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Abstract

Background: Millions of pyrethroid LLINs have been distributed in Mali during the past 20 years which, along with
agricultural use, has increased the selection pressure on malaria vector populations. This study investigated
pyrethroid resistance intensity and susceptible status of malaria vectors to alternative insecticides to guide
choice of insecticides for LLINs and IRS for effective control of malaria vectors.

Methods: For 3 years between 2016 and 2018, susceptibility testing was conducted annually in 14-16 sites
covering southern and central Mali. Anopheles gambiae s.l. were collected from larval sites and adult mosquitoes
exposed in WHO tube tests to diagnostic doses of bendiocarb (0.1%) and pirimiphos-methyl (0.25%). Resistance
intensity tests were conducted using CDC bottle bioassays (2016-17) and WHO tube tests (2018) at 1x, 2x, 5x,
and 10x% the diagnostic concentration of permethrin, deltamethrin and alpha-cypermethrin. WHO tube tests were
conducted with pre-exposure to the synergist PBO followed by permethrin or deltamethrin. Chlorfenapyr was
tested in CDC bottle bioassays at 100ug active ingredient per bottle and clothianidin at 2% in WHO tube tests.
PCR was performed to identify species within the An. gambiae complex.

Results: In all sites An. gambiae s.I. showed high intensity resistance to permethrin and deltamethrin in CDC
bottle bioassay tests in 2016 and 2017. In 2018, WHO intensity tests resulted in survivors at all sites for
permethrin, deltamethrin and alpha-cypermethrin when tested at 10x the diagnostic dose. Across all sites mean
mortality was 33.7% with permethrin (0.75%) compared with 71.8% when pre-exposed to PBO (4%), representing a
2.13 fold increase in mortality. A similar trend was recorded for deltamethrin. There was susceptibility to
pirimiphos-methyl, chlorfenapyr and clothianidin in all surveyed sites, including current IRS sites in Mopti Region.
An. coluzzii was the primary species in 4 of 6 regions.

Conclusions: Widespread high intensity pyrethroid resistance was recorded during 2016-18 and is likely to
compromise the effectiveness of pyrethroid LLINs in Mali. PBO or chilrofenapyr LLINs should provide improved
control of An. gambiaes.l. Clothianidin and pirimiphos-methyl insecticides are currently being used for IRS as
part of a rotation strategy based on susceptibility being confirmed in this study.

Background

Malaria remains an important disease in Mali, with the Demographic and Health Indicator Survey (DHIS) of 2018
estimating the prevalence in children aged 6-59 months to be highest in the regions of Sikasso (30%), Segou
(26%), Mopti (25%) and Koulikoro (22%); with Bamako having the lowest prevalence (1%) [1]. The Mali National
Malaria Control Program (NMCP) relies on two forms of malaria vector control; namely nationwide distribution of
long-lasting insecticidal nets (LLINs) and targeted indoor residual spraying (IRS). Since 2004, efforts have been
made by the Mali NMCP, supported by donors including the U.S. President’s Malaria Initiative (PMI) and The
Global Fund, to reach universal coverage of LLINs (1 net for every 2 people) throughout the country[2]. Millions of
pyrethroid LLINs have been distributed in Mali during the past 20 years which, along with agricultural use of
pyrethroids, has increased the selection pressure on malaria vector populations. Mass LLIN distribution
campaigns are conducted on a staggered basis at the regional level approximately every three years, with recent
mass campaigns that took place in Kayes and Mopti regions in 2017 and Koulikoro and Sikasso regions in 2018.
In addition, since 2006 the NMCP has supported free distribution of LLINs to pregnant women during antenatal
care and children following vaccination [2]. In 2018 LLIN usage in Southern and Central Mali was relatively high,
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with an average of 2.1 (Bamako) to 2.9 (Mopti) LLINs per household, meaning that 39% (Bamako) to 59.3%
(Koulikoro) of households had at least 1 LLIN for every 2 people [1].

PMI Indoor Residual Spraying (IRS) was conducted annually in selected high malaria burden districts, covering
between100,000 to 250,000 houses, since 2008. . A pyrethroid insecticide (lambda-cyhalothrin) was used for IRS
for three years from 2008-2011, in Bla and Koulikoro districts, with the addition of Baroueli district in 2011.
Following the detection of pyrethroid resistance, a carbamate insecticide (bendiocarb WP), was sprayed for 4
years (2011-2014). Wagman et al,,2018 showed that during 2012-2014, rapid reductions in malaria incidence
were observed during the 6 months following each IRS campaign in Segou Region, with an estimated 286,745
total fewer cases of all-age malaria observed in IRS districts [3].

