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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 efficacy 
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 
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resistance intensity in a population can change over time, a method is needed to characterise the 
resistant mosquitoes. A focus group of experts discussed how this should best be done, considering 
pros and cons of different approaches, and co-wrote a protocol, which will be valuable for malaria 
control programmes and stakeholders wanting to test the effective lifespan of a new bed net in terms 
of the active ingredient bioefficacy. 

Abstract: Durability monitoring of insecticide-treated nets (ITNs) containing a pyrethroid in 
combination with a second active ingredient (AI) must be adapted so that the insecticidal bioefficacy 
of each AI can be monitored independently. An effective way to do this is to measure rapid knock 
down of a pyrethroid-susceptible strain of mosquitoes to assess the bioefficacy of the pyrethroid 
component and to use a pyrethroid-resistant strain to measure the bioefficacy of the second 
ingredient. To allow robust comparison of results across tests within and between test facilities, and 
over time, protocols for bioefficacy testing must include either characterisation of the resistant 
strain, standardisation of the mosquitoes used for bioassays, or a combination of the two. Through 
a series of virtual meetings, key stakeholders and practitioners explored different approaches to 
achieving these goals. Via an iterative process we decided on the preferred approach and produced 
a protocol consisting of characterising mosquitoes used for bioefficacy testing before and after a 
round of bioassays, for example at each time point in a durability monitoring study. We present the 
final protocol and justify our approach to establishing a standard methodology for durability 
monitoring of ITNs containing pyrethroid and a second AI. 

Keywords: insecticide-treated nets (ITN); pyrethroid; mosquito; strain characterisation; insecticide 
resistance; method development; durability monitoring; product evaluation; quality control (QC); 
dual active ingredients (dual-AI); bioefficacy 
 

1. Introduction 
Insecticide-treated nets (ITNs) have been critical in controlling malaria. However, 

widespread resistance to the pyrethroids, which have been the sole insecticide class used 
on all ITNs until recently, threatens the continued effectiveness of standard ITNs [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-qualified by the World Health Organization (WHO) containing a pyrethroid 
plus a second active ingredient (AI), which may be another insecticide (chlorfenapyr, 
CFPR; pyriproxyfen, PPF) or the synergist piperonyl butoxide (PBO), hereafter referred to 
as dual-AI ITNs [3]. 

There is a need to test the bioefficacy of ITNs in the laboratory. Here we are using the 
term ‘bioefficacy’ to mean the ability of a net sample to kill mosquitoes in a bioassay, 
contrasted with the efficacy of an ITN, which describes the net’s 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 efficacy against local mosquito populations. During randomised control 
trials to determine the efficacy 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 AI, 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 
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[9], are optimised to evaluate pyrethroid-only ITNs, but the bioassay component may 
need to be adapted to be suitable for dual-AI ITNs. 

The ability of a dual-AI ITN to kill insecticide-susceptible mosquitoes can be 
measured using standard methodologies and a susceptible laboratory strain. If the 
entomological endpoint of the second AI is different to the rapid knockdown and kill 
achieved by a pyrethroid, it will be possible to separate the effect of the pyrethroid and 
the second AI. To monitor the persistence and additional efficacy of the second AI, a 
pyrethroid-resistant strain must be used, the majority of which will survive contact with 
the pyrethroid so that the effect of the second AI can be measured. Traditionally, mortality 
caused by pyrethroid exposure is measured to 24 h, as this insecticide class is fast acting. 
To control for delayed mortality caused by the pyrethroid in a resistant strain, where the 
second AI causes delayed mortality, mortality could be measured to the same time point 
when characterising pyrethroid susceptibility. The nature of the resistant strain needs to 
be considered, as this will affect the interpretation of data from the durability monitoring 
testing. The Vector Control Advisory Group (VCAG) of the WHO proposed the following 
criteria, in 2014, for mosquito strains suitable for use in screening for cross-resistance 
between insecticidal products [10]: at least 3 strains, two of which have significant 
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 LC50, tested in parallel. Though not specified at the time, this LC50 would ideally be 
measured at the time point of interest for the second AI. This may form the basis of 
selecting suitable strains for bioefficacy testing or durability monitoring of dual-AI 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 overexpression 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 AIs 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 LC50 values and resistance ratios.  
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Modes of action of insecticides used in dual-AI ITNs currently under evaluation 
mean that bioassays and protocols designed to measure bioefficacy 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]. Bioassay choice and design may play a part, affecting, for example, how 
much mosquitoes move, or whether mosquitoes blood feed. As well as having higher rates 
of expression of detoxifying enzymes, different strains may have different metabolic rates, 
which may be related to the resistance mechanisms they express.  

Finally, different criteria may apply when selecting a single strain or multiple strains 
to monitor the bioefficacy of dual-AI ITNs for durability monitoring, which is the focus of 
the present study. For example, to monitor the durability of ITNs it is not critical that the 
target species is used for bioefficacy testing, as long as the sensitivity of the species used 
is such that the bioefficacy of each AI can be detected across a relevant concentration 
range.  

When conducting a durability study on ITNs, testing all samples at a similar time at 
the end of the study may help to minimise any temporal rearing effects on mosquito 
strains. Alternatively, testing ITN samples as they are collected avoids the logistical 
resources needed to store nets or net samples, and will minimise net degradation and/or 
loss of insecticide bioavailability before the bioassays. However, correct storage, 
according to manufacturers’ instructions, should minimise degradation. Regardless of the 
approach, the large number of samples means it will not be possible for all net samples to 
be assayed by the same facility, at the same time, using the same cohort of resistant 
mosquitoes. In order to be able to compile and compare results of testing across a study, 
between facilities and time points, and to compare results between studies, there is a 
requirement for either (a) standardisation, such that the method and inputs are the same 
in all cases to minimise differences between results, or (b) characterisation of the inputs, 
so that results can be interpreted and, where differences are seen, any disparities between 
the inputs can be taken into account, or (c) a combination of the two. Depending on the 
specific questions of a study it might not be interesting to separate out the bioefficacy of 
each AI in a dual-AI ITN, and it may be sufficient to test the relevant endpoints in the 
mosquito population of interest or to compare results of bioefficacy testing with chemical 
analysis results on the same net samples. For the purpose of this consultation, we were 
interested in being able to separate out the effects of each AI, which is particularly relevant 
for randomised control trials (RCTs) of new types of ITN, where the durability of the 
second AI may not be known but is important to understand the added benefit over a 
pyrethroid-only ITN. In this case, the pyrethroid may be tested using a standard 
susceptible strain of the target species in the case where the second AI has an effect other 
than the rapid knock down and mortality caused by pyrethroids, but to test the additional 
benefit of the second AI (chlorfenapyr (CFPR), pyriproxyfen (PPF) or piperonyl butoxide 
(PBO)) mosquitoes must be pyrethroid-resistant, and assessed over the timescale of action 
relevant to the second AI. Inputs to the protocol for durability monitoring of dual-AI ITNs, 
therefore, include the pyrethroid-resistant mosquitoes used to test the second AI.  

Selection, characterisation and standardisation of resistant mosquitoes are complex. 
The consultation process described in this paper aimed to produce a guide to the use of 
resistant strains for laboratory bioefficacy testing of dual-AI ITNs. Bioefficacy testing of 
ITNs tests for the presence of sufficient quantities of bioavailable compound to induce the 
desired endpoint in mosquitoes, usually mortality, and repeated testing over time can be 
used to measure durability of an ITN, for example, during an RCT trial. The purpose of 
this consultation was to develop, by consensus, a protocol for ensuring that the use of 
pyrethroid-resistant mosquitoes can be sufficiently characterised or standardised to allow 
compilation, comparison and interpretation of bioefficacy data across studies designed to 
monitor durability. A standard operating procedure (SOP) was produced which can be 
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used by project teams, and is a supporting document to consensus SOPs recently 
developed for durability monitoring of new net types [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 specific needs. This project forms part of a package of work 
to improve entomological methods in vector control, and is supported by Innovation to 
Impact (I2I) at the Liverpool School of Tropical Medicine (LSTM).  

2. Materials and Methods 
A group of experts was assembled, based on attendance at a preliminary discussion 

during a sidebar meeting at the American Society of Tropical Medicine and Hygiene 
(ASTMH) conference in November 2019, with additional invitees identified by the initial 
group, based on research interest in insecticide resistance, experience in the testing of new 
net types, or involvement in current or recent community scale trials of ITNs. Four virtual 
meetings of these stakeholders were held between April 2020 and August 2021, during 
which the need for a means to standardise or characterise resistant mosquitoes for the 
purpose of efficacy testing of dual-AI ITNs was agreed upon, possible approaches 
proposed and advantages and challenges of each discussed. Based on these discussions a 
protocol was drafted and iteratively refined by the group, who all then approved the final 
consensus SOP. A summary of these discussions, the final protocol, and the justifications 
for arriving at the proposed approach are presented here, and a detailed SOP is included 
as Supplementary Information.  

3. Results 
3.1. Possible Approaches to Achieve Standardisation or Characterisation 

Several approaches to achieve either standardisation or characterisation were 
considered, outlined in Table 1. The advantages and disadvantages of each approach were 
discussed before a consensus approach was developed (Section 3.2). 
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Table 1. Possible approaches to achieve sufficient standardisation or characterisation of pyrethroid-resistant mosquitoes used for bioefficacy bioassays of dual-AI 
ITNs to compile, compare, and interpret results across studies. All approaches were proposed and considered by members of the stakeholder group and a 
consensus opinion reached as to their suitability and practicability; these are listed from most to least preferred or feasible approach. 

