg of mosquito (Figure 3), resulting in a resistance ratio of 2.13. Lethal
doses (LDsg and LD gs) by ingestion are shown in Table 1.

Table 1. Lethal doses and lethal concentrations of dinotefuran ingested in a sugar solution in two
strains of Anophelesnosquitoes. 95% CI given in parentheses. Kisumu is a lab strain of Anopheles
gambiaeVK7 2014 isAn. coluzzii.

Strai LDso LCso LDgs LCogs
train
ng/mg of Mosquito ng per Mosquito ng/mg of Mosquito ng per Mosquito
Kisumu 0.08 (0.06...0.11) 0.12 (0.09...0.17) 0.29 (0.12...0.67) 0.45 (0.19...1.04)
VK7 2014 0.17 (0.12...0.23) 0.2 (0.15...0.28) 0.65 (0.3...1.38) 0.79 (0.37...1.69)
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13.
3.2. Establishing Dose Response Curves by Topical Application

Because of the practical challenges in performing ingestion assays, particularly in “eld
settings and at high throughput, dose response curves were also plotted using topically
applied dinotefuran in two pairs of Anophelestrains as a comparator to the ingestion assay.
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4A,B) for Kisumu generated an LD 5 value of 0.75 (0.55...1.03) ng
of dinotefuran per mg of mosquito and VK7 2014 assays generated an LDgq value of 5.34
(3.97...7.19) ng of dinotefuran per mg of mosquito; together this gives a resistance ratio of
7.12. LDsg values for Fang and FUMOZ-R were 2.31 (1.63...3.27) and 7.47 (5.98...9.32) ng of
dinotefuran per mg of mosquito, respectively, resulting in a resistance ratio of 3.23. Lethal
doses (LDsg and LD gs) by topical application are shown in Table 2.

(A)

Figure 4. Cont.
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(B)

Figure 4. Mortality comparisons between ( A) Kisumu and VK7 2014 strains and (B) Fang and
FUMOZ-R strains in a topical application bioassay. Central lines of each curve represent the dose
response of each species. Black lines indicate L[3, values on both graphs; red lines show mortality
curves of the insecticide susceptible strains of each pair of strains (Kisumu and Fang); blue lines show
data for insecticide-resistant strains (VK7 2014 and FUMOZ-R). Shaded areas of each curve represent
95% Cl values, generated by R software using the ggplot2 package [13]. (A) omits data for VK7 2014
treated with 136 ng per mg of mosquito, this gave 100% mortality with no variance as did the highest
represented range (54 ng per mg of mosquito, refer to Supplementary Material) and so was removed
for clarity.
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5] or “lter
paper [4]. Because the exposure route of an ingested insecticide is different to a contact
insecticide, the results of these tests may not be an accurate indicator of resistance and risk
of failure of ATSBs.

This study considered two alternative methods to screen for resistance. The “rst was
an oral ingestion assay developed to prevent tarsal contact while allowing ingestion of
a spiked sugar meal, the most direct test for resistance to an oral insecticide. The assay
was demonstrated to be robust and quantitative enough to be able to establish a dose
response in laboratory strains of Anophelesincluding in two strains that are highly resistant
to pyrethroids. By using a uranine marker, individual mosquitoes that fed were identi“ed,
and in the controlled laboratory setting of these experiments the feeding rate was high.
However, the applicability of the sugar feeding assay used here in the “eld is limited
due to the large variation of sugar feeding behavior,and thus insecticide uptake,when
applied to “eld caught mosquitoes and using a less controlled laboratory environment. It
is likely that the feeding rate, which was high in laboratory strains adapted to feeding on
an arti“cial sugar source, would be much lower in “eld caught adults or adults emerging
from “eld collected larvae. A low feeding rate would further increase the resources
required to produce signi“cant data which could be relied upon in a screen for emerging
resistance. Even in these experiments conducted in tightly controlled laboratory conditions
and with mosquitoes reared using standardized protocols [ 9], the results were varied. The
methodology would be dif‘cult to standardize suf‘ciently that it could be performed
in multiple “eld sites, likely with less controlled environments, and achieve robust and
comparable data. The ingestion bioassay method also requires greater resources in terms of
space and time than topical application, and access to a "uorescent microscope.

The consistently high feeding rate across treatments in this study, which was not
correlated with concentration of dinotefuran, suggests a lack of any detectable repellent
effect of the dinotefuran. However, in adapting this method for other insecticides, there is a
risk of a repellent effect reducing the feeding rate. To avoid this as a possible confounding
factor, it is important to use some methods to eliminate individuals that do not feed
from mortality scoring, either including uranine and scoring "uorescence as done here
or using an alternative such as Trypan blue dye [ 6,7]. Another possible confounding
factor is that it has not been established exactly how long mosquitoes may survive after
ingesting particularly lower concentrations of insecticide without direct observation for
the whole exposure period. It is possible mosquitoes may have fed just before collection
and be scored as survivors when they may have died even minutes later. However, the
assay still demonstrated suf‘cient sensitivity to measure a difference in mortality between
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14) was also used, applying dinotefuran to the thorax of
adult Anophelesnosquitoes with organic carrier to bypass lipid cuticle barriers. The direct
application of insecticide to the mosquito thorax bypasses the need for uptake of insecticide
from a surface and penetration of the insecticide through the cuticle, and mortality as a
result of this exposure route has been shown in other insects to correlate well with oral
toxicity [ 8]. The variability of the data between replicates is less with topical application
because parameters which de“ne the dose taken up by the mosquito are less variable than
for the ingestion assay, producing more robust data.

This study compared the topical application dose response with the respective re-
sponse of the oral toxicity bioassays, across fourAnophelestrains. The dose response curves
plotted for the same strains were very similar, and there was similar relative susceptibility
between the two strains tested with both methods. Topical application is a well-established
method and relatively easy to apply [ 15]. The similarity of results between the two methods
demonstrated here suggests that a topical application-based DC, determined based on
WHO guidelines, could be used as a proxy for monitoring the development of resistance
in “eld populations to orally ingested dinotefuran from ATSB stations. However, tissue-
speci“c resistance mechanisms are not well studied and there is risk that topical application
will not pick up on the emergence of an as yet unidenti“ed ingestion speci“‘c mechanism.

If potential resistance is observed in results of susceptibility monitoring using topical ap-
plication, further investigation would be warranted, including exploring such possible
mechanisms using ingestion assays in the laboratory. Similarly, the results of topical testing
could be affected by the presence of cuticular resistance, through cuticular thickening,
altered cuticle composition, or alterations in receptors that affect uptake and penetration
of active ingredients. Such resistance mechanisms may be primarily overexpressed in the
tissues of the mosquito that are typically in contact with insecticides, such as the tarsi. The
direct application of acetone to the thorax (the solvent used to deliver insecticides during
topical application) is believed to bypass these mechanisms, and no correlation between
cuticular resistance and reduced mortality by topical application has yet been reported. The
WHO approach to establishing a DC is to perform dose response experiments and establish
LC values for a range of strains susceptible to the insecticide being tested, and then to select
the highest DC established for the least susceptible strain, based either on the calculated LC
values (DC =2 x LCgg) or an observed LC1qg, de“ned as the lowest concentration tested
which reliably produces 100% mortality in susceptible strains [ 4]. A pragmatic decision
may be made as to whether to recommend a speci“c DC for each species or to select the
highest DC to use for a group of species, and sometimes rounding the calculated DC to a
value more easily applied in “eld testing [ 16]. Based on the dose response observed and
LC values calculated in this study, a DC of 100 ng/mosquito would be recommended for
topically applied dinotefuran for An. gambiaeand An. funestus However, a lower tentative
DC of incipient resistance, at 10 ng/mosquito, is highly recommended as well, to collect
baseline susceptibility data and capture possible variation in bioassay responses among
populations in the ATSB trial sites. These trials will further validate the methodology, as
well as de“ne the most appropriate DC for screening “eld Anophelepopulations.

The relative susceptibility of Kisumu and VK7 2014 strains was measured by each
method by calculating a resistance ratio of 5.4 by ingestion and 1.8 by topical application.
Both these ratios are very low, all below 10, and do not indicate that there is resistance,
but rather inherent variability in susceptibility between strains. A more robust validation
of the correlation of results between the two methods by repeating this study with a
strain known to be resistant to dinotefuran, or neonicotinoids in general, would help to
con“rm comparability of results from the two methods but to date no such resistance has
been reported in “eld caught mosquitoes and so no such laboratory strain is available.
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17,18).

The lethal dose of dinotefuran was lower by ingestion than by topical application
(approximately 20 times). This points towards a higher toxicity when ingested, though there
are several sources of variability in calculating the precise dose of dinotefuran ingested
in the sugar feeding assay that mean a direct comparison cannot be made. These include
different meal sizes taken by individual mosquitoes, related to body size and previous
handling, some individuals taking full sugar meals and some only partial feeds, and the
possibility that different volumes are ingested in treatments where insecticide is added.

The volume of bait ingested from an ATSB may be different to the volume of sugar
water ingested in this assay, and the size of sugar meal may differ between mosquito
populations. It is not, therefore, possible to directly compare the toxic ingested dose of
dinotefuran in this assay with the actual dose of dinotefuran in the ATSBs and predict
ef‘cacy against target mosquitoes. We can, however, make some estimations based on
the assumption that a similar volume of bait is ingested from an ATSB station by wild
mosquitoes. The Westham ATSB stations currently under evaluation contain 0.1% dinotefu-
ran, so a mosquito taking up 0.4 pL of bait (Appendix A) will ingest 400 ng of insecticide,
300 times the dose shown to kill 100% of mosquitoes in the ingestion assay. This means
that if only 0.0013 pL of bait is ingested, it will be lethal to the mosquitoes. Based on
the calculated LCsp, an amount consumed 3000 times lower than the typical sugar meal
would be suf‘cient to kill 50% of the mosquitoes which feed on it. The bait stations should
continue to be effective in populations even where resistance is seen to have emerged
through monitoring, using the relatively sensitive DC which has been established.

Practically, no cross-resistance between dinotefuran and pyrethroids was observed.
The pyrethroid resistance ratio for these same strains tested with permethrin previously
were 145.77 (149...397) via topical application and 128.23 (81.4...198.5) via a tarsal asShy [
but the response of the same strains to dinotefuran was essentially not different or indicated
a very low cross-resistance. These data con“rm the utility of chemicals belonging to
different Insecticide Resistance Action Committee (IRAC) mode of action (MoA) classes [ 19
(i.e., different target sites and/or routes of uptake for insecticide resistance management
(IRM)). Neonicotinoids are nicotinic acetylcholine receptor competitive modulators (IRAC
class 4A), with a high selectivity in binding to insect nicotinic acetylcholine receptor sites
over that of mammal receptors [ 20]. The target of action is thus different to pyrethroids,
which are sodium channel modulators (IRAC class 3A). None of the WHO Prequali“ed
Vector Control Products contain dinotefuran, and so it is unlikely that mosquitoes have been
exposed and developed resistance to dinotefuran. Fludora® Fusion and SumiShield 50WG
IRS formulations contain clothianidin, also a neonicotinoid, and their potential for use
against pyrethroid resistant insects has been demonstrated [21,22]. Extensive experiments
with a proposed diagnostic concentration of 2% w/ v clothianidin on “Iter papers failed to
“nd conclusive evidence of resistance in 43 sites in sub-Saharan Africa [23], or in Anopheles
arabiensisn Ethiopia [ 24]. No evidence of resistance to clothianidin was found in western
Kenya using a DC of 150 pg/bottle [ 25]. However, once an insecticide is being deployed a
selection pressure is applied and there is a risk of resistance evolving, and so once validated,
the DC should be used to perform regular resistance monitoring in all sites where ATSBs
are deployed. Validation of this methodology should also be carried out for any future
insecticides used in new ATSB designs. There is also a risk of cross-resistance to dinotefuran
as a result of exposure to other neonicotinoids used for vector control or in agriculture.

5. Conclusions

An approach has been demonstrated by this study for establishing a suitable method
for screening for resistance to a non-contact insecticide.

A discriminating, or diagnostic concentration for topically applied dinotefuran, has
been proposed and should now be validated against “eld mosquito populations where
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Appendix A. Quantifying the Average Size of a Sugar Meal Using Fluorescein Sodium
Salt (Uranine)

Appendix A.1. Introduction

To provide an estimate on the dose of insecticide taken up by mosquitoes to insecticide
in ingestion assays, it is important to know the approximate size of a sugar meal taken in
an environment comparative to the ingestion assays.

Appendix A.2. Methods

Mosquitoes were reared within the insectaries of LITE at the Liverpool School of
Tropical Medicine at 26 + 2 C and 80 £ 10% relative humidity. A cohort of approxi-
mately 100 2...5 day old femaleAnopheles gambig&isumu) were starved in a standard
(30x 30x 30 cm)BugDorm-1 (MegaView Science Co., Ltd., Taichung, Taiwan) cage for
approximately 18 h with ad libitum access to puri“ed (Merck Millipore, Darmstadt, Ger-
many) water-soaked cotton placed on the ceiling mesh of the cage, but with sugar feeders
removed. Just before testing began, 20 mosquitoes were sampled at random, knocked
down by CO , gas exposure, weighed, and then frozen. The remainder in the cage were
then offered a sugar meal in pots of 10% sugar-soaked cotton with 0.8% Uranine covered in
a double-layer of netting to prevent tarsal contact.