Between 2014 and 2018 a long-lasting organophosphate formulation was sprayed (pirimiphos-methyl CS)
annually. According to the Malaria Indicator Survey of 2015, the incidence of malaria in the Mopti region was
twice that of the national average [4]. Therefore, IRS operations were relocated to 4 districts (Djenné, Mopti,
Bandiagara and Bankass) of Mopti Region where an organophosphate in 2017, and an organophosphate and
neonicotinoid were sprayed in 2018.

While the efficacy of LLINs [5] and IRS [6] in reducing malaria transmission is proven beyond doubt, insecticide
resistance seriously threatens to jeopardize vector control efforts [7, 8]. A previous study by Cissé et al. in 2012
showed widespread pyrethroid resistance in Anopheles gambiae s.l., the main malaria vector complex in Mali [9].
It is therefore important to regularly monitor the susceptibility level of malaria vectors to insecticides used for
vector control to help guide national decision making. This study was performed in Mali for 3 years between 2016
and 2018 in 16 sites nationwide, with the primary aim being to update information on the susceptibility status of
An. gambiae s.l. to pyrethroid, carbamate, organophosphate, neonicotinoid and pyrolle insecticides that can be
used for malaria control. Additionally, the intensity of resistance to pyrethoids that are used on LLINs and the
response to the synergist piperonyl butoxide (PBO) was determined.

Methods

Study area

The study was conducted in 2016 and 2017 in 16 monitoring sites located within 6 regions covering Southern
and Central Mali. In 2018, tests were conducted in 14 sites, with no testing conducted in Fana and Baroueli. No
testing was conducted in Northern Mali (Gao, Kidal and Timbuktu regions) due to security concerns. These 16
sites were selected for various reasons, including selection pressure from agriculture and public health vector
control (Table 1) and previous use by NMCP for resistance monitoring. By using the same sites annually,
resistance trends to insecticides in mosquitoes could be monitored over time. Geographical locations of the 16
sites are shown in Figure 1.

Mosquito larvae collections and rearing

Larval collections of An. gambiae s.|. were conducted annually in the monitoring sites in 2016, 2017 and 2018
from July to October (during the rainy season). Mosquito larvae and pupae were sorted by genus and brought
back to the field insectary for rearing into adult mosquitoes. After emerging into adults, mosquitoes were
identified to species and only An. gambiaes.l. were tested.

Page 4/24



CDC Bottle bioassays

In 2016 and 2017, pyrethroid resistance intensity was determined using Centers for Disease Control and
Prevention (CDC) bottle bioassays, which involved coating 250ml glass bottles with 1x, 2%, 5% and 10x the
diagnostic concentration of permethrin (21.5, 43, 107.5 and 215pug active ingredient (ai)/bottle) and deltamethrin
(12.5, 25, 62.5, 125ug ai/bottle) [10, 11]. For all bottle bioassay tests, a mouth aspirator was used to introduce 20-
25 female An. gambiaes.l. aged 3 to 5 days into each bottle, with four bottles tested per insecticide dose. In 2018,
a comparison of CDC bottle bioassay and World Health Organization (WHO) tube test for pyrethroid intensity was
conducted in two sites using permethrin and deltamethrin.

Chlorfenapyr susceptibility was determined using bottles treated with 100ug ai/ml. At the time of testing there
was no published guidance regarding chlorfenapyr susceptibility procedures or diagnostic concentrations, while
work coordinated by WHO was ongoing to develop a suitable procedure. The dose of 100ug ai/ml was used as an
interim diagnostic concentration based on unpublished data shared between the manufacturer, BASF, PMI and
CDC. Wild-caught An. gambiae s.l. from Djenné, Mopti, Bandiagara and Bankass were tested for susceptibility to
chlorfenapyr. Testing was conducted simultaneously with a susceptible insectary strain (An. coluzzii Yaoundé).

A bottle coated with Tml acetone was used as a control. Vials of permethrin and deltamethrin technical grade
active ingredient (TGAI) were provided by CDC at pre-measured concentrations for intensity tests. A vial of
chlorfenapyr TGAI was provided by BASF. The diagnostic time was 30 minutes for pyrethroids, based on CDC
guidelines [12]. Chlorfenapyr tests were conducted for the diagnostic time of 60 minutes, with mortality recorded
every 24h for 72h.