Approach Advantages Disadvantages Consensus Opinion 

Characterisation of the 
resistant strain in parallel 

to the durability 
monitoring testing (see 

Section 3.1.3 below) 

• Simple methods available to 
characterise phenotypic 
resistance to most AIs 

• Allows clear criteria to be set for 
a suitable strain 

• Generates useful information for 
interpreting testing results 

• Standardised rearing and quality 
control measures also needed 

• Strains may still differ between test 
facilities, though within acceptable 
thresholds 

Robust strain characterisation and quality control 
of mosquitoes ensure that mosquitoes are similar 

enough to compare data between test facilities and 
across time, and help to interpret inconsistencies. 
Approach selected for further development into 

the final protocol. 

Sample and rear wild 
resistant populations for 
each round of testing and 

save samples for 
characterisation (3.1.4) 

• Does not rely on all test facilities 
having suitable strains 

• May require less resources than 
maintaining strains long term 

• May be more predictive of local 
product efficacy; considers field-
relevant resistance mechanisms 

• Wild-caught mosquitoes highly 
variable, some characterisation 
recommended 

• Testing cohort might be a mix of 
species 

• Wild-caught mosquitoes less 
responsive in tunnel tests 

Consistency of mosquito strain is important to 
detect any change in response to an ITN over time, 

not achieved by this approach.  
Back-up solution to colony collapse or loss of 

resistance, rather than the primary approach to 
characterisation. 

Send all samples to 
several labs for repeat 

testing in a multi-centre 
study (3.1.6) 

• No need to characterise 
mosquitoes 

• Consensus data is generated 
which may increase confidence 
in the result 

• Higher testing workload, and each 
centre must maintain a resistant 
mosquito strain 

• Risk of ITN sample degradation 
during transport 

• Need for transport of samples 
between test sites  

It is recommended as an additional step for quality 
control in a study to repeat testing on a sub-set of 

ITN samples at an additional site or sites. But 
costly and logistically challenging. 

Not recommended as the primary approach to 
standardisation. 

Perform bioassays of nets 
from multiple time points 
side by side at the end of 

the study (3.1.8) 

• Controls for variability in 
resistant mosquitoes over time 
and between test facilities 

• Data not available until the end of the 
study, and real-time data are used to 
identify quality issues with ITNs 

• Large testing volumes 
• Risk of loss or degradation of ITN 

samples before testing 

Repeat testing of a subsample of ITNs at the end of 
the study is recommended as a supplementary 

standardisation approach. 
Could test replacement ITNs to allow all ages to be 

tested in parallel.  
Not suitable as a standalone standardisation 

measure.  
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Each test facility uses its 
own characterised 

resistant strain with a 
single standardised 

protocol (3.1.2) 

• Conceptually simple additional 
step in method validation 

• Additional information about 
local mosquito strains  

• Capacity building from 
colonising and characterising 
strains 

• Validation required against multiple 
strains (≥3), likely as a multi-centre 
study 

• Pyrethroid resistance varies between 
strains, complicating interpretation  

Comparability between data collected at different 
facilities with different strains is a major issue. 
Unlikely that testing method would be robust 

enough to give consistent results between sites and 
across time points, regardless of the strain. 

Not the preferred approach. 

Conduct all testing in a 
few chosen centres (3.1.5) 

• Reduces the mosquito strains 
used in the study 

• Controls for other sources of 
variability between test facilities 

• Delays caused by large testing 
volumes 

• Risk of ITN sample degradation 
during transport and storage 

• Little opportunity for capacity 
development  

Unlikely to be an attractive solution for in country 
programmes of funders of durability monitoring 

studies. 
Not the preferred approach. 

Measure the added effect 
of a dual-AI ITN relative 
to a pyrethroid-only net 

(3.1.7) 

• Conceptually simple 
• Removes pyrethroid content as a 

variable 
• Controls for variability between 

strains or within a strain over 
time 

• Vulnerable to changes in 
susceptibility to the second AI over 
time, and interaction between the two 
AIs in the formulation 

• Assumes lack of cross-resistance  
• Relies on the existence of suitable 

comparator pyrethroid-only ITN 

Not sufficient as a standalone standardisation 
measure for durability monitoring. Including a 

pyrethroid-only net as a control is recommended, 
particularly if a suitable comparator is available. 

Not the preferred approach. 

Distribute the same well-
characterised resistant and 

susceptible strains to all 
test facilities (3.1.1) 

• Straightforward standardisation 
• Only one strain needs to be 

characterised  
• Strain differences removed as a 

variable 

• Validation needed for each dual-AI 
ITN  

• Colony resistance phenotypes and 
mechanisms may diverge after 
distribution 

• Biohazard risk in transferring 
resistant strains 

Transporting insecticide resistant strains between 
sites within known or potentially habitable range 
of species is not acceptable due to biohazard risk. 

Not feasible. 

Use a model system other 
than a conventional 

bioassay using 
mosquitoes of the target 

species (3.1.9) 

• Could use a more amenable 
species, or very targeted or 
tailored approach 

• Could replace bioassays with a 
quicker, more robust method 

• Equivalency would need to be 
established, and acceptability might 
be an issue 

Further investigation to identify or develop new 
methods recommended for future use.  

Suitable method not yet available. 
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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 
characterisation 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 profiling regime, refreshed from a 
single facility if results of regular profiling 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 AI under evaluation, and so this exercise may need 
to be repeated in parallel for each dual-AI ITN in a study. There may also be little benefit 
in terms of the workload of this approach over others. In the longer term, there are benefits 
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 
Resources [37]. 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 confirm that the resistance phenotype was still as expected.  

Second, and perhaps most importantly, because of the biohazard risk inherent in 
transferring resistant mosquitoes between geographical regions, there are strong 
reservations concerning this approach. There would need to be strict containment and 
quality control measures in place in all receiving facilities, but even then, there is a major 
ethical consideration in moving a strain that is potentially more resistant than the wild 
populations surrounding the second test facility. The MR4, for example, will perform case-
by-case hazard assessments before distributing Anopheles strains and would not 
distribute strains where there is a risk of laboratory/insectary escape and potential for 
introduction establishment of a novel resistant population in a new environment [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 bioefficacy testing, for 
example, as part of durability monitoring, should be optimised and validated using new 
and twenty times washed dual-AI 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 



Insects 2022, 13, 434 9 of 30 
 

 

strain would be one for which the phenotypic resistance profile was known, ideally with 
some understanding 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 increasingly be the case. Therefore, a pragmatic approach to 
standardisation could be that each facility uses a characterised local strain and relies on 
the testing methodology’s 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 sufficient number of genetically heterogeneous 
strains, which would need to be sufficiently 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 [10]. Phase II efficacy 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 
sufficient evidence. This would be a significant 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 sufficiently robust and specific 
enough and that the pyrethroid resistance is sufficiently high in the strains used that it is 
truly a test of the efficacy of the second AI 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 I and one Type II pyrethroid, would be 
sufficient. However, even with very resistant strains, some individuals are usually killed 
by exposure to pyrethroids, and mortality can vary substantially within, and between, 
bioassays [40]. So, some measure of the additional impact of the second AI is likely to be 
still needed, for example, a comparison to a pyrethroid-only ITN.  

The group did not have confidence in comparability between data collected at 
different facilities with different strains. A bioassay is not likely to be validated sufficiently 
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 identified; 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 AIs by testing compounds against multiple strains 
of the same species and selecting a suitable dose based on the consensus of data [41]. 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 bioefficacy testing of dual-AI ITNs 
could be characterised by the following to ensure that they are suitable to effectively 
provide the information needed: sufficient resistance to pyrethroids, such that a high 
enough proportion survive exposure to the pyrethroid that the effects of the second AI 
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can be measured, and susceptibility to the second AI. WHO tube bioassays to assess the 
susceptibility of the proposed strain to the WHO DC [42] of the pyrethroid, as well as the 
second AI included on the dual-AI 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 AIs of interest 
would provide some quantitative information to help in defining a strain. A clear 
definition 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 I and type II pyrethroids. All locally used insecticide classes 
in use for mosquito control could more fully characterise the strain’s resistance profile. 
Testing for the presence of molecular markers associated with insecticide resistance would 
be informative, if the most informative or relevant molecular markers could be 
determined. This may not be practical on a routine basis, but strains held for bioefficacy 
testing would ideally be regularly screened for key molecular markers to provide a 
background understanding of the resistance profile of a strain and interpretation of data, 
e.g., response to PBO. In order to predict the efficacy of the product under evaluation, it 
would be helpful to confirm that a strain possessed key resistance mechanisms, against 
which the product under evaluation claims efficacy, and susceptibility to the second AI. 

Beyond the resistance phenotype, there are multiple sources of variability between 
bioefficacy 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 [27], nutritional status [27,43,44], the 
temperature during rearing [28,45], and age [46,47], can all have an effect on mosquito 
fitness, and conditions during testing affect the results of bioassays [46] and references 
therein. Routine quality control and use of rearing SOPs (e.g., [19,48,49]) would be a robust 
method of ensuring that suitable mosquitoes are used throughout the study and across 
facilities and would ideally include fitness 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. If a strain is intended for pyrethroid testing, 
it should be selected using a pyrethroid only insecticide, whereas a multi-resistant strain 
could be periodically selected with different insecticide classes, though this would be a 
significant undertaking. 

