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Abstract

Malaria vectors have developed resistance to all classes of insecticides that are used to target the adult mosquito to prevent parasite transmission. The number of resistant mosquito populations has increased dramatically in recent years, most likely as a result of the scale up of vector control activities, and the intensity of this resistance is increasing rapidly and compromising the performance of vector control tools. Bednets and indoor residual spray formulations containing alternative active ingredients have shown promise in field trials but are still several years away from implementation. As existing insecticides become less effective at killing mosquitoes in the countries with the highest burden of malaria, there is growing concern that the advances made in reducing malaria transmission will be eroded by insecticide resistance. The likelihood of this scenario, and strategies that may help mitigate against this, are reviewed below.


Use of insecticides in malaria control

Wide-scale implementation of tools to prevent malaria transmission by the mosquito vectors has achieved dramatic results across Africa. It is estimated that nearly half of the population at risk of malaria in Africa are protected by an insecticide treated nets (ITN) and approximately 7% live in houses that have received indoor residual spraying (IRS). The scale up in coverage with these preventative measures has contributed to an approximate halving of malaria mortality in Africa between 2000 and 2013 (WHO 2014a). Outside of Africa, the feeding patterns of malaria vectors mean that ITN’s are generally less effective and hence usage patterns are lower. IRS is reportedly used in over half of the countries in the Americas and Asia that have ongoing malaria transmission (WHO 2014a). 

Only pyrethroid insecticides are approved for bednet treatment and with hundreds of millions of ITNs in use today, this imposes a major selection pressure on mosquitoes. Until recently the majority of IRS programs were also reliant on this insecticide class although an increasing number of countries are switching to organophosphates (principally primiphos-methyl) or, in some cases carbamates (bendiocarb) in response to emerging pyrethroid resistance. The organochlorine, DDT, is also still used in some IRS programs in Africa and in India.

The emergence and spread of resistance

Pyrethroid resistance was first detected in African malaria vectors in Sudan in the 1970s and later in West Africa in the early 1990s (Brown 1986; Elissa et al. 1993). These early instances of resistance were likely selected for by exposure of mosquitoes to pyrethroids used to protect agricultural crops against insect damage and pyrethroid resistance remained relatively rare until the end of the twentieth century (Ranson and Lissenden, 2016). But in recent years reports of pyrethroid resistance in the major African malaria vectors have increased markedly and it is now becoming increasingly difficult to find a population of Anopheles gambiae s.l. that is fully susceptible to this insecticide class (Figure 1). Pyrethroid resistance is also widespread in Anopheles funestus in southern Africa and resistance has been detected in West and East African populations of this vector species (Riveron et al. 2013; Mulamba et al. 2014).  

DDT resistance is also prevalent across Africa. In An gambiae s.s. and An coluzzi cross resistance between DDT and pyrethroids, caused by alterations in the common target site of both insecticide classes, the voltage gated sodium channel (known as kdr mutations or alleles), is common (Donnelly et al. 2009). Kdr is less common in An arabiensis and absent in An funestus but metabolic resistance can confer DDT resistance in both these species (see below).  

Resistance to carbamates and organophosphates is also on the increase (Ranson and Lissenden 2016). Cross resistance between these insecticide classes can be caused by mutations in their shared target site. Of increasing concern is the emergence of mosquito populations that are resistant to all four classes of insecticide. This can arise when multiple resistance mechanisms are selected for in the same population [e.g., An gambiae and An coluzzi in West Africa containing multiple target site resistance alleles have been reported (Edi et al. 2012 ; Dabire et al. 2008; Essandoh et al. 2013)] or when a single resistance mechanism can cause resistance to multiple insecticide classes [e.g., elevated activity of enzymes that detoxify pyrethroids, DDT, organophosphates and/or carbamates (Edi et al. 2014; Mitchell et al. 2012)]. 

Resistance mechanisms

Understanding the genetic basis of insecticide resistance can help elucidate patterns of cross resistance, as described above, and also lead to field based diagnostics to track and manage resistance (Donnelly et al. 2015).  