Mosquitoes were observed directly for a period of 3 h. Feeding behavior was de“ned
as a mosquito landing on the feeder, probing, and subsequently positioning the proboscis
down through the mesh and remaining still while the abdomen was observed to visibly
expand, “lling with some amount of the dyed sugar solution. Individuals seen to engage
in feeding behavior were removed and frozen immediately after feeding ended to prevent
or slow any digestive processes that could affect the "uorescence levels of the ingested
sugar solution. 38 mosquitoes were observed to feed within the time period and collected
in this fashion. Fed mosquitoes were then homogenized in 10 mL puri“ed water, 2 mL
of which was decanted into plastic cuvettes and read in a Trilogy ™ Fluorometer (model
7200-0000, Turner Designs, San Jose, CA, USA) to give raw "uorescence units (RFU) of each
solution. This was compared to a calibration curve generated using serial dilutions of the
same stock of 0.8% Uranine and 10% sugar solution (FigureAl) to give the concentration
of each homogenized sample. From this, the volume of sugar solution ingested by each
mosquito was calculated using a simple concentration calculation (C1V1 = C2V2). Four
of the twenty mosquitoes removed previously for weighing were randomly selected and
were treated in the same way to control for auto”uorescence or contamination.
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Simple Summary: Malaria control relies on insecticide-based tools which target the mosquito vector.
Predominantly, a group of insecticides called pyrethroids are used in these tools. Globally, however,
mosquitoes are increasingly developing resistance to pyrethroids. Subsequently, new products, such
as insecticide-treated nets (ITNs), which contain combinations of insecticides from different classes,
or chemicals that work synergistically with pyrethroids, are being developed. Several of these new
net types are being rolled out for testing and use. However, standardized methods to measure how
long these nets remain active against mosquitoes are lacking, which makes evaluating the long-term
ef‘cacy of these products challenging. In this publication, we propose a pipeline used to collate and
interrogate several different methods to produce a singular sconsensus standard operating procedure
(SOP)e, for monitoring the residual ef‘cacy of three new net types: pyrethroid + piperonyl butoxide
(PBO), pyrethroid + pyriproxyfen (PPF), and pyrethroid + chlorfenapyr (CFP).

Abstract: In response to growing concerns over the sustained effectiveness of pyrethroid-only based
control tools, new products are being developed and evaluated. Some examples of these are dual-
active ingredient (Al) insecticide-treated nets (ITNs) which contain secondary insecticides, or syner-
gist ITNs which contain insecticide synergist, both in combination with a pyrethroid. These net types
are often termed enext-generationes insecticide-treated nets. Several of these new types of ITNs are
being evaluated in large-scale randomized control trials (RCTs) and pilot deployment schemes at a
country level. However, no methods for measuring the biological durability of the Als or synergists

on these products are currently recommended. In this publication, we describe a pipeline used to
collate and interrogate several different methods to produce a singular sconsensus standard operating
procedure (SOP)e, for monitoring the biological durability of three new types of ITNs: pyrethroid +
piperonyl butoxide (PBO), pyrethroid + pyriproxyfen (PPF), and pyrethroid + chlorfenapyr (CFP).
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1]. Although the reasons for this are multifaceted, an increasing and intense
resistance to pyrethroids in Anophelesvectors is almost certainly a contributing factor.
Insecticide-treated nets (ITNs) have signi“cantly contributed to the control of malaria
over the past two decades [2]. However, currently, all WHO-prequali“ed ITNs contain
pyrethroids [ 3], and pyrethroid resistance is widespread in all major malaria vectors [ 4,5].

In response to growing concerns over the sustained effectiveness of solely pyrethroid-
based control tools, new products are being developed and evaluated. Examples of these
are dual-active ingredient (Al) ITNs containing an additional insecticide, or synergist ITNs
which contain an insecticide synergist, in combination with a pyrethroid. These net types
are often termed enext-generatione insecticide-treated nets. The second Als have a different
mode of action (MoA) from their partner pyrethroid, to improve the control of resistant
vector populations.

The current methods for measuring ITN durability [ 6] were developed for pyrethroid-
only nets, which cause rapid knockdown and death in susceptible mosquitoes. Conse-
quently, the different MoAs of the new insecticides necessitate the need for new protocols
to reliably measure net durability. In nets with the synergist piperonyl butoxide (PBO), the
PBO works by improving the ef‘cacy of the pyrethroid it is paired with, in populations
with pyrethroid resistance due to increases in oxidase activity, and is itself generally non-
insecticidal. Without suitable mosquito strains or net controls, it is dif‘cult to determine
if the synergist component of the net is long-lasting using the currently recommended
methods. For other Als, such as chlorfeniapyr, which targets the insect mitochondria, or
pyriproxyfen, which is a juvenile hormone analogue, *non-standarde endpoints such as
delayed mortality and insect fertility and fecundity need to be measured to assess biological
durability (bioef‘cacy, measured through direct impact on mosquitoes).

Several of these new types of ITN are being evaluated in large-scale randomized con-
trol trials (RCTs) and pilot deployment schemes. These trials are expected to demonstrate
the biological durability, attrition, and fabric integrity of these new net types when under
long-term household use. Measuring the biological durability of the ITNs involves assess-
ing the insecticidal activity of a sub-sample of randomly selected nets withdrawn from the
“eld. There is an urgent need for methods to reliably measure the bioef‘cacy of these nets,
to collect baseline data, and to subsequently measure the durability of biological ef‘cacy
of nets collected from the “eld after “xed periods of use. This has resulted in methods
for measuring net bioef‘cacy and biological durability being developed and utilized by
multiple programme teams, which makes comparing the results of these studies complex.
A better approach would be for programme teams to adopt a single, standardized method
validated using a multi-site approach.

In this publication, we demonstrate the process used to collate and interrogate several
different methods to produce a singular econsensus standard operating procedure (SOP)e,
for evaluating the biological ef‘cacy of new net types, suitable for durability monitoring.
Our objective was to create procedures that build on the experience from studies already
underway. We also considered the feasibility of conducting these methods in as many sites
as possible, accounting for factors such as throughput of mosquito colonies and space,
which can preclude the use of certain methods and inform choices about sample sizes and
replicate numbers.
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7] of ITN are used as case studies: pyrethroid +
piperonyl butoxide (PBO), pyrethroid + pyriproxyfen (PPF), and pyrethroid + chlorfenapyr
(CFP). The “nal consensus SOPs for measuring the biological durability of these net types
are included in Additional Files 2...4 (Supplementary materials).

2. Materials and Methods

For each net type, a collaborative process of method development and iterative drafting
was conducted to produce a consensus SOP (Figurel). Initially, a group of stakeholders
was formed. Inclusion in these groups was based on having (1) a research interest in
the development or deployment of new net types, (2) experience in the development or
testing of new net types, or (3) an involvement in ongoing trials or deployment schemes
of new net types. Available methods for measuring the biological durability of each net
type were then identi“ed through consultations with stakeholder groups and literature
searches. This was not a systematic process, and for each net type, several historical
procedures exist which were not considered here. Rather, the focus was to identify SOPs
currently being developed or utilized which evaluated the biological durability of new
net types and to use them to align the methods on points of difference. For each net
type, the experimental parameters of the method were established (i.e., exposure method,
controls used, population, replicates, endpoints). Values for each parameter were extracted
from all accessible methods and compared before a sconsensus values was suggested for
each experimental element. Other methodological questions were identi“ed for discussion.
At this stage, the method development document was shared with the stakeholder group for
comment, and further discussed on a group call. The feedback on the method development
was then used to prepare a draft consensus SOP. The draft was distributed with the group
for a second round of comments and discussion. Following the incorporation of this
feedback, a “nal consensus SOP was produced and submitted to the group for approval.

Figure 1. Infographic showing the process of method development used for producing consensus
SOPs for biological durability monitoring of new net types.

3. Case Study 1: ITNs Containing Pyrethroid plus Piperonyl Butoxide
(Pyrethroid + PBO Nets)

Currently, six pyrethroid + PBO nets are prequali“‘ed by the WHO (DuraNet Plus,
VEERALIN, PermaNet 3.0, Tsara Boost, Tsara Plus, Olyset Plus) B]. These vary in several
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g,
is suitable for exposing mosquitoes to pyrethroid + PBO nets and monitoring mortality.
Certain methodological parameters of the WHO cone test, such as replicate number and
control nets, vary depending on if the assay is being used for WHOPES (the precursor to
WHO prequali“cation) phase |, Il, or Ill testing. The WHO guidance states scandidate
LNs (nets) treated with insecticides with effects on mosquitoes that differ from those of
pyrethroids may require proof of principle and new assaysZ [ 8]; however, guidance or
thresholds on how to interpret PBO-synergism for biological durability monitoring is
not available.

Nine methodologies that measure pyrethroid + PBO net biological durability were
identi“ed through searching the literature and contacting key stakeholders (Table 1).
Of these, methods were accessible for six of them (published or provided on request).
Of the remaining three, one study had not yet “nalized its methods (ID = 7), one con“rmed
it was not conducting biological durability monitoring (ID = 8), and one did not have bio-
logical durability monitoring listed as an intervention endpoint on its clinical trial registry;
the authors were contacted to con“rm this, but they did not respond (ID = 9). Values for

each methodological parameter were extracted from the accessible SOPs and a sconsensuse

value suggested for each parameter (Table2). It was established that one method (ID = 2)
was an updated version of another (ID = 1), so study #2 was later excluded.

Table 1. List of identi“ed methods/trials measuring pyrethroid + PBO net biological durability.

Biological Durability

ID Contact Monitoring Method Availability
#1 PMI VectorLink SOP for NNP Stephen Poyer, PSI Yes Provided
#2 NNP Burkina Faso DM protocol Stephen Poyer, PSI Yes Provided
#3 LLINEUP trial Uganda Amy Lynd, LSTM Yes Provided
#4 LLINEUP trial LSTM Frank Mechan, LSTM Yes Provided
#5 Nigeria trial (Awolola et al., 2014) Samson Awolola, NIMR Yes Published
#6 Kenya SMART Trial NCT04182126 Guiyun Yan, UC Irvine Yes Provided
#7 ISRCTN99611164 David Weetman, LSTM Yes Method not set
#8 JPRN-UMIN000019971 Noboru Minakawa, Nagasaki University No -
#9 NCT03289663 Gillon llombe, University of Kinshasa Unclear -

Abbreviations: DM = Biological durability monitoring; LSTM = Liverpool School of Tropical Medicine;
NIMR = Nigerian Institute of Medical Research; NNP = New Nets Project; PMI = Presidentes Malaria Initiative;
PSI = Population Services International; SOP = Standard operating procedure.

3.1. Other Methodological Considerations Identi“ed

€ Date, temperature, relative humidity, test species/strain (including resistance pro‘les),
and mosquito age (days) should always be recorded.

€ Time of testing and light...dark cycle of test mosquitoes should be recorded.

€ Nets and mosquitoes should be acclimatized to the temperature and humidity of the
testing room for a minimum of 1 h before testing. This is critical if nets have been
stored in a refrigerator or cold room.

€ For mosquitoes collected as larvae from the “eld, details on the collection proce-
dure, such as the number and distribution of collection sites, and mosquito-rearing
conditions, should be recorded.

€ Some pyrethroid + PBO nets have different pyrethroid concentrations on the sides
and the roof and this should be considered in the data recording and interpretation.
Therefore, it is important that net pieces are well labelled to establish if the sample is
from the roof or sides, and data should be recorded per net piece. Though analysis
should be pooled for each net for interpretation, having the data disaggregated in this
way will allow for further interrogation of the data if required.
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6]
for pyrethroid-only nets recommended sampling one piece from the net roof and
three...four pieces from the sides (four...“ve total). Our original proposal for pyrethroid
+ PBO nets was to sample three pieces from the roof and three from the sides (six
total). The decision to test more roof samples was based on research which has shown
greater mosquito activity on the net roof [ 9..11], the acknowledgement that some
pyrethroid + PBO nets have different physio-chemical properties on the net roof,
and that, during their manufacture, roof panels come from different net runs than
side panels [12]. However, weighing up the bene“ts of a more precise measurement
of intra-net heterogeneity by using six replicates per net against the challenge of
evaluating large cohorts of ITNs with high numbers of mosquitoes per net, it was
decided that the key measurement was the estimated bioef‘cacy of a cohort of ITNs.
Therefore, it is important to be able to evaluate as many ITNs as possible (as nets
have a high degree of heterogeneity due to different variability in use and care) while
balancing this against the requirement for mosquitoes. Four samples per net (two
from the roof, two from the sides) will allow the maximal numbers of samples to be
tested without putting undue strain on testing facilities.