While good rearing and testing procedures minimise most sources of variation [50], 
it would be informative to include some fitness testing (for example, wing length, average 
weight) of a sample of the cohort of mosquitoes used for bioefficacy 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 straightforward to compare changes in target site allele frequencies 
(e.g., kdr), but it may be more challenging for changes in metabolic gene expression, 
where defining 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 phenotype during the study, but the robust characterisation and quality control 
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should help to ensure that the key (known) parameters are similar enough, and that 
differences can be taken into account 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 field populations for bioefficacy 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 sufficient material was available then phenotypic resistance and 
measures of fitness, 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 F1s, 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 field-collected, or recently established, colonies of 
mosquitoes may be desirable. For example, it may be more predictive of field performance 
of an ITN than using established laboratory strains, since mosquito populations at 
different geographical 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 seasons [47]. Additional information would also be gained about the 
predicted ongoing efficacy of the nets locally by using locally-collected mosquitoes for 
durability monitoring, which possess field-relevant mixtures of resistance phenotypes. 
This may be important for NMCPs when making ITN procurement decisions, though this 
may not be the case if recently caught wild mosquitoes are being mixed in culture with 
previously colonised wild mosquitoes. However, bioefficacy testing for ITN durability 
monitoring requires capacity to detect a change over time, so reproducibility of results 
and consistent longitudinal use of a well characterised strain is critical. If tunnel tests are 
required for testing of a dual-AI net (e.g., Interceptor G2) wild collected mosquitoes are 
unlikely to be suitable, due to low levels of attraction to guinea pigs, which often results 
in low levels of blood-feeding success in untreated control tunnels. For this reason, the 
group saw this as a backup option rather than the primary approach for using resistant 
mosquitoes as part of durability monitoring or similar study.  

3.1.5. Conduct All Testing in a Few Chosen Test Facilities 
Depending on the study design and available resources, it may be possible to 

standardise all bioefficacy testing by sending all sample ITNs to a single facility or to a 
small number of test facilities. In this way, the number of mosquito strains used across the 
study would be minimised, reducing variability between data sets. Other potential 
sources of variability are also controlled for, such as operator differences or the effect of 
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different testing conditions. Comparing data between time points in a study would be 
easier than compiling data from multiple test facilities. 

On the other hand, the need to test a large number of samples in a single test facility 
might cause a delay in processing the collected net samples, with the associated risks of 
changes to the resistance level of the mosquito strain between the start and the end of 
testing. Although net samples can be stored in refrigeration, there is also a risk of 
degradation during storage. This approach provides no control for the mosquito 
population changing between time points. Outsourcing testing to a single or small 
number of testing centres is unlikely to fit within country-specific National Malaria 
Control Program (NMCP) capacity development objectives. It may present challenges to 
the funders of durability monitoring studies. This was not a preferred approach. 

3.1.6. Send All Samples to Several Labs for Repeat Testing in a Multi-Centre Study 
Testing net samples in several laboratories could avoid the need to characterise 

mosquito strains in detail by testing the same samples against a different strain in each 
facility and evaluating result consensus by compiling the data, and assessing variability 
in results. Since the AIs may be unevenly distributed across a single ITN [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 
reduce the additional workload, a study could circulate a sub-sample of net pieces to 
additional test facilities for confirmatory testing of the results obtained by the primary test 
facility, with careful consideration given to how to manage a situation where results 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 samples 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.  

3.1.7. Measure the Added Effect of a Dual-AI ITN Relative to a Pyrethroid-Only Net 
Although it would always be beneficial to understand the nature of the strain of 

resistant mosquito being used for testing, an additional or alternative approach to 
measuring the bioefficacy of the non-pyrethroid AI is to simply expose them to both a 
pyrethroid-only net and the dual-AI ITN under evaluation, and use the difference in 
mortality between the two as the endpoint. This approach would allow the comparison of 
the additional mortality induced by the second AI between time points to be used as a 
measure of continued bioefficacy. Where the endpoint caused by the second AI is different 
to the mortality caused by the pyrethroid, for example in the case of PPF, which causes 
sterilisation, no correction is needed and the level of sterilisation is the measure of the 
bioefficacy of the second AI. Evaluation of this effect is only possible by using a highly 
pyrethroid-resistant strain so that sufficient mosquitoes survive exposure to the dual-AI 
ITN and can be scored for fertility. This is conceptually a simple and attractive approach, 
removing pyrethroid content as a variable and controlling for variability between strains 
or changes in a strain over time, at least in terms of the pyrethroid resistance phenotype. 
However, this approach assumes that tolerance of a strain to the second AI does not 
change over time, so that even if the strain changes in its pyrethroid resistance, its 
response to the second AI remains constant. It also assumes that there is no cross-
resistance, i.e., that the mechanisms conferring resistance to pyrethroids do not also confer 
resistance to the second AI. Subsequently, if susceptibility to one AI changes over time 
susceptibility to the second AI remains unaffected. This may be true for some new 
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insecticides, but there is evidence of cross-resistance mediated by cytochrome P450 
enzymes [53,54], including between pyrethroids and pyriproxyfen [55], so it cannot be 
assumed.  

If there is an interaction between the pyrethroid and the second AI in the formulated 
dual-AI ITN, then it may not be possible to make a straightforward comparison; the two 
AIs may not act independently, making a direct comparison between mortality on the 
pyrethroid-only versus the dual-AI net samples problematic. If it was possible to obtain 
comparable ITNs treated with each AI alone to compare bioefficacy of each with 
bioefficacy of the dual-AI ITN then a direct comparison could be made, and investigation 
of cross-resistance would be facilitated. On the other hand, the change in bioefficacy over 
time is relevant to a durability monitoring study. If the mortality caused by the 
pyrethroid-only net is sufficiently low it should still be valid to compare the additional 
mortality caused by the dual-AI 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-AI 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 AI 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-AI ITNs no suitable pyrethroid-only net is 
available. A specifically matched pyrethroid-only net would likely rely on manufacturers 
producing small batches specifically for the purpose. This is not realistic, without 
incentive such as making it a requirement as part of the WHO Vector Control Product 
Prequalification (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 AI over time is measured. A definition of ‘brand new’ 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 insecticide’s 
regeneration. 

Validation of the method against different second AIs using a range of resistant 
strains would be needed to have confidence in this approach, including the development 
of guidelines for the interpretation of results, establishing the threshold of killing when 
comparing the two nets, including the target minimum mortality among the resistant 
strain when exposed to the pyrethroid-only net, and gaining an understanding of the level 
of variability inherent in the assay. Additional controls could include exposing a 
susceptible strain alongside the resistant strain, including an unused and unwashed dual-
AI ITN, or a net sample which only contains the second AI. However, this would likely 
have to be produced specifically for the strain characterisation by the ITN manufacturers, 
and again this is unrealistic without incentive.  

It was agreed that this approach does not give sufficient standardisation for the 
durability monitoring studies under consideration. It might be enough for other purposes, 
such as screening field populations known to be resistant to pyrethroids to inform 
deployment decisions, but the variation inherent in these tests would likely lead to such 
wide confidence intervals in the data that it would not be sufficient for providing evidence 
to the WHO PQ Unit for vector control products assessment (PQT/VCP) of continued 
bioefficacy as part of durability evaluation in a product dossier. However, the consensus 
was that including a pyrethroid-only net in durability monitoring bioassays as a control 
would be good practice, if suitable net samples are available. The specific characteristics 
of the control net (brand, batch number, age, polymer, insecticide type and concentration, 
coated or incorporated, storage conditions) should be reported alongside the assay results. 
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A pyrethroid-only control is not equivalent to the pyrethroid content or presentation in 
the dual-AI ITN. It could still be used as a proxy indicator to help calibrate and interpret 
test results, rather than an exact one measure to infer additional mortality induced by the 
second AI directly. The additional control of a brand-new dual-AI net would also be a 
way to control for the variability of the resistant strain over time, though with some of the 
same practical caveats as above. More generally, comparison between the bioefficacy of a 
pyrethroid-only ITN and a dual-AI ITN will help to inform procurement decisions. 

3.1.8. Perform Bioassays of Nets from Multiple Time Points Side by Side at the End of the 
Study 

To control for variability in the resistant mosquitoes used for testing over time or 
between test facilities, all nets sampled during the study could be stored and then tested 
in a short period at the end of the study. The major disadvantage of this approach is that 
information about the expected performance of the nets would not be gathered in real-
time. Since durability monitoring is currently the main means of identifying quality issues 
with nets, this would have significant operational impact. There would also be the 
challenge of performing a large number of bioassays in a short period, rather than a 
smaller number at each time point, and the risk of a catastrophic event leading to loss of 
net samples from the whole study with no durability data being collected at all. Practical 
issues worthy of consideration are the potential for nets to degrade further during storage 
and the need for substantial storage space under specific controlled conditions. This 
approach to standardisation was agreed not to be suitable as a standalone standardisation 
measure. 

A compromise would be to store a subsample of nets at each time point, after they 
have been collected back and used for bioassays, and repeat testing on this subsample at 
the end of the study, where resources allow. This has the advantage of confirming the 
results of bioassays conducted during the survey in side-by-side testing with minimal 
variation in the mosquitoes used, and could also be used to try to understand any unusual 
results observed during the study, supposing that data collected during the study were 
felt to be robust enough. In that case, a robust enough decision could be made to scale 
back this final testing or not continue at all, but the samples would be available as a 
backup. Additional standardisation measures would need to be taken during the initial 
bioassay testing performed during the study. Still, the group thought this could be a 
valuable addition to other characterisation or standardisation measures for WHO 
PQT/VCP studies, and monitoring of durability of nets in operational deployments.  

There is the opportunity to build this into existing durability monitoring protocols 
used by PMI-supported studies and others [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 final confirmatory 
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 significant number of 
replacement nets would need to be distributed to account for attrition and leave a large 
enough sample for the final 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. 

Iinformation 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 
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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 defined measurements of 
physical integrity, insecticide content and bioefficacy. For bioefficacy, cone bioassays, 
where the target mosquito species are exposed to a net sample, and the mortality is scored, 
is the accepted measure of field-collected ITNs over time [9]. Since the purpose of 
durability monitoring is to detect any change in bioefficacy 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 bioefficacy 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. 
aegypti, can be reared in large numbers [57–60], with the added benefit of eggs resistant to 
desiccation, and can be stockpiled until sufficient eggs have been produced for a round of 
testing. It may even be possible to use a model organism, such as Drosophila melanogaster, 
to 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 AI 
concentrations across the relevant range. Even then, there may be reluctance to rely on 
results from a non-target species to test the efficacy 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 field-collected material. Transgenic strains 
of Anopheles gambiae over-expressing specific P450 enzymes, known to be important in 
conferring pyrethroid resistance, can be used to detect and characterise cross-resistance 
between insecticide classes [61]. A strain could potentially be produced that over-
expressed the enzymes known to cause resistance to the second insecticide in a dual-AI 
ITN, expressing a very tightly defined resistance mechanism in a known genetic 
background.  