Target site resistance: The best characterized resistance mechanisms are mutations in the insecticide target sites that reduce the binding of the toxicant. In An gambiae, two alternative substitutions in the same codon of the voltage gated sodium channel, the 1014F and 1014S kdr alleles, are now widely distributed across the continent (Donnelly et al. 2009;  Djegbe et al. 2011). An additional mutation (N1575Y) in the same target site gene is present in West Africa but is only found in mosquitoes that contain the 1014F kdr mutation (Jones et al 2012). In vitro binding studies have shown that the 1575Y allele alone does not confer pyrethroid resistance but it acts synergistically with 1014F to confer a stronger level of resistance in mosquitoes with this double mutation (Wang et al. 2015). This example highlights a common pattern in the emergence of resistance – the over layering of multiple resistance mutations, each of which serves to further increase the level of resistance of the individual to the toxicant.   

Carbamates and organophosphates both target the acetylcholine esterase (AchE) enzyme which is responsible for degrading the neurotransmitter acetylcholine in the nerve synapses. By inhibiting this enzyme, the insecticides cause a toxic level of actetylcholine to accumulate. A glycine to serine substitution in codon 119 of AchE is strongly associated with resistance to carbamates and/or organophosphates in some West African countries (Edi et al 2014.; Essandoh et al. 2013). The frequency of this mutation is increasing which is of great concern, particularly in areas where these insecticide classes are replacing pyrethroids for IRS. 

Metabolic resistance. Metabolic resistance refers to the ability of the mosquito to detoxify the insecticide before it reaches the target site. Several enzyme families have been implicated in insecticide detoxification (Li et al. 2007) but the two families most strongly associated with resistance in malaria vectors are the glutathione transferases (GSTs) and the cytochrome P450s. Over expression of, or amino acids substitutions in, the GSTE2 enzyme can confer DDT resistance in An gambiae and An funestus and molecular diagnostics have been used to demonstrate the association between genotype and phenotype at this locus (Ranson et al. 2001; Mitchell et al. 2014; Riveron et al. 2014).  

Increased expression of multiple cytochrome P450s have been associated with pyrethroid resistance. Several Anopheles P450 enzymes have been expressed in vitro and their ability to metabolize pyrethroids demonstrated, with some also metabolizing other insecticide classes (Mitchell et al. 2014; Muller et al. 2008; Edi et al. 2014). Nevertheless the genetic mechanism responsible for elevated P450 gene expression in mosquitoes has proved elusive so far. In An funestus, there is strong genetic evidence to implicate a mutation in a regulatory element in the vicinity of the CYP9P9 genes (Riveron et al. 2013) and thus it is hopeful that a molecular diagnostic for this resistance mechanism will be available soon. The situation is less clear in An gambiae s.l.  Although genetic mapping, transcriptomic studies and whole genome sequencing have identified several strong candidates for P450 mediated resistance, they have so far failed to coalesce on a single major locus controlling the over expression of P450s. This may indicate that P450 based resistance has emerged independently in multiple An gambiae populations with different enzymes responsible for resistance in separate populations.   Although the search for DNA markers for resistance continues (Donnelly et al. 2015), robust qPCR diagnostic tools to detect the major pyrethroid resistance associated P450s are now available.

Reduced penetration. Until recently, reduced penetration, sometimes referred to as cuticular resistance, was considered a minor, secondary resistance mechanism in mosquitoes. However, several indirect lines of evidence suggest this mechanism may be evolving in African malaria vectors. Measurements of the cuticle in An funestus and An. gambiae have found a significant thickening in pyrethroid resistant mosquitoes (Wood et al. 2010; Balabanidou et al, 2016) and a reduced uptake of pyrethroids has been demonstrated in a resistant An gambiae strain (Balabanidou et al, 2016). Multiple genes implicated in cuticular hydrocarbon synthesis have been found elevated in pyrethroid resistant strains of Anopheles arabiensis in Zanzibar (Jones et al. 2013) and An coluzzi in Burkina Faso (Toe et al. 2015). Both these populations have very high pyrethroid resistance phenotypes which cannot be attributed to other known resistance mechanisms alone. Two cytochrome P450s genes (CYP4G16 and CYP4G17) are elevated in these populations but these P450s do not metabolize insecticides. Instead CYP4G16, and its orthologue in Drosophila melanogaster CYP4G1, catalyzes a critical step in the production of CHCs (Qiu et al. 2012; Balabanidou et al, 2016). Finally, several members of the ABC transporter family belonging to a subfamily that, in other insects, has been implicated in transport of lipids to the cuticle are elevated in insecticide resistant populations of An gambiae (Broehan et al. 2013; Jones et al. 2013). Ongoing work measuring insecticide uptake rates and cuticle composition will hopefully clarify the importance of reduced penetration in insecticide resistance in malaria vectors.