WHO susceptibility tube tests

In 2018, pyrethroid resistance intensity was assessed using WHO tube tests with 1%, 5% and 10x the diagnostic
concentration of alpha-cypermethrin (0.05%, 0.25%, 0.5%), permethrin (0.75%, 3.75% and 7.5%) and deltamethrin
(0.05%, 0.25%, 0.5%). Synergist assays were also conducted by pre-exposing mosquitoes to WHO papers treated
with piperonyl butoxide (PBO) (4%) for 60 minutes before being immediately transferred by mouth aspirator to a
different WHO tube with a pyrethroid treated paper (alpha-cypermethrin (0.05%), permethrin (0.75%), or
deltamethrin (0.05%)) for a further 60 minutes [13]. WHO tube tests were also performed to determine
susceptibility status to bendiocarb (0.1%) and pirimiphos-methyl (0.25%) in 2016, 2017 and 2018.

At the time of testing there was no published guidance regarding clothianidin susceptibility procedures or
diagnostic concentrations, while work coordinated by WHO was ongoing to develop a suitable protocol.
Therefore, an interim protocol was developed for impregnating filter papers for tube tests. The clothianidin
dosage was determined based on internal testing conducted by the manufacturer, Sumitomo Chemical Company
(SCC), which showed that 1% clothianidin active ingredient provided 100% mortality against five insectary strains
of An. gambiae and An. arabiensis [14]. The diagnostic dose was set at 2% weight/volume (w/v) SumiShield™
50WG (i.e. twice the minimum dose that killed 100%), with distilled water used as a solvent. Clothianidin tests
were conducted using filter papers prepared in Mali. A solution was prepared using 264 mg SumiShield™ 50WG
dissolved in 20ml distilled water. Whatman® No.1 filter papers were treated using a pipette to dispense 2ml of
solution on each 12 by 15cm filter paper, resulting in a concentration of 13.2 mg/ai clothianidin per paper.
Clothianidin susceptibility testing was conducted in 2018 in four locations where IRS was conducted, namely
Djenné, Mopti, Bandiagara and, Bankass (all in Mopti region).
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In all tests four batches of 20-25 non blood-fed female An. gambiae s.l. adults (field collected as larvae) aged 3 to
5 days were used for the tube tests according to WHO protocols [13]. All insecticide impregnated papers (except
for clothianidin, which was prepared in situ) were prepared by the WHO collaborating center, Universiti Sains,
Malaysia. Knock-down was recorded at the end of the exposure period at 60 minutes. Mosquitoes were
transferred into untreated observation tubes and provided with cotton wool soaked with 10% sugar solution.
Mortality was recorded 24h after exposure for all insecticides, except clothianidin, which was recorded daily for
up to 5 days, in order to record any delayed mortality effects.

Molecular species identification and detection of pyrethroid resistance alleles

In 2017 and 2018, approximately 50 female An. gambiae s.|. from each site were randomly chosen after CDC
bottle bioassay (2017) and WHO tube test (2018), and were analyzed by PCR for species identification according
to the protocol described by Santolamazza et al., 2008 [15]. This method distinguishes between An. gambiae, An.
coluzziiand An. arabiensis (members of the An. gambiae s.|. species complex). Using the same mosquitoes, the
frequency of the voltage-gated sodium channel (vgsc)1014F (previously kdrwest) and 1014S (previously kdr
east) mutations was estimated according to the protocols of Martinez-Torrez [16] and Ranson [17].

Data analysis and interpretation
Resistance status of each site was determined according to the WHO criteria [13]:

* Low resistance intensity: mortality <90% at 1x diagnostic dose and between 98-100% at 5x dose.
e Moderate resistance intensity: mortality <98% at the 5x dose but between 98-100% at the 10x dose.

* High resistance intensity: mortality <98% at the 10x dose.
The frequency of resistance mutations (vgsc1014F,1014S) was determined using the formula:
F= [(2RR+ RS)] / [2(RR+RS+SS)].

Comparison was made between mortality rates with and without PBO pre-exposure using the Chi-squared test as
described by Campbell and Richardson [18, 19][16, 17]. The same methodology was used for comparison of WHO
tube tests and CDC bottle bioassays in Niono and Koulikoro.