Measures of bioefficacy 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 sufficient as a measure of bioefficacy, since it is the availability of 
biologically active insecticide on the surface of a net that determines its efficacy 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 and an equally informative measure of bioefficacy. It would need 
to be correlated with the results of bioassays to be validated as a replacement method.  

Novel techniques and approaches warrant further investigation, especially as ITNs 
continue to evolve. However, a method to monitor the residual bioefficacy of dual-AI 
ITNs is needed urgently, precluding much analysis of available options or the 
development of new systems. 

3.2. The Final Protocol: Characterisation of the Resistant Strain in Parallel with Bioassays 
The protocol for characterising the resistant mosquitoes used in bioefficacy testing 

with dual-AI ITNs is outlined in Figure 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 refinement of this preferred approach. The primary concern of the group was 
durability monitoring studies with dual-AI ITNs, but the protocol could be adapted to 
new types of ITNs as they are developed, to other product types, such as indoor residual 
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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 
confident 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-AI ITN in a WHO tube 
assay to confirm their resistance phenotype. If the mortality was above 90%, the 
WHO definition of confirmed resistance [42], an alternative strain should be identi-
fied 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 efficacy of the 
second AI. 

− The proposed strain characterisation includes a PBO synergism assay to confirm sus-
ceptibility. 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 AI 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. 

− A PBO synergism assay is included in the proposed strain characterisation to confirm 
that metabolic mechanisms, most notably those associated with cytochrome P450 en-
zymes, 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 significant 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 confidence 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-AI ITN, should be included, for several reasons. 
Firstly, it provides an additional measure to ensure the strain has sufficient 
pyrethroid resistance, and will help interpret the results from the sample ITN 
bioassays. Pyrethroid content is controlled for as a standard variable used to 
calibrate results between time points in the test net samples. Finally, exposing 
mosquitoes to a brand new pyrethroid-only net alongside the dual-AI test nets 
would demonstrate the added benefit of the second AI. Where multiple brands 
of such nets are available, the net most similar to the test net without the addition 
of the second AI should be selected, where possible of the same material and 
with the correct AI applied similarly (incorporated/impregnated) at the target 
concentration and release (bleed) rate. The brand should be consistent across the 
study. 

b. Including a susceptible reference strain alongside the resistant strain acts as a 
control that the bioassay is functioning as expected, confirming the potency of 
WHO filter papers and pyrethroid-only net samples. It also serves as a 
benchmark to demonstrate the additional benefit of the second AI over that of 
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the pyrethroid. Minimum mortality in the susceptible strain exposed to the DC 
of the pyrethroid in the dual-AI ITN and a brand new pyrethroid-only net 
should be 90%. 

− An assessment of body size is included as a further quality control measure to help 
to interpret results with more confidence. Wing length is the recommended measure, 
but dry weight could be more practical. Size varies between species and rearing 
facilities, so it is not appropriate to set absolute thresholds, but collecting size data 
alongside the bioassay results is still valuable in helping to interpret bioassay results. 
For example, an unusually small cohort may explain anomalously high mortality in 
a bioassay [27]. 
Where both AIs induce mortality, the endpoint measures for the two AIs should be 

the same. If the outcome for the second AI 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 sufficiently 
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 AI induces a different 
endpoint, for example sterility, and the study is aiming to measure the effects of each AI 
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 
bioefficacy 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 fitness 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. 

− Strains are typically maintained under selective pressure and characterised routinely. 
These efforts could be enhanced by increasing the frequency of QC activities and 
including frequent selection and profiling with the pyrethroid of interest to the study. 
These data could be provided alongside the durability monitoring instead of parallel 
characterisation. Composite fitness indices can characterise mosquito populations 
used in experimental settings [68]. 

− If sufficient 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 
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help explain an anomalous result, such as a drop in pyrethroid resistance or an 
increase in mortality from the second AI compared to a previous round of testing 

− Inclusion of a brand-new dual-AI 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 benefits (note that replicate pieces would be needed due to variation 
between and across an ITN): 
o Control for longitudinal variability in strains 
o Be a second measure of how much of the original bioefficacy has been lost over 

time in addition to the comparison between results obtained at the different time 
points 

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

o Control for any effects of declining content of the first AI over time. This is 
particularly important as the wash resistance of the pyrethroid and the second 
AI may be different, and so the additional benefit of the second AI 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 
combination with a pyrethroid because of simultaneous exposure. If a suitable PBO 
ITN is available as a comparator for the dual-AI 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. 

Table 2. Some key considerations for maintaining consistent quality of mosquitoes being reared for 
bioassays and conditions during bioassays, and steps that can be taken to monitor quality of 
mosquitoes. 

Parameters to Standardise 
When Rearing Mosquitoes 

Suggested Quality Control 
Processes in Mosquito Rearing 

Parameters to Standardise 
When Performing Bioassays 

• Temperature 
• Relative humidity (RH)
• Controlled light/dark

cycle 
• 1 h ‘dawn’ and ‘dusk’ 
• Larval density and

feeding regime 
• Adult density in cages 
• Non-limiting access to

a sugar solution 

• Follow detailed rearing SOP 
• Routine monitoring of some

fitness indicator/s 1 to follow 
colony health and rearing quality  

• Regular selection with at least one
insecticide 

• Periodic profiling of resistance
phenotype 

• Maintain staff training records on
SOPs covering rearing and quality
control 

• Equipment maintenance and
calibration 

• Keep a record of deviations from
SOP 

• Temperature  
• Relative humidity (RH) 
• Time of day 2 

• Feeding status (sugar, water, blood) 
• Age of mosquito 
• Measure a fitness indicator in

testing cohort 
• Maintain staff training records on

SOPs covering testing, data
handling, archiving etc. 

1 In decreasing order of preference): composite fitness indices, wing morphometrics [69], wing 
length, dry weight, wet weight; 2 Mosquitoes may be reared on an adjusted light cycle to 
accommodate testing at a specific point in their circadian rhythm within working hours. 
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Figure 1. Overview of protocol for characterisation of a pyrethroid resistant strain for use in testing 
the bioefficacy of a dual-AI 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 AI, 
mortality should be scored at this later time point for all elements of the characterisation; mortality 
may also be scored at 24 h. 

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

As an additional standardisation measure, the group proposes for durability 
monitoring bioassays that a sub-set of dual-AI ITN samples is retained from each study 
time point to repeat bioefficacy 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 reconfirm 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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Table 3. Characteristics of a pyrethroid resistant and susceptible mosquito strain used for 
bioefficacy monitoring of dual-AI nets (an example is a strain used to monitor Interceptor G2, 
chlorfenapyr + alpha-cypermethrin ITN). Recommended format for presenting the results of strain 
characterisation should be provided alongside bioefficacy testing with dual-AI ITNs. 

Pyrethroid Resistant Mosquito Strain: Tiassalé 13 

Species: An. gambiae s.l. 
 

% Mortality (24 h) in WHO tube bioassay with alpha cypermethrin (0.03%) 54% (n = 94)  

% Mortality (24 h) in WHO tube bioassay with alpha cypermethrin (0.03%) + PBO (4%) 92% (n = 96)  

% Mortality (72 h) in WHO bottle bioassay with chlorfenapyr (100 ug/bottle)  100% (n = 97)  

% Mortality (24 h) in cone test with new pyrethroid-only ITN (Interceptor) 70% (n = 106)  

Pyrethroid susceptible mosquito strain: Kisumu  

Species: An. gambiae s.l. 
  

% Mortality (24 h) in WHO tube bioassay with alpha cypermethrin (0.03%) 100% (n = 90)  

% Mortality (24 h) in cone test with new pyrethroid-only ITN (Interceptor) 95% (n = 103) 

NB. All results Abbot’s corrected where control mortality was between 5 and 20% 

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 field 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 final 
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 testing. A more 
complicated study design is required, and additional nets would have to be distributed to 
ensure sufficient nets remained at 36 months, since nets get discarded as they wear out. 
In carefully conducted research studies that employ unique labelling of individual nets, it 
should be possible if additional cost could be supported but not feasible for programmatic 
evaluations. 

3.3. Considerations and Points of Discussion in Deciding on the Final Protocol 
3.3.1. Sample Size 

When producing data to characterise a mosquito strain, the more mosquitoes tested, 
the more robust the result, achieved by increasing the number of replicate assays (cones, 
tubes or bottles). Given the inherent level of variability in the bioassays proposed, it would 
be desirable to recommend a minimum number of replicates on which a result should be 
based. The protocol proposed here uses the WHO test procedures for resistance 
monitoring [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 
application of modelling, can be used to refine the recommendation. However, if F1 
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 bioefficacy testing generally, it is necessary to control the climatic conditions 

during the strain characterisation bioassays. At minimum, the temperature, relative 
humidity, and time of day should be recorded and closely monitored in case of electricity 
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cuts or other fluctuations. 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 specified ranges is advisable. 
Additionally, depending on the nature of the second AI, the time of day the bioassays, 
both strain characterisation and durability, testing are conducted might be critical [26,70–
72]; for example, in evaluating a dual-AI 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 

availability and facilities to maintain and characterise mosquitoes. The more criteria for 
suitable strains in place (multiple resistance mechanisms, resistance levels, 
characterisation methods), the more difficult it might be for test facilities to meet these 
criteria. 