Replicates: The original proposal was four replicates per net sample based on the
WHOPES recommendations for pyrethroid-only nets [ 6]. However, this made the
required mosquito numbers unfeasible. The consensus was that two replicates per net
sample was suf‘cient. If mosquito numbers are abundant, testing should prioritize
testing more nets (if available), as this will provide more precision. If additional nets
are not available, surplus mosquitoes could be used to conduct more test replicates.
After the consensus SOP was developed, a pre-print was published [13], which
contained additional methods for the planned evaluation of the biological durability
of PBO nets. The methods published in that report were compared to the draft
consensus SOP and, methodologically, these were found to be largely the same, with
some variability in sampling position and number of net samples/replicates.

Testing should primarily use the WHO cone method speci“ed in the consensus SOP
(Additional File 2). A tunnel test may be used as a second test when nets fail to meet
WHO thresholds (<95% 60-min knockdown or <80% 24-h mortality in a susceptible
strain [6]), although this is not preferred. Currently, there are no recommended
thresholds for resistant mosquito strains.

Following feedback from stakeholders, a “nal consensus SOP was produced and

approved by the group (Additional File 2: 12I1-SOP-001: Methods for monitoring the
biological durability of insecticide-treated nets containing a pyrethroid plus piperonyl
butoxide (PBO)).

4. Case Study 2: ITNs Containing Pyrethroid plus Pyriproxyfen
(Pyrethroid + PPF Nets)

Royal Guard, developed by Disease Control Technologies, is currently the only WHO
prequali“cation listed pyrethroid + PPF net (Additional File 1: Table S2). The WHO cone
test is a suitable method for exposing mosquitoes to pyrethroid + pyriproxyfen (PPF) nets
for measuring the netse biological durability, but different endpoints are needed for each
active ingredient. Knockdown and mortality can be used to assess the bio-ef‘cacy of the
pyrethroid but the most suitable endpoints for PPF, a juvenile hormone analogue that
affects fertility and fecundity in mosquitoes, need to be de“ned.
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3). One of these (ID = 1) did not measure fertility endpoints.
Of the remaining documents, four detailed methods for oviposition observations, and two
detailed methods for ovary dissection.

Table 3. List of identi“ed methods/trials measuring pyrethroid + PPF net biological durability.

D Contact Bio"’f/:gi'igﬁ;zb""y Method Availability
#1 CNRFP tunnel test AvecNet Emile Tchicaya, CSRS Yes N/A
#2 LSTM Cone test AvecNet (Toé et al., 2019) Hyacinth Toé, CNRFP Yes Provided
#3 Oviposition SOP, CREC, Benin Corine Ngufor, LSHTM Yes Provided
#4 Dissection SOP, CREC, Benin Thomas Syme, LSHTM Yes Provided
#5 Dissection SOP, KCMUCO, Tanzania Jackline Martin, KCMUCo Yes Provided
#6 Royal Guard Trial [ 14] Corine Ngufor, LSHTM Yes Provided
#7 WHO PPF DC bottle study Vincent Corbel, IRD Yes Provided

Abbreviations: CNRFP = Centre National de Recherche et de Formation sur le Paludisme; CREC = Cen-
tre de Recherche Entomologique de Cotonou; DC = Diagnostic concentration; IRD = Institute of Research
for Development; KCMUCo = Kilimanjaro Christian Medical University College; LSHTM = London School

of Hygiene and Tropical Medicine; LSTM = Liverpool School of Tropical Medicine; PPF = Pyriproxyfen;
SOP = Standard operating procedure.

To reach a consensus SOP for both methods, methodological parameter values were
extracted from available SOPs and a sconsensuse value was proposed for each one (Ovipo-
sition: Table 4; Dissections: Table5). Methods for both oviposition and dissection are
included, as discussions showed differences in preference between labs for one or the other
method (Figure 2).

Figure 2. Infographic showing the methodological process for measuring sterility via scoring ovipo-
sition using chambering, following exposure to pyrethroid + PPF nets.
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6]. We do not yet know what an operationally meaningful level of sterility
is, i.e., what level of sterility in a cone test means the net is controlling mosquitoes
in the “eld. Hence, it is not yet possible to set a threshold for biological durability
monitoring, and the best approach is to simply monitor for a reduction in sterilizing
effect over time. However, this question is critical and should be considered as data
is generated.

4. When analyzing the results, the untreated net and the test net should be paired, i.e., a
single control for the day acts as the benchmark for all tests on that day, and inhibition
is calculated against that dayes control. Inhibition can be calculated by odds ratio
using regressions.

5.  Following the development of the consensus SOP, a pre-print was published, which
contained additional methods planned for evaluating biological durability of PPF
nets [13)]). These methods were compared to the drafted consensus SOP and found to
be methodologically the same, apart from some variability in sampling position and
number of net samples/replicates.

Following feedback from stakeholders, a “nal consensus SOP was prepared and ap-
proved by the group (Additional File 3: 12I-SOP-002: Methods for monitoring the biological
durability of insecticide-treated nets containing a pyrethroid plus pyriproxyfen (PPF)).

5. Case Study 3: ITNs Containing Pyrethroid plus Chlorfenapyr
(Pyrethroid + CFP Nets)

Interceptor G2 (IG2), developed by BASF, is currently the only WHO prequali“cation
listed pyrethroid + CFP net (Additional File 1: Table S3). The cone test has been shown to
be ineffective in reliably measuring the bioef‘cacy of the chlorfenapyr component of IG2
nets [16], and so an alternative bioassay is needed. There is a growing consensus around the
WHO tunnel test as being the best method to assess IG2 bioef‘cacy. This should be run in
parallel with a standard WHO cone test [ 6], which assesses the biological durability of the
alpha-cypermethrin component of the net. The SOP discussed and included (Additional
File 4) here is related to assessing the biological durability of the CFP component.

Eight documents, detailing methods used for evaluating pyrethroid + CFP nets, were
provided by stakeholders (Table 6). Of these, three were generic SOPs for conducting the
enet in tubee cylinder assay (ID = 6) or tunnel test (ID = 7, 8), and did not contain speci“c
experimental parameters for testing CFP nets, and, therefore, information was not extracted
from them for comparison. Methodological parameters were extracted from the available
SOPs, compared, and used to propose a sconsensuse value for each (Tablé).
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18] for IG2 testing, and K. Gleave will be validating the Net in Tubes (cylin-
der) test. When complete, we will include these SOPs with the tunnel-test method-
ology on the 121 website ( https://innovationtoimpact.org/workstreams/methods-
validation/ ). Accessed on 20 December 2021.

Following a preliminary discussion with all stakeholders, a sub-group was formed
with key individuals to start a draft proposal for the CFP methodology. In the ini-
tial meeting, representatives of BASF joined to share information on Interceptor G2.
Following on from these discussions, a draft method development with methodologi-
cal parameters for the tunnel test was shared with the sub-group, and this was re“ned
before sharing with the full stakeholder group for approval.

From a biological durability perspective, it was decided that it was not necessary
to have a comparison to a new Interceptor net (IG1) and a new Interceptor G2 net
(1G2) at every time point. Thus, these were removed as daily controls. Instead, the
resistant strain should be characterized against the Ais in parallel with each round of
bioassays, as recommended in Lees et al. (in prep), to investigate the additional effect
of chlorfenapyr, and to con“rm pyrethroid resistance and chlorfenapyr susceptibility

to check that they have not drifted in the test strain during the test period.

There is alack of data on how mortality in tunnel tests changes with mosquito numbers
(the standard is 100 mosquitoes in a tunnel). Reducing the sample to 50 mosquitoes
per tunnel allows us to increase the sample pieces tested per net without increasing
mosquito numbers. However, this also increases the risk of having to disregard testing
results if high control mortality is observed,control mortality would still be based

on 100 mosquitoes, but over two net replicates.

a. Data comparing the use of 50 vs. 100 mosquitoes in tunnels with pyrethroid nets
are available (Moore, Personal communication), and these data were considered
to con“rm the number of mosquitoes tested.

b. Further to this, preliminary work to compare 50 vs. 100 mosquitoes in tunnels
using Interceptor net and Interceptor G2 nets was conducted, and found no sig-
ni“cant difference in these two numbers (Kamande, Personal communication).

The number of mosquitoes required must be balanced against the number of replicates,
since maximizing the number of nets, to measure ef‘cacy of the ITN population, is
key. There was some disagreement over which was the best balance. It is likely that
the capacity to test more mosquitoes per net will be related to mosquito availability in
the testing sites. Therefore, it is suggested we validate with the lower number to make
the SOP less onerous for testing sites. We are interested in measuring the biological
durability of the ITN population,not individual nets, which could be highly variable.
Currently, the WHO recommends 30 nets per time point, but increasing this will
provide better data. Thirty nets should be seen as the minimum. Reducing the
number of mosquitoes may allow increases in replication to be possible.

Control thresholds: blood-feeding must be >50% on the untreated control net. Mor-
tality will be measured up to 72 h, due to the slow-acting nature of chlorfenapyr.
Mortality in the untreated control must be <10% after 24 h and <20% at 72 h (both
must be true for the test to be valid).

Following feedback from stakeholders, a “nal consensus SOP was produced and

approved by the group (Additional File 4: 12I-SOP-003: Methods for monitoring the
biological durability of insecticide-treated nets containing chlorfenapyr).

6. Discussion

Methodological consistency is crucially important when monitoring the durability of

new net types, due to there not being validated methods to assess these tools. Even small
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6]. Itis
challenging to efuture-proofe methods from the outset, especially in a rapidly evolving
landscape which must be sensitive to the pressures of evolving and emerging insecticide
resistance. Therefore, the process cannot be averse to change or updates in the future,
which would lead to stagnation in innovation and delayed decision making,such has
been the situation with non-pyrethroid products being evaluated with tests designed for
pyrethroids. Regular updates of guidance based on consensus among key stakeholders will
harmonize data collection procedures and, ultimately, hasten progress towards the goal
of bringing new vector control products to market more rapidly, using robust data-driven
decision making.

To take this further, the dissemination of up-to-date methods is crucial to ensure
relevant data are being collected whenever possible. This process, convened under the
auspices of the Innovation to Impact programme, sought to align methodologies used
by those conducting durability monitoring activities of new net types (so-called enext-
generation ITNse). While this objective was largely achieved through the engagement
and insight of those involved, it is important to recognize that even though this process
involved the key stakeholders in designing and implementing durability monitoring, the
current durability monitoring guidelines [ 6] for these products may differ or simply do
not exist. There is a clear need for further engagement with normative (WHO and control
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Simple Summary: New types of bed nets are being developed which contain a pyrethroid plus a
second chemical because of the development and increased frequency of mosquito mechanisms to
avoid being killed by pyrethroids. When insecticide-treated bed nets are being trialed for ef‘cacy

or released onto the market it is essential to measure how effective the net is in killing mosquitoes,
which includes testing how quickly insecticide is lost or degraded due to routine wear and tear.
Pyrethroid-resistant mosquitoes are needed to test the effectiveness and insecticidal persistence of
the second chemical, because they are not all killed by the pyrethroid, allowing the killing effect of
the two chemicals to be evaluated independently. However, because resistance status varies between
populations of mosquitoes that possess different resistance mechanisms, and because resistance
intensity in a population can change over time, a method is needed to characterise the resistant
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1]. Therefore,
there is a need for new ITNs that include insecticides from classes with new modes of action
to combat pyrethroid-resistant vector populations [ 2]. Several ITNs have been pre-quali“ed
by the World Health Organization (WHO) containing a pyrethroid plus a second active
ingredient (Al), which may be another insecticide (chlorfenapyr, CFPR; pyriproxyfen, PPF)
or the synergist piperonyl butoxide (PBO), hereafter referred to as dual-Al ITNs [ 3].

There is a need to test the bioef‘cacy of ITNs in the laboratory. Here we are using
the term <bioef‘cacye to mean the ability of a net sample to kill mosquitoes in a bioassay,
contrasted with the ef‘cacy of an ITN, which describes the netes ability to meet its objective
of offering personal and community protection against transmission of mosquito-borne
disease. Prototypes may need to be compared during product development, and research
may be conducted to explore how an ITN works. Before distributing an ITN, the national
malaria control programmes (NMCPs), or funders, may want to test its ef‘cacy against
local mosquito populations. During randomised control trials to determine the ef‘cacy
of ITNs (for example [ 4,5]), and during post-deployment monitoring (for example [  6]),
use and attrition of ITNs are monitored, and samples of deployed nets are collected over
time to monitor their physical durability, analyse insecticide content and measure the
bioavailability of each Al, using agreed-upon and validated bioassay methodologies (i.e.,
WHO cone bioassay or tunnel tests) [7,8]. This testing may be done at the time of collection,
or all samples may be accumulated for simultaneous testing at the end of the study. Existing
methods for durability monitoring [ 9], are optimised to evaluate pyrethroid-only ITNs,
but the bioassay component may need to be adapted to be suitable for dual-Al ITNs.