Results

An. gambiae s.l. intensity of resistance to permethrin and deltamethrin in CDC bottle bioassays in 2016 and 2017

Figure 2 shows mortality rates of An. gambiaes.|. following 30 minutes exposure to permethrin 10x (215ug
ai/bottle) and figure 3 for deltamethrin 10x (125ug (ai)/bottle). More data are provided showing results of 1x, 2x
and 5x as a supplementary file (Table 1). In all sites An. gambiae s.|. showed high intensity resistance to
permethrin and deltamethrin in 2016 and 2017. Overall, mortality rates to permethrin 10x ranged from 28% to
93% in 2016 and from 35% to 85% in 2017 (Figure 2). With deltamethrin 10x, mortality rates varied from 53% to
91% in 2016 and from 72% to 97% in 2017 (Figure 3). Mean trends showed there may have been a slight increase
in permethrin resistance intensity in 2017 compared to 2016, but for deltamethrin trends were similar in 2016 and
2017.
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An. gambiae s.l. intensity of resistance to alpha-cypermethrin, permethrin and deltamethrin in WHO tube tests in
2018.

Figures 4, 5 and 6 show resistance intensity results for An. gambiae s.|. against alpha-cypermethrin, permethrin,
and deltamethrin at 1x, 5x and 10x the WHO diagnostic concentration. High intensity resistance was recorded in
all sites to alpha-cypermethrin (mortality <98% at 10x dose) (Figure 4). The mean % mortality across all sites for
alpha-cypermethrin was 24.8% at 1x, 56.9% at 5x and 79.2% at 10x.

Resistance intensity was also high at all sites to permethrin and deltamethrin (Figures 5 and 6). The mean %
mortality across all sites for permethrin was 33.6% at 1x, 76.9% at 5x and 90.9% at 10x. For deltamethrin the
mean % mortality was 49.2% at 1x, 80.9% at 5x and 93.5% at 10x. Crude mortality was <98% in all sites,
indicating high intensity resistance..

Synergist assays using piperonyl-butoxide (PBO) and pyrethroids

Results in Figures 7a and 7b show that overexpression of mixed function oxidases (MFOs) is an important
resistance mechanism in Mali, as shown by significantly greater mortality rates after PBO pre-exposure. Figure 7a
shows that pre-exposure to PBO resulted in significantly greater mortality than for permethrin alone, in 13 of 14
sites (P<0.05), with Koulikoro the only site where there was no apparent response to PBO. Across all sites mean
mortality was 33.7% with permethrin compared with 71.8% when pre-exposed to PBO, representing a 2.13 fold
increase in mortality (P<0.0001).

Figure 7b shows that for all 14 sites there was a significant increase in mortality caused by deltamethrin
following PBO pre-exposure. Although significantly increased mortality rates were obtained in nearly all sites for
both insecticides after pre-exposure of An. gambiaes.|. to PBO, susceptibility was not fully restored in any sites.
Mortality levels did increase to >90% in two sites with PBO + permethrin (Bamako and Bla) and four sites (Niono,
Bougouni, Bankass and Bamako) with PBO + deltamethrin. Across all sites mean mortality was 48.2% with
deltamethrin compared with 81.3% when pre-exposed to PBO, representing a 1.69 fold increase in mortality
(P<0.0001).

Susceptibility of An. gambiae s.l. to pirimiphos-methyl (0.25%) in WHO susceptibility tube tests in 2016, 2017and
2018

In all years, susceptibility (mortality rate =98%) to pirimiphos-methyl (0.25%) was observed in all sites where
pirimiphos-methyl CS has previously been sprayed for malaria control, including Koulikoro, Baroueli, Djenné,
Bandiagara and Bankass. Susceptibility was also recorded in all other sites, except for Selingue, where possible
resistance was noted in 2018 (96.7% mortality) (Table 2: supplementary file).

Susceptibility of An. gambiae s.l. to bendiocarb (0.1%) in WHO susceptibility tube tests in 2016, 2017and 2018

In 2016, susceptibility (mortality rate =98%) was obtained with bendiocarb (0.1%) in all sites except for Niono
(95%) and Bougouni (92%), where possible resistance was observed. In 2017, susceptibility was observed in 5
sites (Fana, Koulikoro, Bla, Djenné and Bankass), with possible resistance (90-97% mortality) in 4 sites (Kita, Kati,
Bamako and Bandiagara) and resistance (<90%) in 3 sites (Barouéli, Sélingué and Bougouni). In 2018,
susceptibility was noted in all 6 sites where testing was conducted (Bla, Selingue, Bougouni, Djenné, Bandiagara
and Bankass). Mortality rates to bendiocarb in the surveyed sites are summarized in Table 3: supplementary file.
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Susceptibility of An. gambiae s.l. to chlorfenapyr (100 pg ai/bottle) in CDC bottle bioassays

Figure 8 displays mortality rates obtained 24, 48 and 72 hours after exposing An. gambiae s.l. from Djenné,
Mopti, Bandiagara and Bankass to chlorfenapyr at 100ug ai/bottle in 2017. After 48 hours, susceptibility
(mortality rate = 98 percent) with both field and insectary An. coluzzii Yaoundé (susceptible insectary strain) was
determined at all sites, except Bandiagara which reached 98% at 72 hours.