3.4. Deciding on Criteria for a Suitable Resistant Strain 
The group’s discussion over what criteria to set for a resistant strain was an attempt 

to strike a balance between a desire to characterise the strain in the greatest possible detail, 
to allow the best interpretation of data and comparison between data sets, and the 
pragmatic considerations of how much additional resource burden could be borne by 
programmes evaluating the dual-AI ITNs. The final criteria agreed by the group is 
highlighted in the protocol overview in Figure 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 efficacy 
testing may be important to test against resistant strains of all significant Anopheles vector 
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 AI and relevant concentrations of the second AI. 

There was a preference to use a strain with resistance conferred by multiple 
mechanisms, to produce the most widely applicable results; however, to confirm the 
presence of multiple mechanisms is complex and beyond the capacity of many test 
facilities. Although resistance to the first AI, currently always a pyrethroid, in the dual-AI 
ITN is the relevant requirement of the mosquito strain, and sufficient susceptibility to the 
second AI is required, a broader resistance profile might be desirable. It is likely sufficient 
to demonstrate resistance to the specific pyrethroid in the product under evaluation. Still, 
there may be a benefit 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 AI of interest could 
be predicted with the use of P450 screens [54]. To adequately describe a strain’s metabolic 
resistance risk, the most relevant molecular markers would need to be identified, along 
with the P450s most important in conferring resistance to the first AI, 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 profile, including at least some known key enzymes (with proven 
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insecticide metabolic capacity), may be more realistic. The interaction of P450s with the 
second AI 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 bioefficacy 
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 identified 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 sufficient 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 efficacy 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 informative [40]. Testing with other synergists might be 
informative, as might testing the effect of PBO pre-exposure followed by exposure to the 
second AI. 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 AI in a dual-AI ITN is to confirm its resistance to the first AI, 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 10× DCs and selecting strains that 
are, for example, at least moderately resistant (<90% mortality at 5× DC) according to 
WHO definitions [42]. The resistance level could be determined more precisely using 
dose-response experiments to calculate LC50 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 LC50 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 bioefficacy over time. 
However, a sufficient proportion of the exposed mosquitoes must survive exposure to the 
first AI to allow detection of an effect of the second AI. 

It is important to measure the susceptibility of the resistant strain to the second AI in 
the product under evaluation in the absence of the first AI 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 efficacy 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 AI 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 AI, cross-
resistance may be predicted through molecular analysis [54], but this would normally 
need to be the subject of substantial additional investigation. 
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It is possible that the methodology selected for the bioefficacy 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 bioefficacy, 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 confirm that the strain and standard 
bioassays are suitable for that specific 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 bioefficacy testing of 
dual-AI 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 AI and five cone tests with a brand new pyrethroid-only ITN with 
the resistant strain, plus two WHO tube assays with a pyrethroid and five cone tests with 
a brand new pyrethroid-only ITN with a susceptible reference strain, a total of 475 
resistant and 75 susceptible mosquitoes. If multiple types of dual-AI ITNs were included 
in a study, six additional DC bioassays would need to be added for each non-pyrethroid 
AI in the study, plus additional new dual-AI ITN positive controls, if included. The same 
mosquitoes can be used for QC and samples stored for later analysis, but these steps will 
require time commitment and consumables. Wing length analysis requires access to a 
microscope and image software or graticule, and further molecular analysis of samples 
may be required. 

For a single experiment strain characterisation would be a one-time cost. Still, for a 
study lasting up to a month, strain characterisation should be completed before the study 
and repeated at the end of the study. Characterisation should also be repeated for longer 
studies, to ensure that the resistant strain has not changed in resistance profile and is still 
suitable, within one month of finishing, and where possible repeated during the study, on 
every mosquito generation if possible, or as often as practical. If resources were available 
to include some elements of the characterisation alongside each bioassay session, it would 
characterise the strain and provide an internal control for any differences between time 
points arising from changes in rearing, testing conditions, operator differences etc. 

This additional cost may be small and easily borne for small scale research or 
development activities by academic institutes or developers or manufacturers of 
insecticide-based vector control tools. ITN evaluation and procurement is, however, a 
very price-sensitive market. Adding additional testing to the durability monitoring 
protocol will add cost to already expensive trials of new ITNs [74]. Durability monitoring 
is largely a donor-funded activity that is already growing in scale due to more complicated 
bioefficacy testing methodologies for dual-AI ITNs than was required for pyrethroid-only 
ITNs. The benefits 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 confidence if the durability monitoring data are more robust in 
demonstrating their residual bioefficacy. Additionally, the scale of additional testing may 
be relatively insignificant compared to the bioefficacy 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 [6]. 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 
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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-AI 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 AI will have an effective lifespan of three years to match that 
of the pyrethroids currently in use, so that the new ITNs will fit into the existing campaign 
framework and contribute to resistance management. The dual-AI ITNs do, however, 
present a challenge in measuring their bio-efficacy 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 AI.  

Bioassays are an important proxy test for the surface availability of AI, and for 
demonstrating the efficacy of ITNs in killing mosquitoes under standardised conditions. 
As our understanding of resistance mechanisms increases, so does the complexity in 
determining relative contributions and how they affect the bio-efficacy of different 
chemistries and formulated products. These dynamics may alter with changing 
parameters, such as surface concentrations of AI declining over the lifespan of an ITN. 
There is, thus, the potential for the introduction of great variability into the results of 
bioassays designed for pyrethroid susceptible subjects, when considering the specific 
characteristics of the pyrethroid-resistant strain used, as well as methodological issues 
related to the mode of action of the ITN. To help minimise the noise in bioassay results 
due to these various factors, it is imperative that we clearly define or describe material 
inputs into these studies. A key aspect of this is to standardise or characterise the mosquito 
strains being used in these assays as far as possible, to provide interpretable data for 
analysis and to allow the comparison of results over time, between products and between 
testing centres. In an operational setting there is inevitably a need to balance improved 
characterisation or standardisation of inputs with the availability of suitable controls and 
logistical and financial constraints. 

This paper describes a collaborative effort by researchers and implementers 
interested in insecticide resistance and evaluation of ITNs to agree on an approach to 
characterise mosquito strains to evaluate dual-AI ITNs and a set of specific criteria for the 
phenotype a suitable strain should have. Such an approach to method development, while 
somewhat time-consuming, does allow those implementing these activities to agree on a 
standardised method. This approach could be applied to other sources of potential 
variation in vector control efficacy and/or durability studies. For example, current 
guidelines for monitoring durability of ITNs were developed for pyrethroid-based nets 
but have been adapted and updated for dual-AI ITNs through a similar consensus 
approach by Innovation to Impact (I2I) [30].  

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) identifies 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 
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implications, these are balanced by promise of greater interpretability of the data 
produced in notoriously difficult studies to analyse and compare. The SOP will be made 
freely available through Innovation to Impact (I2I), to be trialled. Future studies with dual-
AI ITNs, such as durability monitoring activities currently underway [76,77], allow its 
suitability to be reviewed and the methodology to be refined 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-AI ITNs, to allow controlled rearing, 
quality control and characterisation to maintain and monitor the consistency of material 
over time. Regular and thorough characterisation of laboratory strains used for 
longitudinal bioefficacy testing is critical to ensure data validity and reliable interpretation 
of findings. There was some discussion favouring using locally relevant mosquitoes, and 
a desire to determine the operational significance of strain characterisation of bioefficacy 
data generated in the laboratory. Although the goal of durability monitoring is separate 
from efficacy 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 difficult 
for dual-AI ITNs that must be tested against resistant strains to ensure the non-pyrethroid 
component is still biologically active. For longitudinal experiments, such as durability 
monitoring or RCT trials, it is appropriate to use a well-characterised and consistent strain 
of mosquitoes. When a dual-AI ITN is being tested, it is critical to know the pyrethroid 
resistance phenotype of the mosquitoes being used. Positive control nets are a useful 
benchmark for interpreting changes in relative bioefficacy of dual-AI ITNs through time 
against a background of slight fluctuations in resistance phenotype of laboratory test 
strains. 

The scope of this consultative exercise was the efficacy testing of the second AI in a 
dual-AI ITN combining a pyrethroid with a second insecticide or synergist. The 2022 
Product Review Report from the WHO PQT/VCP team on insecticide treated nets 
formulated with a pyrethroid and either PBO or a second AI [78] recommended the 
development of ‘improved guidance regarding the selection of mosquito strains to be 
used in bioassay and efficacy testing’ including characterisation of resistance. The 
proposed strain characterisation 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 modifications 
to adapt to ITNs with unique AIs as they develop and become available. For example, 
specific additional or alternative considerations may apply when characterising a strain 
used to test ITNs containing two non-pyrethroid AIs. In this case, there will likely not be 
populations of mosquitoes available that are resistant to either AI. An alternative method 
would be needed to separate and measure the activity of each AI; 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-AI products beyond nets, such as IRS formulations. 

The development of this consensus methodology is part of a wider effort 
spearheaded by I2I 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 
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to standardise or characterise material inputs into studies. The proposed method for 
characterising pyrethroid-resistant mosquitoes is the first 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 re-
sistance phenotype of pyrethroid-resistant mosquitoes used for bioefficacy testing of dual-
AI ITNs. Adoption of this pragmatic yet informative approach will help in the interpreta-
tion 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 inter-
preted and compared, or where insecticide-treated materials are being used experimen-
tally. 

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/insects13050434/s1: I2I-SOP-004: Strain characterisation of resistant mosquitoes for mon-
itoring bioefficacy in ITNs treated with two active ingredients (Dual-AI ITNs) [79–81]. 