Behavioral resistance. Increased use of insecticides in the domestic environment may be selecting for genetic changes in the behavior of malaria vectors that increase the rates of outdoor feeding and/or resting, making them less amenable to control by ITNs or IRS. Outdoor transmission is a major obstacle to effective vector control in South East Asia and South America (Santos et al. 2009; Gryseels et al. 2015). In Africa, outdoor transmission has previously been thought to account for only a very small percentage of malaria cases and it is clear that, even in countries which have had sustained coverage with ITNS over many years, the majority of malaria transmission still occurs indoors (Bayoh et al. 2014). However, if African malaria vectors do change their behavior as a result of intensive indoor use of insecticide the implications for malaria control could be catastrophic (Gatton et al. 2014; WHO 2014b). This is clearly something that needs careful monitoring.

Limitations in insecticide resistance monitoring

Understanding the extent and magnitude of resistance in the local vector population is an essential requirement for the design and implementation of effective resistance management strategies. Yet, less than half the 96 countries reporting the use of ITNs and IRS for malaria control, were able to produce any data on resistance for the previous year (WHO 2014a), suggesting monitoring is intermittent at best. However, before criticizing programs for the lack of data on resistance, it is worth reflecting on the utility of the data routinely collected for evidence based decision making in malaria control.

The vast majority of insecticide resistance monitoring, including the data in the map in Figure 1, relies entirely on the use of discriminating dose bioassays using World Health Organization tube assays or, in a small number of cases, CDC bottle bioassays. Data are reported as percentage mortality and a threshold of less than 90 % mortality is used to define resistance (WHO 2013). This standardized methodology is useful for tracking the spread of resistance but does not provide information on the strength of this resistance or its impact. It is not uncommon to find close to zero mortality after exposure of the main African malaria vectors, An gambiae or An funestus, to the discriminating dose of pyrethroids but simply collating data on the prevalence of resistance may mask important changes in the strength of this resistance.  For example, three years of monitoring insecticide resistance in An gambiae from Vallé de Kou, in Southwest Burkina Faso using discriminating dose assays showed no significant difference in percentage mortality between the years but when a more quantitative measure was used to assess the strength of this resistance, resistance was found to have increased 10 x in a single year (Toe et al. 2014).

Several bioassays that measure the strength of resistance have been described and are compared in a recent publication (Bagi et al. 2015). A consensus on the most suitable methodology would facilitate geographic comparisons and also aid evaluations of the efficacy of resistance management strategies. However, measuring the intensity of resistance is only the first step. As discussed below, agreement is also needed on what level of resistance has an operational impact. In the agricultural sector, definitions of operationally significant resistance are often related to the field dose of insecticide by dividing the insecticide concentration required to achieve 50% mortality (LC50) by the field dose (Zimmer and Nauen 2011). This is not so straightforward in vector control as formulation issues can have a major impact on the bioavailability of insecticide making the field dose difficult to determine. Furthermore, as discussed below, to assess the public health impact of resistance, we are not only interested in whether or not a mosquito survives exposure to insecticide, but also how this exposure impacts the vectorial capacity.   The disconnect between the data generated by resistance monitoring and the data needed to assess the impact of this resistance on malaria control activities must be addressed if this information is going to be used to drive decision making.  
Impact of resistance on vector control