The ability of a dual-Al ITN to kill insecticide-susceptible mosquitoes can be measured
using standard methodologies and a susceptible laboratory strain. If the entomological
endpoint of the second Al is different to the rapid knockdown and kill achieved by a
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10]: atleast 3 strains, two of which have signi“cant metabolic
resistance, representing the broad spectrum of known resistance mechanisms, ideally from
a provided list of standard strains, or a strain that is fully characterised, and has a resistance
level greater than 10-fold that of a susceptible strain of the same species at the LG5, tested
in parallel. Though not speci‘ed at the time, this LC 5o would ideally be measured at
the time point of interest for the second Al. This may form the basis of selecting suitable
strains for bioef“cacy testing or durability monitoring of dual-Al ITNs, but developments
in the understanding of the molecular characteristics of mosquitoes have been made since
these recommendations were released. New modes of action of insecticide are now being
considered, meaning that there are limitations to these criteria, and practical challenges in
meeting them, and they should, therefore, be reviewed.

The number of different resistance mechanisms that have now been identified, and would
need to be screened to characterise a strain fully, is increasing over time and include overex-
pression of detoxifying enzymes [ 11,12], involvement of sensory appendage proteins [ 13] or
the salivary protein gland [ 14,15], or cuticular thickening [ 16,17]. Insecticide resistant mosquito
populations possess different combinations of mechanisms, and the relative contribution of
these mechanisms to resistance differs between populations. These features have evolved to
confer resistance to insecticides to which mosquitoes have been exposed, but some may also
confer cross-resistance to new insecticides even with novel modes of action. Representing all
known resistance mechanisms even in three strains, would be a major challenge, and, given
that both the range of mechanisms expressed and our knowledge of these evolves over time,
will always risk omitting resistance mechanisms that have not yet been identified. This is of
particular concern for entirely new Als coming to market, resistance mechanisms for which
have not been identified.

Even if a list of standard representative laboratory colonies was established, there would
be no guarantee of expected results in testing between sites or across time. For example,
a colony that is nominally from a common strain may differ from a colony of the same
strain held at a different test facility, due to differences in establishment and/or stabilisation
in new laboratories and related selection pressures, genetic drift, inbreeding and genetic
bottlenecks [18], insecticide exposure to maintain resistance [19] or through contamination
events, rearing conditions that may affect fitness [ 20. 22] or microbiome characteristics [ 23,24].
Resistance may shift over time, particularly if a strain is transferred between facilities
or if selection pressure is not maintained. In addition, mosquito strains show temporal
variability in their physiological response to insecticides. Routine efforts to characterise
resistance phenotypes in lab strains are commonly based on the use of discriminating
concentrations (DCs) or resistance intensity assays, rather than dose-response assays,
which would be needed to establish LC 5 values and resistance ratios.

Modes of action of insecticides used in dual-Al ITNs currently under evaluation mean
that bioassays and protocols designed to measure bioef‘cacy of a pyrethroid may not be
suitable. When considering chlorfenapyr, for example, the metabolic status of a mosquito
is believed to affect metabolism of the pro-insecticide to the active form, and subsequently
mortality rate [ 25]. Metabolic rate may be affected by extrinsic factors, such as temperature,
time of day [ 26], and intrinsic factors, such as the nutritional status of the mosquito [ 27.29].
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30]. The same SOP may be useful in characterising
a pyrethroid-resistant strain of mosquitoes for other purposes, or it could be adapted to
meet different speci“c needs. This project forms part of a package of work to improve
entomological methods in vector control, and is supported by Innovation to Impact (I121) at
the Liverpool School of Tropical Medicine (LSTM).
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1. The advantages and disadvantages of each approach were
discussed before a consensus approach was developed (Sectior3.2).

3.1.1. Distribute the Same Well-Characterised Resistant and Susceptible Strains to All
Test Facilities

Where bioassays need to be carried out at multiple facilities, one approach could be
distributing a suitable resistant and susceptible strain to all facilities. Robust characterisa-
tion in the originating centre, and suitable quality control measures in receiving facilities,
should remove strain differences as a variable in the assay. Strains could be maintained
under the same selection and pro“ling regime, refreshed from a single facility if results of
regular pro“ling start to differ, or refreshed every few generations from a single facility.

There are some practical limitations to this approach. The nature of a suitable strain
may differ depending on the second Al under evaluation, and so this exercise may need to
be repeated in parallel for each dual-Al ITN in a study. There may also be little bene“tin
terms of the workload of this approach over others. In the longer term, there are bene“ts
to building the capacity of facilities to establish, maintain and characterise local strains.
Regardless, this is the most straightforward approach to standardisation, provided the
maintenance of the strain could be standardised between facilities.

However, there are two insurmountable issues. Firstly, it is unlikely that the same strain
distributed and maintained in different facilities will remain static and comparable regarding
its resistance profile. Even when under continued selective pressure, resistant phenotypes
can shift over time [ 19,31,32], and there is likely to be a change in the resistance profile of
strains associated with different genetic bottlenecks when moving between facilities, both as
a result of small founding populations and as colonies adapt to their new environment.
Even when rearing and selection are done under the same laboratory conditions, potential
supplementary factors which are gaining more attention, such as the mosquito microbiome,
may differ between insectaries and affect tolerance to insecticides [33..36]. Genetic drift will
occur over time, even in well-controlled rearing facilities like the Malaria Research and
Reference Reagent Resource Centre (MR4) at BEI Resource8T]. Changes in resistance can
occur quite quickly [ 38]. So important differences may be missed before testing if the strain
was not refreshed or re-characterised regularly to con“rm that the resistance phenotype
was still as expected.

129



‘ainseaw uonesiprepuels
auojepuels e se a|geins 10N
‘[areted ul paysal aq
01 sabe |[e mojje 01 SNL| Juswade|dal 1sa) pjnod
‘yoeoidde uonesiprepuels
Areuswa|ddns e se papuawwodal sI Apnis ay Jo
pua ay) 1e SN | jo ajdwesqns e jo Bunsa) jeaday

‘uolyesipepuels 0} yoeoidde
Arewud ayl se papuswiwiodal 10N
‘Buibuajeyd Ajreansibo| pue Alsod Ing "saus
10 a)Is [euonippe ue Je sajdwes N1 | Jo 18s-gns
e uo Bunsael 1eadal 01 Apnis e ul [011u0d Alenb
J1o} da)s [euonippe ue se papuawiwodal st

‘uonesualoeleyd 0] yoeoidde
Arewnd ayy uey) Jayrel ‘aouelsisal
10 ss0J Jo asde||09 Auoj02 01 uonnjos dn-yoeg
‘yoeolidde siy1 Ag panaiyde Jou ‘awn
J9A0 N1| Ue 0] asuodsal ul abueyd Aue 10819p
01 Juenodwi si urens oynbsow jo Aoualsisuo)

"looojoud feu,, ayy
ol wawdojaAsp Jayuny 1o} pajos|es yoeoiddy
'S3I10UBISISUOIU|
121d13U1 0} djBY pUE ‘BWI SSOIJE pue
SsaiijIor) 1581 Usamiaq erep aredwod o1 ybnous
Ie|iwis are seoNnbsow 1ey) aiNsus saounbsow Jo
|0nu0d Alfenb pue uonessloRIeYD UlRlS 1SNQoY

Bunsal a10jaq sajdwes

NI Jo uonepelBap 10 SSO| JO Siy
sawnjon Bunsal abire

SNLLI yum sansst Ayrenb Aynuapl

0] pasn ale elep awi-feal pue ‘Apnis
3U1 JO pud 8y} |nuN 3|qe|ieAR 10U ereq

SaIs 1S9

uaamiaq sajdwres Jo odsuel) 1oy pasN
yodsues) Buunp

uonepelbap sjdwes N1|Jo sty

urens oynbsow

JUe)SISal B UlRJUeW ISNW 913Uuad

yoea pue ‘peoppiom bunsay JaybiH

S1S9) [aUUN} Ul dAIsuodsal

ss9| sao)inbsow 1ybnes-plip
saloads

JO 1w e aq 1ybiw 1oyos bunsal
papuswiwosal

uoneslalorIeyd 3WOS ‘a|qelea
Alybiy seonnbsow yBnes-pjipn

sploysaiyx

a|qerdasae uiyum ybnoy ‘sanijioey
1581 Usamiaq Jayip ||ns Aew surens
papaau 0s[e Sainseall [0jU0d
Arenb pue Bulreal pasiplepuels

USaMIBQ puE B J8A0 S80)Nbsow
ueSISal ul AljigelieA 10) S|0U0D

ynsal

3y} Ul 82U3P, U0 dsealoul Aew
yolym parelauaB sierep snsuasuod
sao)nbsow aslialoeleyd 0} paau ON

swisiueyodaw
9oUE)SISal JUBAS|aI-P|a,
sJapIsuod ‘Aoed,Ja 1onpoid

[e20] o aAndIpald alow aq Aey
wud) Buoj surens Buiureyurew
ueyl saaInosal sso| alinbai Aepy
surens ajgelns Buiney

Sal)|19e} 1S9} ||e uo A8l Jou seoq

synsai bunsal bunaidisjul

10} UOIJRWIOUI [NJBSN S8YRIBUSD
urens ajgenns

© 10} 19S 9( 0} LS Je3|d SMO||Y
S|V 1sow 0}

aouesisal aidAjouayd asusloeleys
0} 9|qe|reAe spoyiaw a|dwis

W W

(8'T°e) Apmis aup
40 pua ay} ye apis Aq apis
swiod awn ajdnjnw wouy
S}au Jo sAesseolq Wwiopad

(9'7°€) Apnis anuad-nNwW
e ul Bunsa) 1eadal 10} sqe|
[elanas 03 sajdwes e puas

('T°€) uonesualorIeyd
1o} sajdwes anes
pue Bunsa) Jo punol yoes
10} suone|ndod juelsisal
plim reas pue aiduwres

(mofpqe'Te

130






37]. In some situations,
relevant parties may accept the idea, but the containment measures needed to make this
approach safe may be too expensive or not feasible in practice. Alternatively, national,
local or facility decision-makers may refuse to take on this responsibility and receive the
mosquito strains. For these reasons, this is not a practical approach

3.1.2. Each Testing Facility Uses Its Own Characterised Resistant Strain with a Single
Standardised Protocol

Before a trial begins, the bioassay methodology used for bioef‘cacy testing, for exam-
ple, as part of durability monitoring, should be optimised and validated using new and
twenty times washed dual-Al ITNs with a susceptible strain (e.g., Kisumu). An additional
validation step could be added with a range of different well-characterised pyrethroid-
resistant strains to demonstrate that the method is not sensitive to differences in resistance
mechanisms or population differences. In this context, a well-characterised strain would
be one for which the phenotypic resistance pro‘“le was known, ideally with some under-
standing of the target site mutations, level of expression of detoxifying enzymes and other
known mechanisms. Most test facilities that perform durability monitoring already hold
pyrethroid-resistant strains that take some effort to characterise. They will often maintain
them under selective pressure to preserve the resistant phenotype. There is a growing
desire in the community to increase the capacity of local institutions, so this will increas-
ingly be the case. Therefore, a pragmatic approach to standardisation could be that each
facility uses a characterised local strain and relies on the testing methodologyes robustness
to give consistent results between facilities. This might be an attractive option to National
Malaria Control Programmes (NMCPs) that would like to see data against mosquitoes
that are closest in phenotype and genotype to the local mosquitoes that are responsible for
malaria transmission.

If this approach were to be adopted as a way to compare results between sites,
the method would need to be tested against a suf‘cient number of genetically hetero-
geneous strains, which would need to be suf‘ciently different for the validation to provide
convincing evidence that the results would be comparable no matter what strain was used.
There is some precedent. The WHO+s VCAG have suggested three strains be used to screen
for cross-resistance [LO]. Phase Il ef‘cacy trials of ITNs require testing in an area with
mosquitoes susceptible to all compounds in the ITN under evaluation, followed by testing
in an area with pyrethroid-resistant populations [ 39]. However, it is unclear whether testing
a single sample of nets against three resistant strains would provide suf‘cient evidence.
This would be a signi“cant burden in the efforts to validate a method. Assuming that
containment facilities are not available, a single test facility is unlikely to have strains
covering a broad geographical range. It is also unlikely that all resistance mechanisms
will be represented by the strains the facilities maintain, thus necessitating a multi-centre
validation approach.

This solution assumes that the testing methodology is suf‘ciently robust and speci“c
enough and that the pyrethroid resistance is suf‘ciently high in the strains used that it
is truly a test of the ef‘cacy of the second Al alone. Since evidence for differences in
resistance levels within the class is weak [40], characterising resistance to one example
pyrethroid, or perhaps one representative Type | and one Type Il pyrethroid, would be
suf‘cient. However, even with very resistant strains, some individuals are usually killed
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40]. So, some measure of the additional impact of the second Al is likely to be
still needed, for example, a comparison to a pyrethroid-only ITN.

The group did not have con“dence in comparability between data collected at different
facilities with different strains. A bioassay is not likely to be validated suf‘ciently to give
the same results, no matter the strain used for testing, because, for the following reasons,
characterisation of strains will not be perfect: not all resistance mechanisms have been iden-
ti“ed; those contributing most to resistance are not well understood; and not all markers
are routinely screened for in all test facilities. There is evidence of this challenge in efforts
by the WHO to set DCs for Als by testing compounds against multiple strains of the same
species and selecting a suitable dose based on the consensus of datadfl]. The consensus
opinion was that, although this is a pragmatic solution, the use of different strains with
different resistance mechanisms and rearing methods are unlikely to give consistent results
between test facilities or across time points, and so this was not the preferred option.