Author Contributions: Conceptualisation, R.S.L. and A.S.; methodology, R.S.L. and A.S.; 
Investigation—R.S.L., J.S.A., S.A., E.C., C.F., J.E.G., J.H., D.I., S.R.I., W.K., N.L., H.D.M., L.A.M., S.M., 
C.N., R.O., N.P., H.R., G.S., J.W., D.W., S.Z. and A.S.; writing—original draft preparation—R.S.L.; 
writing—review and editing—R.S.L., J.S.A., S.A., E.C., C.F., J.E.G., J.H., D.I., S.R.I., W.K., N.L., 
H.D.M., L.A.M., S.M., C.N., R.O., N.P., H.R., G.S., J.W., D.W., S.Z. and A.S.; visualisation, R.S.L. and 
N.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 & Melinda Gates Foundation, grant number INV-
004350, through Innovation to Impact (I2I) at the Liverpool School of Tropical Medicine. S.I., D.I., 
J.A. were funded by the U.S. President’s Malaria Initiative. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

Disclaimer: The findings and conclusions in this report are those of the author(s) and do not 
necessarily represent the official position of the U.S. Centers for Disease Control and Prevention or 
the Department of Health and Human Services, or the U.S. Agency for International Development. 
Use of trade names is for identification only and does not imply endorsement by the Centers for 
Disease Control and Prevention, the Public Health Service, or the U.S. Department of Health and 
Human Services, or the U.S. Agency for International Development. 

References 
1. WHO. World Malaria Report 2019; World Health Organization: Geneva, Switzerland, 2019; ISBN 9789241565721. 
2. Hemingway, J.; Ranson, H.; Magill, A.; Kolaczinski, J.; Fornadel, C.; Gimnig, J.; Coetzee, M.; Simard, F.; Roch, D.K.; Hinzoumbe, 

C.K.; et al. Averting a malaria disaster: Will insecticide resistance derail malaria control? Lancet 2016, 387, 1785–1788. 
https://doi.org/10.1016/S0140-6736(15)00417-1. 

3. WHO List of WHO Prequalified Vector Control Products. 2020. Available online: https://extranet.who.int/pqweb/vector-
control-products/prequalified-product-list (accessed on 29 March 2022). 

4. Tiono, A.B.; Ouédraogo, A.; Ouattara, D.; Bougouma, E.C.; Coulibaly, S.; Diarra, A.; Faragher, B.; Guelbeogo, M.W.; Grisales, 
N.; Ouédraogo, I.N.; et al. Efficacy of Olyset Duo, a bednet containing pyriproxyfen and permethrin, versus a permethrin-only 



Insects 2022, 13, 434 27 of 30 
 

 

net against clinical malaria in an area with highly pyrethroid-resistant vectors in rural Burkina Faso: A cluster-randomised 
controlled trial. Lancet 2018, 392, 569–580. https://doi.org/10.1016/S0140-6736(18)31711-2. 

5. Tiono, A.B.; Pinder, M.; N’Fale, S.; Faragher, B.; Smith, T.; Silkey, M.; Ranson, H.; Lindsay, S.W. The AvecNet Trial to assess 
whether addition of pyriproxyfen, an insect juvenile hormone mimic, to long-lasting insecticidal mosquito nets provides 
additional protection against clinical malaria over current best practice in an area with pyrethroid-resist. Trials 2015, 16, 113. 
https://doi.org/10.1186/s13063-015-0606-4. 

6. Randriamaherijaona, S.; Raharinjatovo, J.; Boyer, S. Durability monitoring of long-lasting insecticidal (mosquito) nets (LLINs) 
in Madagascar: Physical integrity and insecticidal activity. Parasites Vectors 2017, 10, 564. https://doi.org/10.1186/s13071-017-
2419-7. 

7. Briet, O.; Koenker, H.; Norris, L.; Wiegand, R.; Vanden Eng, J.; Thackeray, A.; Williamson, J.; Gimnig, J.E.; Fortes, F.; Akogbeto, 
M.; et al. Attrition, physical integrity and insecticidal activity of long-lasting insecticidal nets in sub-Saharan Africa and 
modelling of their impact on vectorial capacity. Malar. J. 2020, 19, 310. https://doi.org/10.1186/s12936-020-03383-6. 

8. World Health Organization. Data Requirements and Protocol for Determining Non-Inferiority of Insecticide-Treated Net and Indoor 
Residual Spraying Products Within an Established WHO Policy Class; World Health Organization: Geneva, Switzerland, 2018; 18p. 

9. World Health Organization. Guidelines for Monitoring the Durability of Long-Lasting Insecticidal Mosquito Nets under Operational 
Conditions; World Health Organization: Geneva, Switzerland, 2011; 44p. 

10. World Health Organization. Third meeting of the vector control advisory group, Geneva, Switzerland 12–14 November 2014. 
2015. Available online: https://apps.who.int/iris/handle/10665/162861 (accessed on 29 March 2022). 

11. David, J.P.; Ismail, H.M.; Chandor-Proust, A.; Paine, M.J.I. Role of cytochrome P450s in insecticide resistance: Impact on the 
control of mosquito-borne diseases and use of insecticides on earth. Philos. Trans. R. Soc. B Biol. Sci. 2013, 6, 1612. 
https://doi.org/10.1098/rstb.2012.0429. 

12. Riveron, J.M.; Yunta, C.; Ibrahim, S.S.; Djouaka, R.; Irving, H.; Menze, B.D.; Ismail, H.M.; Hemingway, J.; Ranson, H.; Albert, 
A.; et al. A single mutation in the GSTe2 gene allows tracking of metabolically based insecticide resistance in a major malaria 
vector. Genome Biol. 2014, 15, R27. https://doi.org/10.1186/gb-2014-15-2-r27. 

13. Ingham, V.A.; Anthousi, A.; Douris, V.; Harding, N.J.; Lycett, G.; Morris, M.; Vontas, J.; Ranson, H. A sensory appendage protein 
protects malaria vectors from pyrethroids. Nature 2020, 577, 376–380. https://doi.org/10.1038/s41586-019-1864-1. 

14. Messenger, L.A.; Impoinvil, L.M.; Derilus, D.; Yewhalaw, D.; Irish, S.; Lenhart, A. A whole transcriptomic approach reveals 
novel mechanisms of organophosphate and pyrethroid resistance in Anopheles arabiensis from Ethiopia. Insect Biochem Mol Bio 
2021, 139, 103655. 

15. Isaacs, A.T.; Mawejje, H.D.; Tomlinson, S.; Rigden, D.J.; Donnelly, M.J. Genome-wide transcriptional analyses in Anopheles 
mosquitoes reveal an unexpected association between salivary gland gene expression and insecticide resistance. BMC Genom. 
2018, 19, 225. https://doi.org/10.1186/s12864-018-4605-1. 

16. Balabanidou, V.; Kefi, M.; Aivaliotis, M.; Koidou, V.; Girotti, J.R.; Mijailovsky, S.J.; Patricia Juárez, M.; Papadogiorgaki, E.; 
Chalepakis, G.; Kampouraki, A.; et al. Mosquitoes cloak their legs to resist insecticides. Proc. R. Soc. B Biol. Sci. 2019, 286, 
20191091. https://doi.org/10.1098/rspb.2019.1091. 

17. Balabanidou, V.; Kampouraki, A.; Maclean, M.; Blomquist, G.J.; Tittiger, C.; Juárez, M.P.; Mijailovsky, S.J.; Chalepakis, G.; 
Anthousi, A.; Lynd, A.; et al. Cytochrome P450 associated with insecticide resistance catalyzes cuticular hydrocarbon 
production in Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2016, 113, 9268–9273. https://doi.org/10.1073/pnas.1608295113. 

18. Ross, P.A.; Endersby-Harshman, N.M.; Hoffmann, A.A. A comprehensive assessment of inbreeding and laboratory adaptation 
in Aedes aegypti mosquitoes. Evol. Appl. 2019, 12, 572–586. https://doi.org/10.1111/eva.12740. 

19. 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 Vectors 2019, 12, 522. https://doi.org/10.1186/s13071-019-3774-
3. 

20. Grech, M.G.; Sartor, P.D.; Almirón, W.R.; Ludueña-Almeida, F.F. Effect of temperature on life history traits during immature 
development of Aedes aegypti and Culex quinquefasciatus (Diptera: Culicidae) from Córdoba city, Argentina. Acta Trop. 2015, 146, 
1–6. https://doi.org/10.1016/j.actatropica.2015.02.010. 

21. Alto, B.W.; Lounibos, L.P.; Mores, C.N.; Reiskind, M.H. Larval competition alters susceptibility of adult Aedes mosquitoes to 
dengue infection. Proc. R. Soc. B Biol. Sci. 2008, 275, 463–471. https://doi.org/10.1098/rspb.2007.1497. 

22. Araújo, M.D.S.; Gil, L.H.S.; E-Silva, A.D.A. Larval food quantity affects development time, survival and adult biological traits 
that influence the vectorial capacity of Anopheles darlingi under laboratory conditions. Malar. J. 2012, 11, 261. 
https://doi.org/10.1186/1475-2875-11-261. 

23. Chen, S.; Zhang, D.; Augustinos, A.; Doudoumis, V.; Bel Mokhtar, N.; Maiga, H.; Tsiamis, G.; Bourtzis, K. Multiple Factors 
Determine the Structure of Bacterial Communities Associated With Aedes albopictus Under Artificial Rearing Conditions. Front. 
Microbiol. 2020, 11. https://doi.org/10.3389/fmicb.2020.00605. 

24. Dada, N.; Sheth, M.; Liebman, K.; Pinto, J.; Lenhart, A. Whole metagenome sequencing reveals links between mosquito 
microbiota and insecticide resistance in malaria vectors. Sci. Rep. 2018, 8, 2084. https://doi.org/10.1038/s41598-018-20367-4. 