The data shown in Figure 1 provide a snapshot of the location of known pyrethroid resistant malaria vectors in Africa. From the limited number of studies assessing the strength of resistance it is clear that pyrethroid resistance levels have reached extremely high levels in some sites, with LC50s 100’s or even 1000 –fold higher than standard laboratory susceptible strains being reported (Edi et al. 2012; Mawejje et al. 2013; Toe et al. 2014).  However, the evidence for the impact of this resistance on current control activities is less clear. Part of the reasons for this uncertainty are methodological.  As discussed above, the use of discriminating dose assays, which bear no resemblance to the application rates and measure resistance prevalence rather than intensity makes correlations between bioassays and control failure difficult to infer.  Inclusion of cone bioassays, in which mosquitoes are exposed directly to a sprayed surface or an ITN can partially help fill these gaps and several studies have now shown that the level of resistance in the field is sufficient to compromise the performance of currently available ITNs (Ochomo et al, 2013; Toe et al, 2014).  It is important that these cone bioassays are not just performed on freshly sprayed surfaces or new ITNs as the public health impact of resistance is most likely to manifest itself as insecticide rates decay (Churcher et al, 2016).  Studies in Burkina Faso and Kenya both found ITNs that had been in use for a year or more in the field were much less effective at killing resistant mosquitoes than new nets. (Toe et al, 2014; Wanjala et al, 2015). 

Experimental hut studies have been used to demonstrate reduced personal protection from ITNs in areas of resistance.  One of the first such studies was conducted in Benin, in an era when the malaria vectors in the North of the country were still fully susceptible to insecticides but in the South the majority of the vectors were resistant to pyrethroids.  Using experimental huts containing volunteers sleeping under holed nets, the study found that ITNs reduced blood-feeding by 96% at the Northern site with susceptible vectors, but had almost no impact in the Southern site with high levels of pyrethroid resistance (N'Guessan et al. 2007).  Furthermore the mortality of mosquitoes entering huts at the susceptible site was nearly three times as high as that at the site with high levels of pyrethroid resistance.  This was followed up with household studies in 2007 which showed that sleeping under an ITN was no more protective than sleeping under an untreated net in areas with high pyrethroid resistance (Asidi et al. 2012).  

It is important to remember that ITNs work by providing both personal protection to users and community protection to non ITN users and, assuming the ITNs are of good physical quality, it is the latter effect that is most likely to be reduced as resistance increases (Thomas and Read, 2016).  Experimental hut studies can measure how personal protection is impacted by resistance (see, for example Strode et al, 2014) but modeling approaches are needed to extrapolate from this to assess the public health impact of resistance on the entire community.  Using a meta analysis of experimental hut data and a mathematical model of malaria transmission Churcher found that personal protection remained substantial until pyrethroid resistance reached high levels in the population however, the community protection dissipated much more rapidly as resistance increased (Churcher et al, 2016).  Although ITN use has increased greatly in recent years, most countries are still a long way from universal coverage and use of ITNs.   It is therefore critical that the impact of resistance on both ITN used and non-users is considered when measuring the public health impact of resistance.   
 
In addition, it is important that models of malaria transmission also consider other possible impacts of the resistance phenotype, the majority of which are woefully under studied.   Most assays record mortality 24-hour post exposure as the end point; there is very little data on the long-term impact on the mosquito after surviving exposure to insecticides.  Yet to quantify the public health impact of insecticide resistance it is necessary to measure the impact of resistance on all traits that impact the ability of the mosquito to transmit the parasite.  As an example, a recent laboratory study found that exposure to ITNs reduced the mean lifespan of adult mosquitoes. Including this delayed mortality in models of malaria transmission suggested that ITNs would still dramatically reduce the malaria transmission potential even in areas where the  mosquito population was largely resistant to the immediate killing effect of the pyrethroids (Viana et al, 2016).  Furthermore it is already established that older mosquitoes are less resistant then their younger counterparts (on which bioassays are routinely conducted). If resistance declines with mosquito age, to the extent that mosquitoes old enough to transmit malaria are still killed by field doses of insecticide, the impact of resistance will again be diminished (Jones et al 2012; Lines and Nassor 1991).  Other studies have found that exposure of insecticide resistant mosquitoes to ITNs reduces the likelihood of parasite development (Kristan et al, 2016).  These are all important parameters that must be investigated and quantified.  However it is already abundantly clear that, although these factors may possibly reduce the impact of resistance, they will not remove the threat altogether. In Kenya (Ochomo et al. 2013) and Benin (Gnanguenon et al. 2013) mosquitoes with fully developed sporozoites have been found resting inside ITNs, clearly unperturbed by the presence of the insecticide.