3.1.3.Characterisation of the Resistant Strain in Parallel to the Durability Monitoring Testing

The resistance phenotype of mosquitoes used for bioef‘cacy testing of dual-Al ITNs
could be characterised by the following to ensure that they are suitable to effectively
provide the information needed: suf‘cient resistance to pyrethroids, such that a high
enough proportion survive exposure to the pyrethroid that the effects of the second Al
can be measured, and susceptibility to the second Al. WHO tube bioassays to assess the
susceptibility of the proposed strain to the WHO DC [ 42] of the pyrethroid, as well as the
second Al included on the dual-Al ITN under evaluation, where a DC and method for
evaluation are available, would be appropriate for this purpose; a straightforward and
familiar method. Resistance intensity or dose-response assays with the Als of interest
would provide some quantitative information to help in de“ning a strain. A clear de“nition
of a strain suitable for use in testing would be required, and the rejection criteria would
need to offer a balance between pragmatism and the need for robust results.

Further characterisation could be done to further understand the strain and aid in the
interpretation of results. This would require clear guidance on interpreting the bioassay
results in the context of the strain characterisation. These could include, for example,
DC assays with examples of type | and type Il pyrethroids. All locally used insecticide
classes in use for mosquito control could more fully characterise the straines resistance
pro“le. Testing for the presence of molecular markers associated with insecticide resistance
would be informative, if the most informative or relevant molecular markers could be deter-
mined. This may not be practical on a routine basis, but strains held for bioef‘cacy testing
would ideally be regularly screened for key molecular markers to provide a background
understanding of the resistance pro‘“le of a strain and interpretation of data, e.g., response
to PBO. In order to predict the ef‘cacy of the product under evaluation, it would be helpful
to con“rm that a strain possessed key resistance mechanisms, against which the product
under evaluation claims efcacy, and susceptibility to the second Al.

Beyond the resistance phenotype, there are multiple sources of variability between
bioef‘cacy tests related to the mosquitoes used. Biological factors can affect observed levels
of insecticide resistance, which may lead to differences between cohorts of mosquitoes from
the same strain. For example, size R7), nutritional status [ 27,43,44], the temperature during
rearing [ 28,45], and age [46,47], can all have an effect on mosquito “tness, and conditions
during testing affect the results of bioassays [46] and references therein. Routine quality
control and use of rearing SOPs (e.g., [L9,48,49]) would be a robust method of ensuring that
suitable mosquitoes are used throughout the study and across facilities and would ideally
include “tness testing as a measure of the consistency of rearing methods and quality of
the adults produced. When maintained in the absence of selective pressure, or selective
pressure only from a single insecticide, resistance phenotypes and genotypes can shift in a
laboratory colony over time [ 19]; regular selection for insecticide resistance should form
part of a programme of quality control in maintaining a resistant strain of mosquitoes.
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50,
it would be informative to include some “tness testing (for example, wing length, average
weight) of a sample of the cohort of mosquitoes used for bioef‘cacy testing, or, if possible,
a sample from individuals which were killed and from those that survived characterisation
or durability monitoring bioassays. A sample of each cohort of test mosquitoes could be
stored for future analysis,for example, detailed characterisation of resistance mechanisms
if results from one facility, or one-time point, varied from the others. This may be straight-
forward to compare changes in target site allele frequencies (e.g., kdr), but it may be more
challenging for changes in metabolic gene expression, where de“ning a threshold of fold
change is required, which would mean two populations were no longer comparable. Snap
freezing at $80 C would be ideal, so that relatively high yields of DNA and RNA can be
analysed from stored samples, but even storage of dried individuals on silica would also
be suitable for some further analyses.

If this approach were taken, differences in the resistance profile of strains used by different
test facilities would still exist, and the strain or strains used may change in resistance pheno-
type during the study, but the robust characterisation and quality control should help to ensure
that the key (known) parameters are similar enough, and that differences can be taken into ac-
count when interpreting data. This approach was selected for further development into the
final recommended protocol. However, it was agreed that there would need to be a balance
between the benefits of data robustness and the ability to reliably interpret results and compare
across studies, and costs of additional workload required for extra bioassays and the ease of
access to molecular characterisation.

3.1.4. Sample and Rear Wild Resistant Populations for Each Round of Testing and Save
Samples for Characterisation

Where test facilities do not have access to a well-characterised resistant strain, or where
issues, such as colony collapse or loss of resistance, result in non-availability of a suitable
strain, a pragmatic alternative approach, sometimes employed, is to collect and rear wild
resistant “eld populations for bioef‘cacy testing. Since wild-caught mosquitoes are likely
to demonstrate large variability in the level of resistance and general robustness between
collections, a cohort could be stored from each testing point for molecular characterisation.
If suf“cient material was available then phenotypic resistance and measures of “tness,
including wing length, could be measured in parallel. While this approach still requires the
team to have the capacity to maintain and characterise strains, less long-term commitment
of resources may be needed, compared to holding strains over the whole course of the study.
In some settings it may be very challenging to establish stable resistant colonies and using
material maintained in the insectary for a generation or two to complete a study might
be more practical. The biosafety concerns of transporting resistant mosquitoes between
facilities can be avoided using local strains.

However, there would be a concern, especially when using F 15, that testing is a mix of
different species; this could complicate interpretation of results, power calculations, and
assay replicate requirements. The storage of samples for later analysis would also help
with this element of characterising the testing cohort of mosquitoes. If a colony could be
established for later testing points in the study the strain could then be screened regularly
and become more well-characterised.

For some purposes, using “eld-collected, or recently established, colonies of mosquitoes
may be desirable. For example, it may be more predictive of “eld performance of an ITN
than using established laboratory strains, since mosquito populations at different geograph-
ical sites may differ in their susceptibility to a given product [ 51], owing to the different
resistance mechanisms they express, and potential for variability in levels of resistance
across seasons47]. Additional information would also be gained about the predicted
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52], giving different
results from different samples of the same net, pieces should be cut along the same band to
distribute to multiple facilities for parallel testing. Wherever possible, this testing would be
done blinded.

This approach multiplies up the testing workload by the number of facilities. To re-
duce the additional workload, a study could circulate a sub-sample of net pieces to ad-
ditional test facilities for con“rmatory testing of the results obtained by the primary
test facility, with careful consideration given to how to manage a situation where re-
sults did not match between facilities. Transporting ITN samples, particularly between
countries, can be challenging. There is a risk of further degradation of samples, due to
delay and during transport between facilities, and a requirement for each facility to
colonise and maintain a resistant colony of mosquitoes. From a quality control point
of view, it is good practice for a study to repeat testing on at least a subset of sam-
ples at different test facilities. It could be done intermittently as an additional level of
quality control. However, from a logistics, and particularly from a cost, point of view,
this would not be a feasible approach to standardisation for all studies.
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53,54], including between pyrethroids and pyriproxyfen [ 55],
so it cannot be assumed.

If there is an interaction between the pyrethroid and the second Al in the formulated
dual-Al ITN, then it may not be possible to make a straightforward comparison; the two
Als may not act independently, making a direct comparison between mortality on the
pyrethroid-only versus the dual-Al net samples problematic. If it was possible to obtain
comparable ITNs treated with each Al alone to compare bioef‘cacy of each with bioef‘cacy
of the dual-Al ITN then a direct comparison could be made, and investigation of cross-
resistance would be facilitated. On the other hand, the change in bioef‘cacy over time is
relevant to a durability monitoring study. If the mortality caused by the pyrethroid-only
net is suf‘ciently low it should still be valid to compare the additional mortality caused by
the dual-Al ITN sample between time points.

Pyrethroid content is only removed as a variable if the pyrethroid-only net is equivalent
to the pyrethroid content on the dual-Al ITN, in terms of the identity and concentration of
the pyrethroid, as well as factors that might affect bioavailability, such as ITN formulation
and impregnation method. For example, incorporated and coated nets may have different
surface concentrations of Al and consequent bioavailability even where the total insecticide
content is the same. This comparison becomes complicated for combination nets, such as
the PermaNet 3.0, where the pyrethroid content is different on the roof and on the side
panels. The selected pyrethroid-only net should be as close as possible in all characteristics
to the ITN under evaluation, particularly for insecticide dose and bleed rate (where known).
For some dual-Al ITNs no suitable pyrethroid-only net is available. A speci“cally matched
pyrethroid-only net would likely rely on manufacturers producing small batches speci“cally
for the purpose. This is not realistic, without incentive such as making it a requirement
as part of the WHO Vector Control Product Prequali“cation (PQ) process, for example,
and so the closest matching net would have to be used. The positive control should be kept
consistent between time points; it may not be essential to be consistent between facilities
if the relative change in additional mortality from the second Al over time is measured.
A de“nition of sbrand news or positive control net would be needed, along with guidance
on storage conditions, especially for newer brands of nets, a method for washing and
washing interval for the insecticidees regeneration.
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56], where nets are removed from use, typically within six months and annually
for three years, for durability monitoring and replaced with new nets. Currently, these
replacement nets are excluded from any further monitoring, but by the end of the study
would represent nets of ages corresponding to each time point of the study and could be
collected at the end for a “nal con“rmatory round of bioassays. Important caveats of this
approach include: there would still be a large amount of testing to be done at the end of
the study, a more signi“cant number of replacement nets would need to be distributed
to account for attrition and leave a large enough sample for the “nal testing, and careful
record-keeping would be required as different batch numbers may be distributed at other
time points adding a layer of complexity. Nevertheless, the additional quality control of
data could be used to justify the additional logistics and expense of this approach.

linformation would need to be generated on the likely variability between original
and replicate testing inherent in the bioassay, so that the results of the repeat testing could
be interpreted judiciously. Consideration should be given to how to report results of this
repeat testing, particularly if initial monitoring data have been distributed or published
already; protocols published ahead of the trial could make it clear that this repeat testing is
part of the study design and careful interpretation and reporting of results which do not
completely align will be required.

3.1.9. Use a Model System Other Than a Conventional Bioassay Using Mosquitoes of the
Target Species

Conventionally, the durability of an ITN is tested using de“ned measurements of
physical integrity, insecticide content and bioef‘cacy. For bioef‘cacy, cone bioassays,
where the target mosquito species are exposed to a net sample, and the mortality is scored,
is the accepted measure of “eld-collected ITNs over time [ 9]. Since the purpose of durability
monitoring is to detect any change in bioef‘cacy of the net sample over time (i.e., ITN age),
in a system that otherwise gives consistent results, the testing does not have to be against
the vector species of interest. For bioef‘cacy testing in general, it is unnecessary to use
the species against which a product will be targeted, as long as their relative sensitivities
in a bioassay are understood. Aedes mosquitoes, particularly Ae. aegyptican be reared
in large numbers [ 57. 60], with the added bene“t of eggs resistant to desiccation, and can
be stockpiled until suf‘cient eggs have been produced for a round of testing. It may
even be possible to use a model organism, such asDrosophila melanogasteto replace
mosquitoes altogether, which has less of a containment risk and is easier to maintain,
possibly expanding the number of test facilities able to perform durability monitoring.
Validation would be needed to show that the chosen bioassay was appropriate for another
species and that the species was sensitive to a change in Al concentrations across the
relevant range. Even then, there may be reluctance to rely on results from a non-target
species to test the ef‘cacy of a product primarily aimed at anophelines.

New technologies are emerging which might offer a valid alternative to conventional
bioassays or mosquito strains established from “eld-collected material. Transgenic strains of
Anopheles gambia®ver-expressing speci“c P450 enzymes, known to be important in confer-
ring pyrethroid resistance, can be used to detect and characterise cross-resistance between
insecticide classes p1]. A strain could potentially be produced that over-expressed the
enzymes known to cause resistance to the second insecticide in a dual-Al ITN, expressing a
very tightly de“ned resistance mechanism in a known genetic background.

Measures of bioef‘cacy suffer from high variability due to inherent bioassay variation
and biological variation between mosquito populations. Chemical analysis of the total
insecticide content of a net sample, for example, by HPLC, may be more reproducible
but is not suf‘cient as a measure of bioef‘cacy, since it is the availability of biologically
active insecticide on the surface of a net that determines its ef‘cacy against mosquitoes [39).
However, suppose it was possible to sample and quantify the amount of bioavailable
insecticide on a net surface. In that case, this might be quicker than performing bioassays
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1, and a detailed standard operating procedure
(SOP) is provided as Supplementary Information. The group agreed on this approach
following several rounds of discussion on the merits of each of the proposed strategies and
re“nement of this preferred approach. The primary concern of the group was durability
monitoring studies with dual-Al ITNs, but the protocol could be adapted to new types of
ITNs as they are developed, to other product types, such as indoor residual spray (IRS)
formulations, or attractive toxic sugar baits (ATSBs), and for other kinds of studies requiring
resistant mosquito strains.