Susceptibility of An. gambiae s.|. to clothianidin (2%) in WHO susceptibility tube tests in 2018

Figure 9 shows mortality rates following exposure to clothianidin 2% of An. gambiae s.I. (collected as larvae)
from four IRS sites (Djenné, Mopti, Bandiagara and Bankass). Parallel tests were done with the same papers
using the susceptible insectary strain of An. coluzzii Yaoundé. Twenty-four hours after exposure, mortality rates
were 90% for the insectary strain and between 44-90% for wild An. gambiae s.|. For the insectary strain, 99%
mortality was observed three days after exposure, with mortality rates slightly lower for wild An. gambiaes.l. One
hundred percent mortality was recorded for insectary and wild An. gambiae s.|., five days after exposure,
indicating susceptibility to clothianidin in all four IRS sites. Mortality rates in negative controls were low and
varied from 0% to 10% after five days.

Comparison of CDC bottle bioassays and WHO susceptibility tube tests for determining pyrethroid resistance
intensity

Figure 10 shows percentage mortality of An. gambiae s.l. to permethrin (a) and deltamethrin (b) at doses of 1x,
2x, 5x and 10x the diagnostic concentration, using both bottle bioassays (30 minutes mortality) and WHO
susceptibility tube tests (24h mortality) in Koulikoro and Niono in 2018. Both methods indicate high intensity
pyrethroid resistance in Koulikoro and Niono (mortality <98% at 10x). Testing conducted in Niono consistently
produced higher mortality rates for both permethrin and deltamethrin with WHO tube tests as compared to CDC
bottle bioassays at all doses (p<0.05). In Koulikoro the 5x and 10x doses of permethrin produced higher mortality
for permethrin in WHO tube tests than CDC bottle bioassay. However, there was only a difference at the 1x dose
with deltamethrin in Koulikoro.

Molecular species identification of the An. gambiae species complex

In 2017 and 2018, adult An. gambiae s.|. specimens (collected as larvae) used for susceptibility tests from
sentinel sites (approx. 50 mosquitoes/site) located in 6 regions (Figure 1), were tested by PCR for species
identification. Figure 11 summarizes An. gambiae s.|. sibling species composition by region and L1014F/S
frequency. An. coluzzii was the primary vector in 4 regions (Koulikoro, Ségou, Mopti and Bamako) in 2017 and
2018. In the southern region of Sikasso, slightly more than half were An. gambiae, with just over 40% being An.
coluzziiin both years. Some hybrid samples (gambiae/coluzzii) were recorded at low frequency (<2% by region).

In Kayes Region, the composition changed from predominantly An. gambiaein 2017 to An. arabiensisin 2018.
However, the sites in the region changed during this period with Kita maintained in both years and the western
Kayes site (Figure 1) only surveyed during 2018 (which accounted for most An. arabiensis). An. arabiensis was
present at relatively low frequency in all other regions (2-10%). Between 3-24% of samples did not amplify by PCR
using primers of the An. gambiae s.l. complex. Samples may not have amplified due to degraded DNA or due to
morphological mis-identification (non An. gambiaes.l.).
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Frequency of vgsc-1014F and 1014S pyrethroid resistance mechanisms

The frequency of vgsc-1014F and 1014S alleles are summarized as tables in Figure 11 for the main vector
species of each region. In 2017, the vgsc-1014S allele was absent in most regions, only being detected at a
frequency of 0.01 in Koulikoro. The vgsc 1014F allele was present at moderate to high frequency in all regions for
An. gambiae (0.47-0.95) than An. coluzzii (0.58-0.77).