The epidemiological impact of resistance will be influenced by a large number of non-vector factors (e.g. efficacy of case management approaches, drug resistance, etc.). Thus, it is complex to attribute an effect directly to insecticide resistance, and even harder to extrapolate between different ecological settings. Longitudinal studies, with accurate records of malaria transmission and resistance levels, afford one of the best chance of demonstrating the impact of resistance. The most widely cited evidence for the impact of resistance comes from such a study in KwaZulu Natal which demonstrated a correlation between the emergence of pyrethroid resistance and a spike in malaria cases, which was later contained by the reintroduction of DDT (Barnes et al. 2005). More recently a similar conclusion was reached in Senegal, where reduction in ITN efficacy was attributed to resistance, although the absence of longitudinal resistance data makes this conclusion difficult to validate (Trape et al. 2011). Unfortunately, the opportunity for initiating new studies of this nature, at least for pyrethroid resistance in Africa, may have passed, unless good historical data sets already exist.

Indirect evidence that insecticide resistance is impacting on malaria transmission can be obtained from retrospective analysis in countries that have changed insecticide class in IRS programs (usually either in response to reports of resistance or increases in malaria cases) and seen an improvement in control. As an example, DDT and pyrethroids were being used for IRS in Uganda, despite the known presence of resistance. When these insecticides were replaced with bendiocarb, a marked improvement in slide positivity rates was observed (Kigozi et al. 2012). Similarly, in Ghana, pyrethroid resistance triggered a switch to use of the organophosphate insecticide Actellic (primiphos-methyl) for IRS which was associated with a noticeable impact on key indicators (Figure 2) (PMI 2015).
Resistance management strategies

Although there are many challenges to definitively linking insecticide resistance with increased malaria transmission most stakeholders remain in no doubt that if the selection pressure on malaria mosquitoes is allowed to continue unchecked, resistance will eventually result in the failure of existing tools. In 2012 WHO published the Global Plan for Insecticide Resistance Management (GPIRM) (WHO 2012). This document outlined a number of strategies designed to prevent this scenario becoming a reality and provided guidelines to vector control programmes on how best to respond to the presence of resistance.

Resistance management strategies for programmes reliant on ITNs are clearly very limited given that WHO recommend universal coverage with bednets (WHO 2014c) and yet there are currently no alternative insecticides to pyrethroids for net impregnation, Some net manufacturers have introduced new nets to the market that contain pyrethroids plus the synergist piperonyl butoxide (PBO): PermaNet 3.0, is a mosaic long lasting insecticide treated net with PBO on the roof of the net and deltamethrin on the sides, whilst Olyset Plus has PBO and permethrin combined throughout the net. Both of these ITNs have interim approval from the WHO pesticide evaluation scheme (WHOPEs) as conventional LLINs and the Vector Control Advisory Group (VCAG) have supported the PermaNet 3.0 manufacturers’ claim that this net has increased bioefficacy against mosquitoes that have developed metabolic resistance to insecticides (WHO 2014c). Despite this, these LLINs are not in widespread use against resistant populations and instead WHO recommends pilot implementations only (WHO, 2015a).

Bednets containing alternative insecticides with new modes of action that differ to the currently available adulticides are under evaluation in the field. Interceptor G2, from BASF, contains the slow acting insecticide chlorfenapyr and the pyrethroid alphacypermethrin and is currently being reviewed by WHOPEs (WHO 2015b). Olyset Duo, from Sumitomo Chemicals Ltd, contains permethrin and an insect growth regulator, pyriproxifen. This is also undergoing WHOPEs evaluation and, as the idea of sterilizing the resistant mosquitoes that survive contact with the bi-treated net, is a novel paradigm, this net is being evaluated in a clinical trial in Burkina Faso (Tiono et al. 2015). It is anticipated that one or both of these new nets with novel modes of action will be on the market by 2017-2018.