Since resistance changes over time, in both wild mosquito populations and laboratory
strains, even when consistent selection pressure is applied, the only way to be con“dent
in the resistance phenotype at the time of testing is to characterise the resistant strain
simultaneously with bioassaying of the ITN samples. Depending on the study design,
describing each cohort of mosquitoes used for bioassays on net samples could be laborious.
Instead, a resistant strain could be characterised at the start and end of a study, for example,
all net samples collected in a given year or from a given district. The following elements
were considered to be key to the characterisation:

- The proposed colony of mosquitoes would be exposed to a discriminating concen-
tration (DC) of the same pyrethroid as is present in the dual-Al ITN in a WHO tube
assay to con“rm their resistance phenotype. If the mortality was above 90%, the WHO
de“nition of con“rmed resistance [ 42], an alternative strain should be identi“ed to
complete the testing. Below this threshold, a strain with as low mortality as possible
should be used to maximise the data generated to test the ef‘cacy of the second Al.

- The proposed strain characterisation includes a PBO synergism assay to con‘rm
susceptibility. Where a DC method has not been established or recommended by the
WHO, and baseline susceptibility has not been demonstrated, some suitable method
of exposure to the second Al should be included in the characterisation, and data
monitored for changes in susceptibility over time. Mortality should be above 90% and
ideally above 98%; values between 90 and 98% can be used to interpret the results of
the main study.

- APBO synergism assay is included in the proposed strain characterisation to con“rm
that metabolic mechanisms, most notably those associated with cytochrome P450
enzymes, are involved in the pyrethroid resistance of the strain used for bioassays.
The group agreed that further investigation is warranted to determine what increase
in mortality with pre-exposure to PBO indicates signi“cant synergism, but suggested
that the current WHO test procedures threshold of 10% is far too low to account for
realistic variability in estimates [ 42]. Provisional analysis suggests that a mortality
increase of 30% is required to provide meaningful evidence for impact.

- Standard untreated nets or solvent-only controls should be included in the assays
used to characterise a resistant strain, with some additional controls. These represent
a balance between gaining con“dence in the assay and additional information against
keeping the additional testing for strain characterisation to a manageable scale.

a. A positive control brand-new pyrethroid-only net, containing the same pyrethroid
content as the dual-Al ITN, should be included, for several reasons. Firstly,
it provides an additional measure to ensure the strain has suf‘cient pyrethroid
resistance, and will help interpret the results from the sample ITN bioassays.
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27.

Where both Als induce mortality, the endpoint measures for the two Als should be the
same. If the outcome for the second Al is delayed mortality, then mortality caused by the
pyrethroid should be measured for the same period. For example, in products containing
chlorfenapyr, mortality is typically measured to 72 h [ 30,42], and so mortality should also
be measured to 72 h for the pyrethroid treatments in the strain characterisation. This would
control for additional delayed mortality in the resistant strain caused by the pyrethroid,
which has been measured in some, but not all, strains tested [62. 64], which could mean that
for the purposes of the study the strain was not suf“ciently resistant. Scoring knock-down
and 24 h mortality for the pyrethroid exposure as well might be useful for comparison with
historical data. If the second Al induces a different endpoint, for example sterility, and the
study is aiming to measure the effects of each Al separately, then it would be necessary to
include investigation of pyrethroid exposure on that endpoint.

A number of additional measures were recommended by the group as general good
practice and to further characterise and standardise the resistant mosquitoes used for
bioef‘cacy testing:

- It is desirable to use a strain with the same phenotype throughout a study. Efforts
should be made to minimise heterogeneity of strain phenotype through time by
standardising insectary rearing procedures, since insecticide susceptibility is affected
by the size and general “tness of the cohort of insects used for testing. Standardisation
of rearing conditions is especially important for strains used to test products such
as chlorfenapyr, where metabolic activity is important in activating the insecticide
and affected by rearing conditions and conditions during testing [ 25,65]. Although it
may be unrealistic to ask for a single rearing SOP to be used between facilities, most
facilities use some form of SOP to achieve standardised rearing and perform quality
control (QC) measures, particularly those with GLP accreditation [ 66,67]. There are
guidance documents available [48]. Some key considerations for maintaining the
consistent quality of mosquitoes being reared for bioassays and steps taken to monitor
quality are suggested in Table 2. Quality management systems help ensure that the
data generated is reliable and reproducible and that it is possible to reconstruct a test
in case there are any questions about data quality from manufacturers, regulatory
authorities, etc.
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68].

- If suf“cient data for the colony exists, it is recommended to set upper and lower size
thresholds, based on variability of size measured in the colony over a period of time,
outside which testing would not proceed.

- The group recommended that a sample of mosquitoes be stored at the time of strain
characterisation so that it could be characterised in more detail later if required to help
explain an anomalous result, such as a drop in pyrethroid resistance or an increase in
mortality from the second Al compared to a previous round of testing

- Inclusion of a brand-new dual-Al ITN of the same type as the test net samples as a
control in the strain characterisation for durability monitoring studies would provide
the following bene“ts (note that replicate pieces would be needed due to variation
between and across an ITN):

Control for longitudinal variability in strains

Be a second measure of how much of the original bioef‘cacy has been lost over
time in addition to the comparison between results obtained at the different
time points

Allow the additional mortality caused by the dual-Al ITN over that of the pyrethroid-
only net to be calculated at each time point and compared longitudinally

Control for any effects of declining content of the “rst Al over time. This is
particularly important as the wash resistance of the pyrethroid and the second
Al may be different, and so the additional bene“t of the second Al may be lost
before that of the pyrethroid

- Although a WHO tube assay is a standardised method to measure synergism, a cone
test with a PBO net would provide a more realistic presentation of the PBO in com-
bination with a pyrethroid because of simultaneous exposure. If a suitable PBO ITN
is available as a comparator for the dual-Al being tested, for example DuraNet as a
comparator for the DuraNet Plus or Olyset as a comparator for Olyset Plus, then cone
tests with this ITN may be informative in more accurately evaluating the level of PBO
synergism, and so metabolic resistance status of the resistant strain.

- SOPs will be required to collect, store, and transport net samples, both those tested and
the control nets used for characterisation. The storage conditions and the maximum
storage length are essential for incorporated nets. Typically, cut pieces are wrapped in
foil and stored in a fridge. However, the development of these is outside the scope of
this document.

It is strongly recommended that the results of strain characterisation be presented
alongside study data to aid the interpretation of bioef‘cacy results. An example of how
this might be done is shown in Table 3.

As an additional standardisation measure, the group proposes for durability monitor-
ing bioassays that a sub-set of dual-Al ITN samples is retained from each study time point
to repeat bioef‘cacy testing, and characterisation of the strain, with ITN samples from all
time points in parallel at the end of the study. Suppose the nets are stored appropriately
to minimise the degradation over time, in that case, this additional test allows for a direct
comparison between samples to minimise the difference in the mosquito population and
recon“rm the trend in mortality measured over time during the study. Since the bioassays
were also performed during the study, a data set would still have been generated if storage
conditions turned out unsuitable and samples were degraded, lost or damaged over time.
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69], wing length, dry weight,
wet weight; 2 Mosquitoes may be reared on an adjusted light cycle to accommodate testing at a speci“c point in
their circadian rhythm within working hours.

Figure 1. Overview of protocol for characterisation of a pyrethroid resistant strain for use in testing the
bioef‘cacy of a dual-Al ITN, developed by consensus of a group of key stakeholders. Where delayed
mortality (scored after more than 24 h) is the endpoint of interest for the second Al, mortality should
be scored at this later time point for all elements of the characterisation; mortality may also be scored
at 24 h.

An alternative to the retention and repeat testing of nets at the end of the study
may be possible and has some advantages as an additional standardisation step. At each
time point during a durability monitoring study, a sample of nets is collected from the
“eld for destructive sampling (i.e., bioassay) and replaced with new nets of the same
brand to prevent the household from being left unprotected. At the end of the study,

a sample of these replacement nets could be collected alongside the nets being sampled
for the “nal time point, and bioassays performed on all nets in parallel. In this way,
nets of all ages could be tested side by side for a more direct comparison, with the same
characterised strain of mosquitoes [56]. This approach avoids the risk of degradation of
nets collected at each timepoint and held until the end of the study for parallel repeat
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42] as a baseline measure of how many replicates are required for each assay, but as
more data are produced using this protocol, more robust power calculations, or the applica-
tion of modelling, can be used to re“ne the recommendation. However, if F ; mosquitoes
are used for testing upward-adjustment of sample sizes might be considered because of
greater inherent variability compared to (inbred) laboratory strains [ 40], and is essential if
species mixtures are expected.

3.3.2. Controlled Conditions during Characterisation of Strains

As with bioef‘cacy testing generally, it is necessary to control the climatic conditions
during the strain characterisation bioassays. At minimum, the temperature, relative hu-
midity, and time of day should be recorded and closely monitored in case of electricity
cuts or other "uctuations. A reporting checklist would be helpful to encourage accurate
reporting, whether the SOP is followed thoroughly or whether deviations have occurred for
whatever reason. This will aid downstream interpretation of the results, and if temperature
or humidity variation is implicated in production of apparently aberrant results, repetition
of tests that were conducted out of speci“ed ranges is advisable. Additionally, depending
on the nature of the second Al, the time of day the bioassays, both strain characterisation
and durability, testing are conducted might be critical [ 26,70..72]; for example, in evaluating
adual-Al ITN containing chlorfenapyr [ 25]. Some key parameters to consider standardising
when performing bioassays with mosquitoes are suggested in Table 2.

3.3.3. The Approach Selected Must Be Applicable in Most or All Test Facilities

Proposed protocols must be practical, affordable, safe, and accessible in strain avail-
ability and facilities to maintain and characterise mosquitoes. The more criteria for suitable
strains in place (multiple resistance mechanisms, resistance levels, characterisation meth-
ods), the more dif‘cult it might be for test facilities to meet these criteria.
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1

There was an agreement to recommend using a single well characterised strain for all
testing within a study to remove this as a possible source of variation. ITN ef‘cacy testing
may be important to test against resistant strains of all signi“cant Anophelewector species,
but this is not critical for durability monitoring. Indeed, the species used for the bioassays
need not be a target of the ITN at all. As long as it is validated for the assay, it was sensitive
to changes in bioavailable Al and relevant concentrations of the second Al.

There was a preference to use a strain with resistance conferred by multiple mecha-
nisms, to produce the most widely applicable results; however, to con“rm the presence of
multiple mechanisms is complex and beyond the capacity of many test facilities. Although
resistance to the “rst Al, currently always a pyrethroid, in the dual-Al ITN is the relevant
requirement of the mosquito strain, and suf‘cient susceptibility to the second Al is re-
quired, a broader resistance pro“le might be desirable. It is likely suf‘cient to demonstrate
resistance to the speci“c pyrethroid in the product under evaluation. Still, there may be a
bene*t to knowing that multiple resistance mechanisms are acting and using a strain shown
to be resistant to pyrethroids in general and other insecticide classes. The consensus was
that more information may always be desirable, and would help explain variable results
across time or between test facilities. Still, an understanding of the resistance mechanisms
present is probably not necessary for the question at hand.

Overexpression of cytochrome P450s appears to be the mechanism most commonly
implicated in metabolic resistance and cross-resistance [53,56]. So, upregulation of P450s
would be a desirable minimum criterion in a resistant strain. This could be demonstrated by
characterising expression levels of a panel of key enzymes in the resistant strain (as detailed
in [19)), and the potential for cross-resistance with the second Al of interest could be
predicted with the use of P450 screens [54]. To adequately describe a straines metabolic
resistance risk, the most relevant molecular markers would need to be identi“ed, along with
the P450s most important in conferring resistance to the “rst Al, and then acceptability
criteria based on fold-increase in expression relative to a susceptible strain would have to
be established. This is challenging, however, and a strain showing a broad overexpression
pro“le, including at least some known key enzymes (with proven insecticide metabolic
capacity), may be more realistic. The interaction of P450s with the second Al would ideally
be characterised as well. These analytical methods are specialised and relatively expensive,
but regional reference laboratories may support programmes in analysing mosquito strains
for this purpose. Given restricted resources, a programme could set out to molecularly-
characterise the key strain, or strains, used for bioef‘cacy testing in durability monitoring
at least at the start of the study. However, P450 expression levels are likely to change
over time, particularly under selective pressure usually applied to laboratory-maintained
resistant strains, so repeated analysis, perhaps of a reduced set of key markers or enzymes
identi“ed during initial characterisation, is desirable.

Given the costs associated with a more sophisticated analysis of resistance mechanisms,
a pragmatic alternative is to demonstrate the involvement of metabolic resistance (primarily
attributable to P450 enzyme activity) in the selected strain using a PBO synergism assay.
Demonstrating that mortality is increased by PBO pre-exposure followed by a pyrethroid
exposure relative to a pyrethroid alone may be suf‘cient to demonstrate the presence of
P450-mediated resistance. This could be done with a WHO tube assay [42] or exposure
to a locally relevant pyrethroid-PBO ITN, which would give useful ef‘cacy data relevant
to the local setting. Moving away from the standard protocol would make comparing
facilities more challenging, though the standard synergism assay may not always be very
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40]. Testing with other synergists might be informative, as might testing the
effect of PBO pre-exposure followed by exposure to the second Al. Still, standard methods
have not yet been established 41].