Discussion

Pyrethroid resistance has been widespread in Mali for several years. A study by Cisse et al. in 2012 showed An.
gambiae s.|. were resistant to lambda-cyhalothrin in all 9 sites tested and to deltamethrin in 3 of 4 sites [9]. The
vgsc-1014F mutation, which is associated with pyrethroid resistance, has been present in An. gambiae s.l. in Mali
since 1987 (albeit at low frequency) [20]. Fanello et al. showed that vgsc-1014F increased in frequency in
Banambani (Koulikoro Region) from 3% in 1987 to 62% in 2000, presumably due to an increase in selection
pressure from agriculture and early Insecticide Treated Net (ITN) use [20]. The gradual increase in vgsc-1014F
frequency in Mali was also reported by Tripet et al,, 2007 [21].

While pyrethroid resistance has been present for >20 years in malaria vectors throughout Mali [20] it is not clear to
what extent LLIN efficacy has been compromised. Numerous small scale studies in sub-Saharan Africa have
demonstrated reduced control of resistant malaria vectors by pyrethroid LLINs [8, 22, 23]. A multi-country
evaluation coordinated by WHO provided evidence that LLINs continue to provide some degree of personal
protection against malaria in areas with pyrethroid resistance, but did not monitor community impact caused by
the mosquito killing effect of LLINs [24].The World Malaria Report (2018) noted that global progress against
malaria has stalled, with no significant progress in reducing global malaria cases made between 2015-2017, with
a possible explanation being the widespread occurrence of pyrethroid resistant malaria vectors [25].

The concept of resistance intensity is relatively new, having first been included in WHO testing guidelines in 2016
[13]. Nevertheless, high intensity pyrethroid resistance is being reported in an increasing number of locations,
including Accra in Ghana [26], Lagos and Ogun in Nigeria [27], western Kenya [28] and south-western Burkina
Faso [29]. Despite uncertainty regarding the impact of pyrethroid resistance, WHO states that, “when resistance is
confirmed at the 5x and especially at the 10x concentrations, operational failure is likely”[13]. Throughout Mali,
resistance to the 3 most common pyrethroids used on LLINs was confirmed at the 5x and 10x concentrations,
therefore making it highly likely that pyrethroid LLINs are no longer providing optimal protection against malaria.

In Koulikoro and Niono, where CDC bottle bioassays as well as WHO susceptibility tube tests were used
simultaneously, high intensity pyrethroid resistance was observed for both methods. However, in most cases,
significantly higher mortality rates were observed in WHO tube tests than in CDC bottle bioassays. Owusu et al.,
2015 concluded that the two assays can both successfully detect insecticide resistance, but there was a high
level of inconsistency between the two methods when using the diagnostic concentration [30]. There are pros and
cons to both methods for determining resistance intensity. In this study a decision was made to switch from CDC
bottle bioassays to WHO papers due to the ease of use and standardized provision of treated filter papers from
WHO, compared to self-treatment of bottles which may result in more technician-induced test variation.

Unlike in previous years, there are an increasing number of LLIN options for the control of pyrethroid resistant
malaria vectors, including several brands of PBO synergist nets (involving mixtures of PBO plus permethrin,
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deltamethrin or alpha-cypermethrin). There are also LLINs that contain new insecticides for malaria vector
control, such as Interceptor G2®, a mixture of chlorfenapyr (pyrrole) and alpha-cypermethrin (pyrethroid), while
Olyset Duo® and Royal Guard®, are both mixtures of pyriproxyfen (juvenile hormone mimic) plus a pyrethroid. The
main factors limiting the uptake of these alternative products are the increased cost and a lack of
epidemiological evidence to show improved performance over pyrethroid nets. Preliminary results show
susceptibility to chlofenapyr in Mali. As part of the ‘New Nets Project’ 2 million Interceptor G2 nets are being
distributed in several countries, including Mali in 2020 as an operational pilot to build evidence regarding the cost-
effectiveness of dual active ingredient nets [31].

Results of synergist bioassays in Mali indicated that metabolic resistance is present nationwide and pre-exposure
to PBO increased pyrethroid-induced mortality significantly. Full susceptibility was not recovered using PBO,
indicating a combination of resistance mechanisms, with high vgsc-1014F frequencies in An. coluzziiand An.
gambiae. In Tanzania, use of PBO LLINs resulted in reduced malaria incidence compared to standard pyrethroid
LLINs [32]. However, it is not clear what level of mortality is required in PBO bioassays to result in epidemiological
impact as there was no bioassay data in the Tanzania study. Synergist bioassays in Mali suggest that PBO LLINs
should provide better control than pyrethroid LLINs, although the epidemiological impact is uncertain. A previous
published study by Cisse et al,, 2017 appeared to show no benefit of PBO LLINs in Bougouni, Mali [33]. However
this study was conducted in 2014 in a location where synergist bioassays showed much lower metabolic
resistance levels [9].