25. Oxborough, R.M.; N’Guessan, R.; Jones, R.; Kitau, J.; Ngufor, C.; Malone, D.; Mosha, F.W.; Rowland, M.W. The activity of the 
pyrrole insecticide chlorfenapyr in mosquito bioassay: Towards a more rational testing and screening of non-neurotoxic 
insecticides for malaria vector control. Malar. J. 2015, 14, 124. https://doi.org/10.1186/s12936-015-0639-x. 



Insects 2022, 13, 434 28 of 30 
 

 

26. Balmert, N.J.; Rund, S.S.C.; Ghazi, J.P.; Zhou, P.; Duffield, G.E. Time-of-day specific changes in metabolic detoxification and 
insecticide resistance in the malaria mosquito Anopheles gambiae. J. Insect Physiol. 2014, 64, 30–39. 
https://doi.org/10.1016/j.jinsphys.2014.02.013. 

27. Owusu, H.F.; Chitnis, N.; Müller, P. Insecticide susceptibility of Anopheles mosquitoes changes in response to variations in the 
larval environment. Sci. Rep. 2017, 7, 3667. https://doi.org/10.1038/s41598-017-03918-z. 

28. 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. https://doi.org/10.1186/s12936-018-2250-4. 

29. Glunt, K.D.; Paaijmans, K.P.; Read, A.F.; Thomas, M.B. Environmental temperatures significantly change the impact of 
insecticides measured using WHOPES protocols. Malar. J. 2014, 13, 350. https://doi.org/10.1186/1475-2875-13-350. 

30. Lissenden, N.; Armistead, J.S.; Gleave, K.; Irish, S.R.; Martin, J.L.; Messenger, L.A.; Moore, S.J.; Ngufor, C.; Protopopoff, N.; 
Oxborough, R.; et al. Developing consensus standard operating procedures (SOPs) to evaluate new types of insecticide-treated 
nets. Insects 2022, 13, 7. https://doi.org/10.3390/insects13010007. 

31. Hawkins, N.J.; Bass, C.; Dixon, A.; Neve, P. The evolutionary origins of pesticide resistance. Biol. Rev. 2019, 94, 135–155. 
https://doi.org/10.1111/brv.12440. 

32. Charlesworth, D.; Barton, N.H.; Charlesworth, B.; Nh, B.; Charlesworth, B. Darwin review: The sources of adaptive variation. 
Proc. R. Soc. B 2017, 284, 201628. 

33. Arévalo-Cortés, A.; Mejia-Jaramillo, A.M.; Granada, Y.; Coatsworth, H.; Lowenberger, C.; Triana-Chavez, O. The midgut 
microbiota of colombian aedes aegypti populations with different levels of resistance to the insecticide lambda-cyhalothrin. 
Insects 2020, 11, 584. https://doi.org/10.3390/insects11090584. 

34. Barnard, K.; Jeanrenaud, A.C.S.N.; Brooke, B.D.; Oliver, S. V. The contribution of gut bacteria to insecticide resistance and the 
life histories of the major malaria vector Anopheles arabiensis (Diptera: Culicidae). Sci. Rep. 2019, 9, 9117. 
https://doi.org/10.1038/s41598-019-45499-z. 

35. Omoke, D.; Kipsum, M.; Otieno, S.; Esalimba, E.; Sheth, M.; Lenhart, A.; Njeru, E.M.; Ochomo, E.; Dada, N. Western Kenyan 
Anopheles gambiae showing intense permethrin resistance harbour distinct microbiota. Malar. J. 2021, 20, 77. 
https://doi.org/10.1186/s12936-021-03606-4. 

36. Soltani, A.; Vatandoost, H.; Oshaghi, M.A.; Enayati, A.A.; Chavshin, A.R. The role of midgut symbiotic bacteria in resistance of 
Anopheles stephensi (Diptera: Culicidae) to organophosphate insecticides. Pathog. Glob. Health 2017, 111, 289–296. 
https://doi.org/10.1080/20477724.2017.1356052. 

37. BEI Resources The Malaria Research and Reference Reagent Resource Center (MR4) Available online: 
https://www.beiresources.org/Catalog/VectorResources.aspx (accessed on 3 June 2021). 

38. Machani, M.G.; Ochomo, E.; Zhong, D.; Zhou, G.; Wang, X.; Githeko, A.K.; Yan, G.; Afrane, Y.A. Phenotypic, genotypic and 
biochemical changes during pyrethroid resistance selection in Anopheles gambiae mosquitoes. Sci. Rep. 2020, 10, 19063. 
https://doi.org/10.1038/s41598-020-75865-1. 

39. WHO. Guidelines for Laboratory and Field-Testing of Long-Lasting Insecticidal Nets; World Health Organization: Geneva, 
Switzerland, 2013. 

40. Lissenden, N.; Kont, M.; Essandoh, J.; Ismail, H.M.; Churcher, T.S.; Lambert, B.; Lenhart, A.; McCall, P.J.; Moyes, C.L.; Paine, 
M.J.I.; et al. Review and Meta-Analysis of the Evidence for Choosing Between Specific Pyrethroids for Programmatic Purposes. 
Insects 2021, 12, 826. 

41. World Health Organization. Determining Discriminating Concentrations of Insecticides for Monitoring Resistance in Mosquitoes: 
Report of a Multi-Centre Laboratory Study and WHO Expert Consultations; World Health Organization: Geneva, Switzerland, 2022. 

42. WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vector Mosquitoes; World Health Organization: Geneva, 
Switzerland, 2016; ISBN 9783642105654. 

43. Oliver, S.V.; Brooke, B.D. The effect of multiple blood-feeding on the longevity and insecticide resistant phenotype in the major 
malaria vector Anopheles arabiensis (Diptera: Culicidae). Parasites Vectors 2014, 7, 390. https://doi.org/10.1186/1756-3305-7-390. 

44. Oliver, S.V.; Brooke, B.D. The effect of larval nutritional deprivation on the life history and DDT resistance phenotype in 
laboratory strains of the malaria vector Anopheles arabiensis. Malar. J. 2013, 12, 44. https://doi.org/10.1186/1475-2875-12-44. 

45. Oliver, S.V.; Brooke, B.D. The effect of elevated temperatures on the life history and insecticide resistance phenotype of the 
major malaria vector Anopheles arabiensis (Diptera: Culicidae). Malar. J. 2017, 16, 73. https://doi.org/10.1186/s12936-017-1720-4. 

46. Rajatileka, S.; Burhani, J.; Ranson, H. Mosquito age and susceptibility to insecticides. Trans. R. Soc. Trop. Med. Hyg. 2011, 105, 
247–253. https://doi.org/10.1016/j.trstmh.2011.01.009. 

47. Mbepera, S.; Nkwengulila, G.; Peter, R.; Mausa, E.A.; Mahande, A.M.; Coetzee, M.; Kweka, E.J. The influence of age on 
insecticide susceptibility of Anopheles arabiensis during dry and rainy seasons in rice irrigation schemes of Northern Tanzania. 
Malar. J. 2017, 16, 364. https://doi.org/10.1186/s12936-017-2022-6. 

48. MR4/BEI Resources. Methods in Anopheles Research. 2011; p. 419. Available online: 
https://www.beiresources.org/Publications/MethodsinAnophelesResearch.aspx (accessed on 29 March 2022). 

49. Azizi, S.; Snetselaar, J.; Wright, A.; Matowo, J.; Shirima, B.; Kaaya, R.; Athumani, R.; Tenu, F.; Protopopoff, N.; Kirby, M. 
Colonization and Authentication of the Pyrethroid-Resistant Anopheles gambiae s.s. Muleba-Kis Strain; an Important Test System 
for Laboratory Screening of New Insecticides. Insects 2021, 12, 710. 

50. Spitzen, J.; Takken, W. Malaria mosquito rearing—maintaining quality and quantity of laboratory-reared insects. Proc. 
Netherlands Entomol. Meet. 2005, 16, 95–100. 



Insects 2022, 13, 434 29 of 30 
 

 

51. Moyes, C.L.; Athinya, D.K.; Seethaler, T.; Battle, K.E.; Sinka, M.; Hadi, M.P.; Hemingway, J.; Coleman, M.; Hancock, P.A. 
Evaluating insecticide resistance across African districts to aid malaria control decisions. Proc. Natl. Acad. Sci. USA 2020, 117, 
22042–22050. https://doi.org/10.1073/pnas.2006781117. 

52. Skovmand, O.; Dang, D.M.; Tran, T.Q.; Bossellman, R.; Moore, S.J. From the factory to the field: Considerations of product 
characteristics for insecticide-treated net (ITN) bioefficacy testing. Malar. J. 2021, 20, 363. https://doi.org/10.1186/s12936-021-
03897-7. 

53. Edi, C.V.; Djogbénou, L.; Jenkins, A.M.; Regna, K.; Muskavitch, M.A.T.; Poupardin, R.; Jones, C.M.; Essandoh, J.; Kétoh, G.K.; 
Paine, M.J.I.; et al. CYP6 P450 Enzymes and ACE-1 Duplication Produce Extreme and Multiple Insecticide Resistance in the 
Malaria Mosquito Anopheles gambiae. PLoS Genet. 2014, 10, e1004236. https://doi.org/10.1371/journal.pgen.1004236. 

54. Yunta, C.; Hemmings, K.; Stevenson, B.; Koekemoer, L.L.; Matambo, T.; Pignatelli, P.; Voice, M.; Nász, S.; Paine, M.J.I. Cross-
resistance profiles of malaria mosquito P450s associated with pyrethroid resistance against WHO insecticides. Pestic. Biochem. 
Physiol. 2019, 161, 61. https://doi.org/10.1016/j.pestbp.2019.06.007. 