The most pragmatic way to determine that a strain is suitable for monitoring the
durability of the second Al in a dual-Al ITN is to con“rm its resistance to the “rst Al,
and ensure that it meets the acceptable criteria of mortality in a standard bioassay. This can
be done through WHO tube bioassays using 1%, 5% and 10x DCs and selecting strains
that are, for example, at least moderately resistant (<90% mortality at 5x DC) according to
WHO de“nitions [ 42]. The resistance level could be determined more precisely using dose-
response experiments to calculate LGsg values and resistance ratios relative to a susceptible
comparator strain. If a standard SOP was used, these results could be compared between
test facilities. Criteria that a minimum fold-increase in resistance be met before a strain was
used for durability monitoring could then be set, though this is a labour-intensive approach,
particularly since the LC gq for a susceptible population would ideally be set using multiple
susceptible strains in a multi-centre study, to overcome the noise that is inherent in this
approach. There may not be a need for strict resistance criteria since durability monitoring
simply needs to detect a change in bioef‘cacy over time. However, a suf‘cient proportion
of the exposed mosquitoes must survive exposure to the “rst Al to allow detection of an
effect of the second Al.

Itis important to measure the susceptibility of the resistant strain to the second Al in
the product under evaluation in the absence of the “rst Al as part of strain characterisation.
Even where an insecticide has previously not been used for mosquito control, resistance
may have emerged as a result of agricultural use [2]. There is also the potential of cross-
resistance to an insecticide with a different mode of action in mosquitoes resistant to
pyrethroids, possibly through more general mechanisms that increase metabolism or
reduce penetration. For example, the same metabolic enzymes appear to target pyrethroids
and pyriproxyfen [ 56,57,73]. Programmes measuring the ef‘cacy of a new vector control
product should monitor the target population for emerging resistance. Still, it is also
desirable to show that the resistant strain used to test the durability of the second Al does
not already have a level of cross-resistance to it and that such resistance does not develop
during the study. For PBO products this can be established during characterisation of
pyrethroid resistance, as described above, and where the WHO recommends a DC and
suitable methodology, this can be built into the strain characterisation [ 42]. Where such
a method is not available for the second Al, cross-resistance may be predicted through
molecular analysis [54], but this would normally need to be the subject of substantial
additional investigation.

Itis possible that the methodology selected for the bioef‘cacy component of durability
monitoring could affect the criteria for a suitable resistant strain. For example, the cone
test and tunnel test are very different modes of exposure and environments in which
mosquitoes encounter a net sample for different exposure times and a strain that is not
killed by the pyrethroid in an ITN in a cone test may be killed in a tunnel test. Where a
non-standard methodology is used to measure bioef‘cacy, it is recommended that data
from the baseline bioassays with a selected resistant strain be reviewed along with the data
from the strain characterisation exercise to con“rm that the strain and standard bioassays
are suitable for that speci“c study.

3.5. Cost Implications of Adding Strain Characterisation to a Study

The development of this characterisation protocol seeks to outline an optimum method
to characterise and standardise resistant strains for use in bioef‘cacy testing of dual-Al ITNs.
These efforts are required to produce robust and reliable data, but additional funds will be
needed to support the additional testing. Following the SOP detailed in Supplementary
Information would add a workload consisting of six WHO tube assays with a pyrethroid,
six WHO tube assays for the synergist experiment, six DC assays for the second Al and “ve
cone tests with a brand new pyrethroid-only ITN with the resistant strain, plus two WHO
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74]. Durability monitoring is largely a donor-
funded activity that is already growing in scale due to more complicated bioef‘cacy testing
methodologies for dual-Al ITNs than was required for pyrethroid-only ITNs. The bene“ts
of these additional characterisation steps will need to be accepted by funders, including
the potential costs incurred should poor quality durability monitoring results lead to poor
decisions on ITN choice. Decisions to procure more expensive ITNs can be made with
greater con“dence if the durability monitoring data are more robust in demonstrating
their residual bioef‘cacy. Additionally, the scale of additional testing may be relatively
insigni“cant compared to the bioef‘cacy testing already included in a study. For example,
one reported durability study of ITNs in Madagascar required 50,000 mosquitoes to test
400 net samples p]. The proposed protocol has been divided into minimum essential
and additional desirable steps based on available resources. An exercise to calculating
the cost of the characterisation and in scoping the willingness of funders to support may
help promote the adoption of this proposed protocol. It is also likely that test facilities will
support the minimum essential strain characterisation from multiple funding sources as it
is incorporated into their regular facility running costs.

4. Discussion

Resistance to insecticides used to control mosquito vectors of disease is widespread,
strengthening and evolving in the face of selection pressure from a limited number of
chemistries available for use in public health [ 75]. New generations of insecticide-treated
nets (ITNs) are now available based on novel mode of action chemistries, and other
novel insecticide-based tools are in development to address this challenge. Dual-Al ITNs,
including those containing two insecticidal compounds and a single insecticide paired with
a synergist, promise greater effectiveness against pyrethroid-resistant mosquitoes. It is
intended that the partner Al will have an effective lifespan of three years to match that of
the pyrethroids currently in use, so that the new ITNs will “t into the existing campaign
framework and contribute to resistance management. The dual-Al ITNs do, however,
present a challenge in measuring their bio-ef‘cacy in a laboratory setting, which is required
to monitor their effective life through durability monitoring studies. Existing methods
designed for ITNs containing only pyrethroids may not be suitable for those containing
different modes of action insecticides or synergists. There is a need to test them against
pyrethroid-resistant strains to quantify the entomological impact of the second Al.
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Care was taken in designing a methodology for strain characterisation to ensure a
comprehensive, robust approach, feasible in the context of the level of effort needed from
those facilities carrying out this work. The standard operating procedure (SOP) decided
upon and presented here (Supplementary Information) identi“es some key parameters
for characterisation, presents criteria for a suitable strain, and provides guidance on the
rearing and quality control of the mosquitoes used in testing. Components are separated
into those which are critical and those which are desirable and should be included where
resources and logistics allow. Although these recommendations may have cost and time
implications, these are balanced by promise of greater interpretability of the data produced
in notoriously dif‘cult studies to analyse and compare. The SOP will be made freely
available through Innovation to Impact (121), to be trialled. Future studies with dual-
Al ITNs, such as durability monitoring activities currently underway [ 76,77], allow its
suitability to be reviewed and the methodology to be re“ned based on the experience
of operators.

The consensus recommendation of the group of experts was to use a laboratory strain
of mosquitoes for durability monitoring of dual-Al ITNs, to allow controlled rearing, qual-
ity control and characterisation to maintain and monitor the consistency of material over
time. Regular and thorough characterisation of laboratory strains used for longitudinal
bioef‘cacy testing is critical to ensure data validity and reliable interpretation of “ndings.
There was some discussion favouring using locally relevant mosquitoes, and a desire to
determine the operational signi“cance of strain characterisation of bioef‘cacy data gener-
ated in the laboratory. Although the goal of durability monitoring is separate from ef‘cacy
testing, if the latter is a key question, there may be a preference for testing nets against local
strains or against multiple recently-colonised resistant strains, which may express different,
but locally-relevant, resistance mechanisms and give additional information about how the
nets perform in situ. However, durability monitoring aims to determine that over multiple
geographical locations ITNs continue to remain physically and biologically active for the
duration of their expected lives. This is particularly dif‘cult for dual-Al ITNs that must
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78] recommended the development
of simproved guidance regarding the selection of mosquito strains to be used in bioassay
and ef‘cacy testinge including characterisation of resistance. The proposed strain char-
acterisation approach addresses this need, and could be used in any situation where a
pyrethroid-resistant strain is used in research. The general approach of characterising the
biological material used in research and reporting results of the characterisation alongside
the experimental data to aid interpretation is recommended as good practice. For example
the WHO PQT/VCP Product Review Report [ 78] recommends the characterisation of the
local vector population at the sites of experimental hut trials. This method establishes a
solid framework that could be used with minor modi“cations to adapt to ITNs with unique
Als as they develop and become available. For example, speci“c additional or alternative
considerations may apply when characterising a strain used to test ITNs containing two
non-pyrethroid Als. In this case, there will likely not be populations of mosquitoes available
that are resistant to either Al. An alternative method would be needed to separate and
measure the activity of each Al; for example, based on their differential speed of action.
However, the requirements for maximising consistency and characterising the mosquito
strain used to test the durability of these nets would be the same. The approach could also
be readily adapted for characterisation of strains for evaluation of dual-Al products beyond
nets, such as IRS formulations.

The development of this consensus methodology is part of a wider effort spearheaded
by 121 to identify and address sources of variability in entomological data related to vector
control product evaluation. To produce robust data, consistent across time and between
operators, and to interpret results in a meaningful way, it is important to standardise
or characterise material inputs into studies. The proposed method for characterising
pyrethroid-resistant mosquitoes is the “rst of what is hoped to be a collection of supporting
SOPs generated by, and made available to, the vector control community to help improve
the generation and interpretation of entomological data for decision making.

5. Conclusions

To meaningfully interpret the results from bioassays and compare results between
experiments it is important to maintain maximum possible consistency by standardising
or characterising experimental conditions and inputs. When testing vector control tools,
the target insect is a critical input. This work developed a method to characterise the
resistance phenotype of pyrethroid-resistant mosquitoes used for bioef“cacy testing of dual-
AlITNs. Adoption of this pragmatic yet informative approach will help in the interpretation
of data from durability monitoring studies of these new net types. The approach can be
adapted to characterise mosquitoes in other research involving biological materials where
characterisation will help to generate consistent data which is more readily interpreted and
compared, or where insecticide-treated materials are being used experimentally.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/

10.3390/insects13050434/s112I-SOP-004: Strain characterisation of resistant mosquitoes for monitor-
ing bioef‘cacy in ITNs treated with two active ingredients (Dual-Al ITNs) [ 79.81].
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Simple Summary: Malaria control and prevention have traditionally relied on the use of insecticides
in the form of treated bed nets or residual spraying in households. However, scaling up of these
interventions,based on few available insecticide classes,resulted in the development and spread

of insecticide resistance in malaria-transmitting mosquitoes. There is therefore an urgent need for
introducing and applying new insecticides that are effective against these mosquitoes. Laborato-
ries tasked with evaluating the ef‘cacy of novel insecticides need to establish a large colony of
resistant mosquitoes. In this study, we report the procedures used and challenges faced during the
establishment and maintenance of a resistant mosquito strain in the laboratory which re”ects the
characteristics of the wild-resistant mosquito populations found in East Africa.

Abstract: Background: The emergence and spread of insecticide resistance in malaria vectors to major
classes of insecticides call for urgent innovation and application of insecticides with novel modes of
action. When evaluating new insecticides for public health, potential candidates need to be screened
against both susceptible and resistant mosquitoes to determine ef‘cacy and to identify potential
cross-resistance to insecticides currently used for mosquito control. The challenges and lessons
learned from establishing, maintaining, and authenticating the pyrethroid-resistant An. gambiases.s.
Muleba-Kis strain at the KCMUCo-PAMVERC Test Facility are described in this paper. Methods:
Male mosquitoes from the F; generation of wild-pyrethroid resistant mosquitoes were cross-bred
with susceptible female An. gambiaes.s. Kisumu laboratory strain followed by larval selection using

a pyrethroid insecticide solution. Periodic screening for phenotypic and genotypic resistance was
done. WHO susceptibility tests and bottle bioassays were used to assess the phenotypic resistance,
while Tagman’ assays were used to screen for known target-site resistance alleles kdr and ace-
1). Additionally, the strains were periodically assessed for quality control by monitoring adult
weight and wing length. Results: By out-crossing the wild mosquitoes with an established lab
strain, a successful resistant insectary colony was established. Intermittent selection pressure using
alphacypermethrin has maintained high kdr mutation (leucine-serine) frequencies in the selected
colony. There was consistency in the wing length and weight measurements from the year 2016 to
2020, with the exception that one out of four years was signi“cantly different. Mean annual wing
length varied between 0.0142...0.0028 mm compared to values obtained in 2016, except in 2019 where
it varied by 0.0901 mm. Weight only varied by approximately 0.001 g across four years, except
in 2017 where it differed by 0.005 g. Routine phenotypic characterization on Muleba-Kis against
pyrethroids using the WHO susceptibility test indicated high susceptibility when type | pyrethroids
were used compared to type Il pyrethroids. Dynamics on susceptibility status also depended on the

153 https://www.mdpi.com/journal/insects



1]. Historically, pyrethroids were used extensively for conventionally treated
nets, superseded by Long Lasting Insecticidal Nets (LLINs), and also used for IRS due
to their ef‘cacy, relatively long persistence compared to other insecticides [ 2. 4], and per-
ceived low toxicity to humans [ 5.8]. However, the development and spread of pyrethroid
resistance in malaria vector populations [ 4,9] demanded the development of new classes
of insecticides with novel modes of action (MoA) for the control of mosquitoes and other
disease vectors [L0..13].