Pyrethroid insecticides have not been used for IRS in Mali since 2009, when resistance was detected. The good
news is that there are viable options for IRS in Mali, with susceptibility recorded to clothianidin and pirimiphos-
methyl. The PMI VectorLink program is currently implementing IRS in Mopti Region of Mali with these products in
rotation for resistance management.

Conclusions

High intensity pyrethroid resistance is widespread in Mali and threatens the efficacy of pyrethroid LLINs.
Synergist bioassays suggest that PBO LLINs should provide improved control in most districts of Mali. An.
gambiae s.|. was susceptibile to chlorfenapyr, indicating that next generation LLINs are also a viable alternative.
Susceptibility to clothianidin and pirimiphos-methyl was confirmed, with both insecticides currently being used
for IRS as part of a rotation strategy for resistance management.
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Tables

Table 1: Characteristics of surveillance sites used for insecticide resistance monitoring.
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Regions |Districts History of Insecticide Use
Kayes Kayes Intense use of insecticides for agriculture.
Kita
Koulikoro | Koulikoro Annual IRS with lambda-cyhalothrin (pyrethroid) 2008-2011,
bendiocarb (carbamate) 2011-2014 and pirimiphos-methyl
(organophosphate) 2014-2016.
Fana Single round of IRS with pirimiphos-methyl (organophosphate) in 2016.
Kati Irrigated agriculture. Use of insecticides to control Simulium
damnosum larvae (black fly).
Segou Niono Irrigated agriculture and pesticide use.
Bla IRS with pirimiphos-methyl (organophosphate) in 2014.
Baroueli Annual IRS with lambda-cyhalothrin (pyrethroid) 2008-2011,
bendiocarb (carbamate) 2011-2014 and pirimiphos-methyl
(organophosphate) 2014-2016.
Sikasso |Bougouni Intense use of insecticides for agriculture.
Selingue Irrigated agriculture and pesticide use.
Kadiolo Intense use of insecticides for agriculture.
Mopti Bandiangara | IRS with pirimiphos-methyl in 2017 and 2018.
Mopti
Bankass
Djenne IRS with pirimiphos-methyl in 2017 and clothianidin in 2018.
Bamako |Bamako Urban areas where domestic personal protection is used (insecticide

aerosols, coils).

Table 2: Mortality of An. gambiae s.|. tested with 0.25% pirimiphos-methyl in 2016, 2017 & 2018

Pirimiphos-methyl (0.25%)

2016 2017 2018
Sites Total Mortality (%) _ Total Mortality (%) _ Total Mortality (%) _
tested Resistance tested Resistance tested Resistance
Status Status Status
Kita 100 100 _S 97 100 _S 94 100 _S
Fana 100 100 _S 97 100 _S - -
Koulikoro 103 100 _S 100 100 _S 92 100 _S
Kati 100 100 _S 102 100 _S 100 98 S
Bamako 100 100 _S 100 100 _S 100 100 _S
Bla 100 99 S 100 100 _S 100 100 _S
Baroueli 100 100 _S 100 100 _S -
Niono - - - - - -
Selingue 100 100 _S 100 100 _S 91 96.7 PR
Bougouni 81 100 _S 100 100 _S 100 100 _S
Kadiolo 100 100 _S - - 100 99 S
Djenné 94 100 _S 100 100 _S 100 100 _S
Bandiagara 104 100 _S 100 100 _S 100 100 _S
Bankass 104 100 _S 102 100 _S 100 100 _S
Total 1286 99.9 S 1198 100 _S 1077 99.4 S
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S: Susceptible, PR: Possible Resistance, R: Resistant

Table 3: Mortality of An. gambiaes.l. tested with 0.1% Bendiocarb in 2016,2017& 2018

Bendiocarb (0.1%)

2016 2017 2018
Sites Total Mortality CI Total Mortality Total Mortality

tested (%) _ tested (%) CI tested (%) Resistance

Resistance _Resistance Status CI
Status Status

100 100_S - 100 95 PR [90.7- - - -
Kita 99.3]

100 100_S - 102 98 S [95.3- - - -
Fana 100]

104 99 S [97.2- 100 99 S [97- - - -
Koulikoro 100] 100]

100 98 S [95.3- 100 97 PR [93.7- - - -
Kati 100] 100]