For malaria control programmes using IRS, it should theoretically be possible to manage insecticide resistance by careful pre-planned rotation of insecticide classes with different modes of action (i.e., alternating between DDT or pyrethroids and carbamates or organophosphates). This can be effective if implemented in a proactive manner to prevent the emergence of resistance. However, in reality, rotation of insecticide class is usually triggered by reports of resistance or perceived failures of the current product (e.g., increases in malaria cases, increased reports of mosquitoes inside homes). If resistance to one or more classes of insecticide to be used in rotation has already developed, effective resistance management will only be achieved if resistance has a fitness cost. In the worst case scenario, the end result may be a more rapid selection of resistance to both chemicals. Little is known about the fitness costs of different resistance mechanisms in mosquitoes and this raises questions over the long-term efficacy of current IRM strategies. Furthermore, simply changing insecticide class may not be sufficient to relieve the selection pressure on the mosquito. Three of the four insecticide classes used in public health are widely used in agriculture and hence mosquitoes may be continually exposed to low doses of these chemicals even if their use in vector control is suspended. For programs including pyrethroids in their IRS rotations, the reality of continued selection pressure from ITNs and the use of coils and pyrethroid based repellents and aerosols must be factored in. Finally, the possibility that increased expression of a single enzyme could render three or more insecticide classes obsolete is obviously a major impediment to even the best-planned IRM strategies.

As with ITNs, new products for IRS are under development. However, in order for these to be implemented in the timeframe necessary to prevent resistance from derailing malaria control, a more coordinated approach to their evaluation, regulation and to the production of guidelines on when and where they should be deployed is essential (Hemingway et al. 2015). 

Future perspectives

It is vital that the lessons learnt from the current resistance crisis are used to inform future insecticide development and deployment. This will be dependent on the coordinated action of a wide range of stakeholders (Hemingway et al, 2015) and will also require brave decisions to be made to ensure the stewardship of these new products. The introduction of a single new insecticide into the market place would provide a very short-term solution and inevitably lead to the same issues now being faced with pyrethroid resistance. Selection pressure might be reduced if this product was not widely used in agriculture but, if this new insecticide met the desired criteria (reviewed in Vontas et al. 2014) it would likely be used at scale very rapidly, exerting intense selection pressure on mosquito populations. Resistance management strategies, including plans for monitoring, recording and sharing data on resistance evolution, must be planned from the outset and should be evidence based.

Concluding Remarks

With resistance to one or more insecticides in African malaria vectors now becoming the norm, rather than the exception it is time to switch the emphasis from simply describing the problem to providing effective, practical solutions. This includes revisiting the way we monitor for resistance to provide information that is of more direct value to implementers and funders, providing a more robust set of evidence on the current and projected impact of resistance to aid in planning and budgeting malaria control activities, evaluating current options to tackle resistance, and finally synthesizing lessons learnt to develop guidelines for the effective stewardship of new insecticide products as they are introduced into the market. It may be too late to preserve the pyrethroids for future generations but now is the time to start planning evidence based insecticide resistance management strategies for new public health insecticides.
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Figure Legends

Figure 1: Pyrethroid resistance in malaria vectors. Flags indicate mortality in WHO bioassays (red <90 % mortality, orange 90- 97 % mortality, green,> 97 % mortality) Data shown are from 2011 to 2016. Source: IR Mapper (www.irmapper.com) Sept 2016


Figure 2:  Improvement in Malaria Indicators in Bunkpurugu-Yunyoo, Ghana between 2010-2013 after a switch in insecticide class from pyrethroids to carbamates for indoor residual spraying (source President's Malaria Initiative. 2015. Ghana Malaria Operational Plan FY 2015).
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Figure 2

% RTD positive	2010 (Pre-IRS)	2011 (Pyrethroids)	2012 (Pyrethroids)	2013 (Organophosphates)	69.900000000000006	70.400000000000006	66	28.8	% Children with fever	69.400000000000006	59	43.9	22.1	% Children with asexual parasitemia	52.4	50	47.7	20.059999999999999	% Children with anemia (Hb	<	11g/dl)	77.7	72.5	67.8	48.3	Entomological Innoculation Rate in district (bites/person/night)	0.35	0.13	0.02	0.02	Parity (% of mosquitoes that were pregnant)	74.5	66.5	48.6	32.4	
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