In developing new insecticides, several stakeholders are required in the process. The
Innovative Vector Control Consortium (IVCC) has pioneered the bonding of prime agro-
chemical innovator industries, with research and academic institutions as key stakeholders
in developing and evaluating new insecticides for mosquito control to prevent malaria
and other neglected tropical diseases [14]. Research institutions perform laboratory and
“eld screening of new chemistries for ef‘cacy against mosquito populations and identify
any cross-resistance risks at an early stage in the product development pipeline [15]; in
this process mosquitoes are required as test systems 15,16]. In response to the global
escalation of insecticide resistance in mosquito vectors, the WHO speci“cally recommends
the establishment, authentication, and use of resistant mosquito strains during phase |
ef‘cacy testing of new non-pyrethroid insecticides [ 16]. This recommendation ensures
that the evaluation will be able to capture ef‘cacy against current resistance in malaria
vectors. Authentication of a new insectary strain involves routine con“rmation of the
unique characteristics of the strain that suf“ciently distinguish it from all others held in
the same facility. This comprises routine validation of the species or subspecies identity,
plus the resistance status as de“ned by genotypic and/or phenotypic characteristics [ 17,18].
In establishing a resistant insectary colony under arti“cial rearing conditions, the “eld
sourced mosquitoes undergo several bottlenecks that could impair its suitability for the
tests. Due to lack of variation and complexity in arti“cial rearing conditions, adaptation to
these settings can favor populations to evolve in new directions from wild populations,
especially when selection pressures and nutrition differ between the two settings [ 19,20].
Laboratory maintenance of insects in discrete generations facilitates selection for indi-
viduals that reproduce early and develop faster [ 21,22]. It is reported that adaptation to
arti“cial environment can result in signi“cant rapid evolutionary traits changing compared
to natural populations [ 23,24]. This can lead to problems when reared insects are intended
for release as biocontrol agents or in sterile insect control programs, when using laboratory
strains to comprehend “eld population dynamics, and when using reared strains to predict
vector control toolse effectiveness in the “eld. Attempts have been made to minimize the
genetic drift and inbreeding effects through crossing an established laboratory stock with
outbred “eld stock [ 25,26]. However, there is less utility for crossing the laboratory strain
with “eld mosquitoes to maintain a complete genetic background of “eld populations
when the colony is established to serve as a close representative for a few de“ned traits
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27,28. In
2012, the Test Facility acted to establish a colony of pyrethroid-resistant An. gambiaes.s. that
would represent a typical East African resistant population. The An. gambiaéMuleba-Kis
strain was established and has been maintained in the insectary for years and propagated
over hundreds of generations successfully, a feature emphasized by some scientists to
qualify a colony as a strain [ 29]. The established An. gambiaeMuleba-Kis strain is similar to
East African An. gambiaes.s. populations for having the East African knockdown resistance
(L1014S), a sodium channel mutation in An. gambiaehat confers DDT and pyrethroid
resistance [30]. The origin of L1014S mutation is Eastern Africa [ 30,31], hence the name
kdr-east, although currently this mutation is no longer geographically restricted to East
Africa [ 32,33] and its occurrence is frequently associated with the West African mutation
L1014F B3,34]. Different types of pyrethoids, namely type | and type Il, affect mosquitoes
with kdr (East or West or mixture) differently. Pyrethroids are classi“ed based on their
chemical structures; type | pyrethroids lack the cyano-moiety present atthe  position of
type Il pyrethroids. The type Il pyrethroids generally delay the inactivation of the voltage-
gated sodium channel substantially longer, and their effects are less reversible than type |
pyrethroids [ 35]. Due to the similar steric pro“le with pyrethroids, DDT, an organochlorine,
is affected with resistance to pyrethroids which often provides cross-resistance to DDT. A
study by Reimer reported that mosquito populations carrying a high  kdr frequency showed
more resistance to DDT and type | pyrethroids than to type Il pyrethroids [ 36].

The L1014S mutation has been “xed in a population of An. gambiaes.s. in Muleba Dis-
trict, north-western Tanzania [ 37,38], Busia, and Mayuge Districts in Eastern Uganda [ 39].
The occurrence of the L1014S mutation but at lower frequencies has been reported else-
where in Tanzania [40], Kenya [41], and Uganda [42,43]. In previous studies done in
Muleba district, where mosquitoes for this study were collected, it has also been reported
that mosquitoes are resistant to bendiocarb, DDT, permethrin and deltamethrin, although
there was no evidence for Ace-1 mutation [ 37]. Another study, a national-wide survey for
resistance (4], reported An. gambiases.|. resistance to pirimiphos-methyl for the “rst time
in three sites (including Muleba district) out of 20 sites in Tanzania. Since the target site to
organophosphates and carbamates is the AChE enzyme and that resistance in mosquitoes
to this target site is frequently a G119S mutation in the ace-1gene [45), it is therefore reason-
able to characterize L1014S and Ace-1 mutations as desired traits in the established colony
to resemble the parental resistant population.

In this paper, we describe the procedures undertaken at the KCMUCo-PAMVERC
Test Facility to establish a pyrethroid-resistant strain called An. gambiaes.s. Muleba-Kis.
Here we focus on the procedures and lessons learned from out-crossing, arti“cial resistance
selection, bioassays, and genotyping assays used to authenticate this strain for over two
hundred generations. We describe data on the stability of resistance traits and “tness
parameters over eight years. These data provide baseline resistance information on the
outcome of the long-term intermittent selection of mosquito larvae.
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1).

Figure 1. Map showing mosquito collection site in north-western Tanzania.

The mosquito collection for this study was part of an ongoing large cluster randomized
trial in Muleba district, north-western Tanzania[ 46]. An. gambiaes.s. were the main vectors
found in this area and have historically exhibited high resistance levels to pyrethroids [ 28],
with mortality after exposure not exceeding 35%. The L1014S point mutation associated
with pyrethroid resistance was nearly “xed, while no  Ace-1 mutation was found [ 37].

2.2. Timeline

The timeline below, Figure 2, indicates the sequence of activities in this study across
generations of An. gambiaéMuleba-Kis.

Figure 2. The timeline for activities, indicating wild mosquito collection, insectary colonization, out-crossing, selection, and
strain characterization across An. gambiaéMuleba-Kis generations.
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47]. Collections were done over two months and eggs
(approximately 500 eggs) were sent to the KCMUCo-PAMVERC Test Facility. Eggs were
introduced into plastic bowls (6 L capacity) “lled with 4 L of water. Larvae were reared
under ambient temperature and relative humidity and fed with cereal for infants (Cerelac  ®,
Nestlé Kenya Limited, Pate, Kenya) mixed with ground sardines at a 2:1 ratio. Adult
mosquitoes were reared at 60...90% RH and 20...35 in cages (30 cmx 30 cm x 30 cm)
covered with untreated netting material and provided with glucose solution 10%. To ensure
optimal rearing conditions, insectary larval density was restricted to 200...300 per bowl
(3 L capacity), water for mosquito rearing was pre-boiled to avoid bacterial infections, and
environmental conditions (water and air temperature, relative humidity) were monitored
and maintained.

2.4. Crossing for Insectary VigorZ

When F1 mosquitoes were “ve days old, a restrained guinea pig was introduced into
the cages of mosquitoes that were starved for one hour prior to blood-feeding. To overcome
dif‘culties of adaptation to insectary conditions, out-crossing between female An. gambiae
Kisumu and male An. gambiaeMuleba mosquitoes were conducted. The main dif‘culties
encountered were low blood-feeding, egg-laying, and survival, otherwise known as sinsec-
tary vigor.Z The An. gambiaeKisumu strain was obtained in 2008 through BEI Resources,
NIAID, NIH:  Anopheles gambia8train KISUMU1, Eggs, MRA-762, contributed by Vincent
Corbel. This strain is originating from Kisumu, Kenya, and was successfully established
at our insectary and feeds well on guinea pigs. The Muleba and Kisumu strain pupae
were collected separately, and males were separated from females on the “rst day after
emerging. Adult male Muleba and female Kisumu mosquitoes were mixed at a ratio of
50:50 in a mosquito cage. These were reared at 20...3€, 60...90% RH, and a natural 12:12
h L:D photoperiod, and were provided with a guinea pig for blood-feeding and “lter
paper medium for egg-laying. This successful outcrossed mosquito was then named ¢ An.
gambiass.s. Muleba-Kis strainZ and has been reared at the KCMUCo-PAMVERC test facility
since 2013.

2.5. Selection to Maintain Pyrethroid Resistance

In this study, selection was based on the exposure of larval mosquitoes to pyrethroid
insecticides, and pyrethroids were chosen due to intensive usage in public health and
having the most widespread resistance among mosquito vectors across Africa [4849].
Arti“cial selection for pyrethroid resistance was started in the 15th generation. Six bowls
each with around 100 larvae of 3rd to 4th instars were used initially, adopting a modi“ed
method by Shidrawi [ 50]. One mL of insecticide solution was added t o 1 L of tap water
at 27...32C, stirred for 1 min using a Pasteur pipette, and then left for 10 min to allow
evaporation of acetone which was used as a solvent for insecticide solution preparation.
Larvae were transferred into the glass bowl with the dissolved insecticide solution, each
bowl with around 100 larvae. A small amount of larvae food was added and larvae were left
for 24 h in the selection bowl. After 24 h, mortality was estimated. Mortality was estimated
in three categories: high mortality, 67...100%; moderate mortality, 34...66%; or low mortality,
0...33%. The initial selection was done using permethrin, and later alphacypermethrin
was used for colony selection. The initial permethrin concentration used for the section
was 0.1 mg/L and increased to 0.2 mg/L at a time when larvae mortality was in a low
category. The initial alphacypermethrin concentration was 0.025 mg/L and it increased to

157



51]. Bioassays were carried out using six insecticides,
namely permethrin (0.75%), alphacypermethrin (0.05%), deltamethrin (0.05%), DDT (4%),
bendiocarb (0.1%), and pirimiphos-methyl (0.25%), and tests were conducted at 25+ 2 C
and 80 = 10% relative humidity. Each type of insecticide bioassay was performed in
5 replicates, including one as a control. Twenty to 25, two-to-“ve-day-old female, blood
unfed mosquitoes were tested, constituting a sample size of 100 to 125 mosquitoes for each
insecticide. Tested mosquitoes were monitored for knockdown at 60 min and mortality
at 24 h post exposure. In parallel with permethrin papers, limited WHO susceptibility
bioassays were also conducted against bendiocarb papers (0.1%) and pirimiphos-methyl
(0.25%). The insecticide resistance of the selected colony at the 190th generation was com-
pared to the susceptible Kisumu strain using -cypermethrin in CDC bottle bioassay [ 52
at concentrations of 52.5, 25.7, 12.5, 6.1, 3, 1.5, andi@/bottle, where 12.5 pg/bottle acted
as a discriminating concentration for Anophele$51].

Synergist-Insecticide Bottle Bioassay

In a separate experiment (unpublished) in 2018, at the 143rd generation, a synergist
assay with piperonyl butoxide (PBO) was undertaken to assess the role of elevated mixed-
function oxidases in resistance. One hundred, 2...5-day-old female An. gambiae Muleba-Kis
mosquitoes were tested for metabolic resistance using Piperonyl butoxide (PBO) in four
replicates (25 mosquitoes per bottle) at a concentration of 100pug/mL for one hour pre-
exposure and then followed by 30 min exposure to permethrin (21.5 pg/mL), in accordance
to the CDC guidelines [ 52], with the exception that mortality was considered at 24 h
post-exposure. In brief, mosquitoes were pre-exposed to either acetone-coated bottles or
PBO for 1 h at a temperature and humidity of 27 + 2 C and 70+ 10% RH, respectively,
during and after exposure. After pre-exposure, mosquitoes were transferred to holding
cages for 60 min before being exposed for 30 min to bottles coated with either 21.5 pg/mL
of permethrin or acetone as a control. After exposure, the mosquitos were transferred
into holding cups and provided with 10% glucose-soaked cotton pads. After 60 min,
post-exposure knockdown was recorded, and mortality was recorded 24 h post-exposure.

2.6.2. Genotypic Basis of Resistance
Detection of kdr and Ace-1 Mutations

The frequency of leucine to serine mutations (L1014S), termedkdr east (kdr-e) and acel,
were assessed and frequently monitored using the method described by Bass et al. [47,53]
to monitor progress in resistance development after successive insecticide selection events.
For Ace 1l and/or kdr-e alleles, a total of 84...88 samples were analyzed by PCR per each test.

2.6.3. Species Identi“cation and Biometric Measures for Fitness
Species Identi“cation

To ensure colony species purity, at 43, 99, 131, 150, 162, 168, 178, 188, 190, 198, and
204th generations, the PCR for species identi“cation was conducted using single nucleotide
polymorphism genotyping [ 47]. At each generation, a total of 84-88 mosquito samples
were tested.
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54.56] using an ocular micrometer at 2X objective magni“cation on
a Nikon stereomicroscope, Model; SMZ 645 [Nikon Instruments, 1300 Walt Whitman Road,
Melville, NY 11747-3064, U.S.A], see Figure3 below.

Figure 3. Image 