55. Yunta, C.; Grisales, N.; Nász, S.; Hemmings, K.; Pignatelli, P.; Voice, M.; Ranson, H.; Paine, M.J.I. Pyriproxyfen is metabolized 
by P450s associated with pyrethroid resistance in An. gambiae. Insect Biochem. Mol. Biol. 2016, 78, 50. 
https://doi.org/10.1016/j.ibmb.2016.09.001. 

56. Jackline L Martin; Messenger, L.A.; Mosha, F.W.; Lukole, E.; Mosha, J.F.; Kulkarni, M.; Churcher, T.S.; Sherrard-Smith, E.; 
Manjurano, A.; Protopopoff, N.; et al. Durability of three types of dual active ingredient long-lasting insecticidal net compared 
to a pyrethroid-only LLIN in Tanzania: Protocol for a prospective cohort study nested in a cluster randomized controlled trial. 
Malar. J. 2021, 21, 96. https://doi.org/10.1186/s12936-022-04119-4. 

57. Balestrino, F.; Puggioli, A.; Gilles, J.R.L.; Bellini, R. Validation of a new larval rearing unit for Aedes albopictus (Diptera: Culicidae) 
mass rearing. PLoS ONE 2014, 9, e91914. https://doi.org/10.1371/journal.pone.0091914. 

58. Maïga, H.; Mamai, W.; Nanwintoum, S.; Argiles-herrero, R.; Yamada, H. Assessment of a Novel Adult Mass-Rearing. Insects 
2020, 11, 801. 

59. Zheng, M.-L.; Zhang, D.-J.; Damiens, D.D.; Lees, R.S.; Gilles, J.R.L. Standard operating procedures for standardized mass rearing 
of the dengue and chikungunya vectors Aedes aegypti and Aedes albopictus (Diptera: Culicidae)—II—Egg storage and hatching. 
Parasites Vectors 2015, 8, 347. https://doi.org/10.1186/s13071-015-0951-x. 

60. Damiens, D.; Marquereau, L.; Lebon, C.; Le Goff, G.; Gaudillat, B.; Habchi-Hanriot, N.; Gouagna, L.C. Aedes albopictus adult 
medium mass rearing for sit program development. Insects 2019, 10, 246. https://doi.org/10.3390/insects10080246. 

61. Lees, R.S.; Ismail, H.M.; Logan, R.A.E.; Malone, D.; Davies, R.; Anthousi, A.; Adolfi, A.; Lycett, G.J.; Paine, M.J.I. New insecticide 
screening platforms indicate that Mitochondrial Complex I inhibitors are susceptible to cross-resistance by mosquito P450s that 
metabolise pyrethroids. Sci. Rep. 2020, 10, 16232. 

62. Hughes, A.; Lissenden, N.; Viana, M.; Toé, K.H.; Ranson, H. Anopheles gambiae populations from Burkina Faso show minimal 
delayed mortality after exposure to insecticide—treated nets. Parasites Vectors 2020, 13, 17. https://doi.org/10.1186/s13071-019-
3872-2. 

63. Viana, M.; Hughes, A.; Matthiopoulos, J.; Ranson, H.; Ferguson, H.M. Delayed mortality effects cut the malaria transmission 
potential of insecticide-resistant mosquitoes. Proc. Natl. Acad. Sci. USA 2016, 113, 8975–8980. 
https://doi.org/10.1073/pnas.1603431113. 

64. Tchakounte, A.; Tchouakui, M.; Mu-Chun, C.; Tchapga, W.; Kopia, E.; Soh, P.T.; Njiokou, F.; Riveron, J.M.; Wondji, C.S. 
Exposure to the insecticide-treated bednet PermaNet 2.0 reduces the longevity of the wild African malaria vector Anopheles 
funestus but GSTe2-resistant mosquitoes live longer. PLoS ONE 2019, 14, e0213949. https://doi.org/10.1371/journal.pone.0213949. 

65. Oxborough, R.M.; Seyoum, A.; Yihdego, Y.; Dabire, R.; Gnanguenon, V.; Wat’Senga, F.; Agossa, F.R.; Yohannes, G.; Coleman, 
S.; Samdi, L.M.; et al. Susceptibility testing of Anopheles malaria vectors with the neonicotinoid insecticide clothianidin; Results 
from 16 African countries, in preparation for indoor residual spraying with new insecticide formulations. Malar. J. 2019, 18, 264. 
https://doi.org/10.1186/s12936-019-2888-6. 

66. Innovation to Impact GLP Testing Sites Available online: https://innovationtoimpact.org/workstreams/laboratory-testing-
infrastructure/ (accessed on 3 June 2021). 

67. Rosilawati, R.; Ruziyatul Aznieda, A.; Roziah, A.; Ab Hamid, N.; Teh, C.H.; Siti-Futri, F.F.; Khairul Asuad, M.; Azahari, A.H.; 
Nurul Fatihah, M.; Muhamad Ariffin, M.; et al. Good laboratory practice-compliant bio-efficacy testing of repellent products 
against Aedes aegypti. Accredit. Qual. Assur. 2021, 26, 23–26. https://doi.org/10.1007/s00769-021-01455-x. 

68. Livdahl, T.P.; Sugihara, G. Non-linear interactions of populations and the importance of estimating per capita rates of change. 
J. Anim. Ecol. 1984, 53, 573–580. 

69. Lorenz, C.; Almeida, F.; Almeida-Lopes, F.; Louise, C.; Pereira, S.N.; Petersen, V.; Vidal, P.O.; Virginio, F.; Suesdek, L. Geometric 
morphometrics in mosquitoes: What has been measured? Infect. Genet. Evol. 2017, 54, 205–215. 
https://doi.org/10.1016/j.meegid.2017.06.029. 

70. Rund, S.S.C.; Hou, T.Y.; Ward, S.M.; Collins, F.H.; Duffield, G.E. Genome-wide profiling of diel and circadian gene expression 
in the malaria vector Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2011, 108, e421–e430. https://doi.org/10.1073/pnas.1100584108. 

71. Meireles-Filho, A.C.A.; Kyriacou, C.P. Circadian rhythms in insect disease vectors. Mem. Inst. Oswaldo Cruz 2013, 108, 48–58. 
https://doi.org/10.1590/0074-0276130438. 



Insects 2022, 13, 434 30 of 30 
 

 

72. Tainchum, K.; Ritthison, W.; Sathantriphop, S.; Tanasilchayakul, S.; Manguin, S.; Bangs, M.J.; Chareonviriyaphap, T. Influence 
of Time of Assay on Behavioral Responses of Laboratory and Field Populations Aedes aegypti and Culex quinquefasciatus (Diptera: 
Culicidae) to DEET. J. Med. Entomol. 2014, 51, 1227–1236. https://doi.org/10.1603/me14004. 

73. Schaefer, C.H.; Mulligan, F.S. Potential for resistance to pyriproxyfen: A promising new mosquito larvicide. J. Am. Mosq. Control 
Assoc. 1991, 7, 409–411. 

74. Prequalification Team—Vector Control PQT-VC Dossier Requirements. 2020; p. 3. Available online: 
https://extranet.who.int/pqweb/vector-control-products (accessed on 29 March 2022). 

75. Ranson, H.; Lissenden, N. Insecticide Resistance in African Anopheles Mosquitoes: A Worsening Situation that Needs Urgent 
Action to Maintain Malaria Control. Trends Parasitol. 2016, 32, 187–196. https://doi.org/10.1016/j.pt.2015.11.010. 

76. Mosha, J.F.; Kulkarni, M.A.; Messenger, L.A.; Rowland, M.; Matowo, N.; Pitt, C.; Lukole, E.; Taljaard, M.; Thickstun, C.; 
Manjurano, A.; et al. Protocol for a four parallel-arm, single-blind, cluster-randomised trial to assess the effectiveness of three 
types of dual active ingredient treated nets compared to pyrethroid-only long-lasting insecticidal nets to prevent malaria 
transmitted by pyrethroid insecticide-resistant vector mosquitoes in Tanzania. BMJ Open 2021, 11, 1–12. 
https://doi.org/10.1136/bmjopen-2020-046664. 

77. Accrombessi, M.; Cook, J.; Ngufor, C.; Sovi, A.; Dangbenon, E.; Yovogan, B.; Akpovi, H.; Hounto, A.; Thickstun, C.; Padonou, 
G.G.; et al. Assessing the efficacy of two dual-active ingredients long-lasting insecticidal nets for the control of malaria 
transmitted by pyrethroid-resistant vectors in Benin: Study protocol for a three-arm, single-blinded, parallel, cluster-
randomized controlled t. BMC Infect. Dis. 2021, 21, 194. https://doi.org/10.1186/s12879-021-05879-1. 

78. World Health Organization Prequalification Team—Vector Control PQT-VC. Product Review Report: Insecticide Treated Nets 
Formulated with Pyrethroid+PBO and Pyrethroid+2nd Active; WHO: Geneva, Switzerland, 2022. 

79. Centers for Disease Control and Prevention. Guideline for Evaluating Insecticide Resistance in Vectors Using the CDC Bottle 
Bioassay. CDC Methods. 2012. Available online: 
https://www.cdc.gov/malaria/resources/pdf/fsp/ir_manual/ir_cdc_bioassay_en.pdf (accessed on 29 March 2022). 

80. Lees, R. Strain Characterisation for Monitoring Durability of Bioefficacy in ITNs Treated with Two Active Ingredients (Dual-AI 
ITNs): Developing a Robust Protocol by Building Consensus. Preprint 2022. 2022030345. Available online: 
https://www.preprints.org/manuscript/202203.0345/v1 (accessed on 29 March 2022). 

81. Yeap, H.L.; Endersby, N.M.; Johnson, P.H.; Ritchie, S.A.; Hoffmann, A.A. Body Size and Wing Shape Measurements as Quality 
Indicators of Aedes aegypti Mosquitoes Destined for Field Release. Am. J. Trop. Med. Hyg. 2013, 891, 78. 