100 98 S [95.3- 100 90 PR [84.1- - - -
Bamako 100] 95.9]

100 100_S - 100 98_S [95.3- 100 100_S -
Bla 100]

100 98 S [95.3- 100 89 R [82.9- - - -
Baroueli 100] 95.1]

75 95 PR [89.6- - - - - - -
Niono 99.8]

98 100_S - 99 86(R) [79- 80 100_S -
Selingue 92.7]

100 92 PR [86.7- 100 76 (R) [67.6- 100 100_S -
Bougouni 97.3] 84.4]

100 100_S - - - - - - -
Kadiolo

100 100_S - 100 98 S [95.3- 100 100_S -
Djenne 100]

104 100_S - 100 97 PR [93.7- 100 100_S -
Bandiagara 100]

104 100_S - 87 99 S [96.6- 100 100_S -
Bankass 100]

1385 99 S [98- 1188 93 PR [92- 580 100_S -
Total 99.2] 94 .8]

S: Susceptible, PR: Possible Resistance, R: Resistant

Figures
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Figure 1

Map of Mali showing the insecticide monitoring sites.
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Figure 2

% Mortality of An. gambiae s.|. after 30 minute exposure to 10x the diagnostic concentration of permethrin
(215pg ai/bottle) in CDC bottle bioassays in 2016 and 2017(NA=No data).
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Figure 3

% Mortality of An. gambiae s.l. after 30 minute exposure to 10x the diagnostic concentration of deltamethrin
(125pg ai/bottle) in bottle bioassays in 2016 and 2017(NA=No data).
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Figure 4

% Mortality of An. gambiae s.I. tested in WHO tube tests using 1x (0.05%), 5x (0.25%) and 10x (0.50%) the
diagnostic concentration of alpha-cypermethrin in 2018.
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Figure 5

% Mortality of An. gambiae s.|. tested in WHO tube tests using 1x (0.75%), 5% (3.75%) and 10x (7.5%) the
diagnostic concentration of permethrin in 2018.

100 - T % T | 98% mortality (WHO threshold)
90 -
80 -
70 -
= I
& 60
£
b 50 -
<]
= 40 -
e ™ 10x (0.5%)
| 5x(0.25%)
30 -
| 1x(0.05%)
20
10 -
0 4N S - . — - S—— —
m o o = o o = ] o I - F= o c
g|¢| § | & E§|=|5||2|6| 8| c|8|< 5
g2 2 8 23|33 &|=2 |5 =
3 g | & E | = =
@
Kayes Region Koulikoro Segou Region Sikasso Region Mopti Region Bamak Overall
Region
Region and District
Figure 6

% Mortality of An. gambiae s.I. tested in WHO tubes using 1x (0.05%), 5x (0.25%) and 10x (0.5%) the diagnostic
concentration of deltamethrinin 2018.
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Figure 7

Figure 7a: % Mortality (24h) of An. gambiae s.I. tested with permethrin (0.75%) alone and after pre-exposure to
PBO (4%) synergist using WHO tube tests (bars for the same site sharing the same letter superscript a, b do not
differ significantly, P>0.05). Figure 7b: % Mortality (24h) of An. gambiae s.I. tested with deltamethrin (0.05%)
alone and after pre-exposure to PBO (4%) synergist using WHO tube tests (bars for the same site sharing the
same letter superscript a, b do not differ significantly, P>0.05; NA=No data).

Page 21/24



m24h m48h m72h 98% mortality (WHO threshold)

100 -

90 -

70

60 -

% Mortality
w
o

40 -

30

10 ~

Djénné Mopti Bandiagara Bankass Insectary strain
District

Figure 8

Results of An. gambiae s.I. (field collected as larvae) and An. coluzzii Yaoundé (susceptible insectary strain)
susceptibility tests against chlorfenapyr (100 pg ai/bottle) in 2017.
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Mortality of An. gambiae s.I. (collected as larvae) from four IRS sites tested against clothianidin 2% in WHO tube
tests in 2018.
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Figure 10

% Mortality of An. gambiae s.I. in WHO tube test (24h mortality) and CDC bottle bioassay (30 mins mortality) to
permethrin (A) and deltamethrin (B) in Koulikoro and Niono. Statistical comparison was made between the two
test methods for each dose and site. For each site, bars of the same dose and the same letter superscript a,b do
not differ significantly, P>0.05; NA=No data) (Nb. 2x dose not tested for WHO tube test).
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Figure 11

An. gambiae s.l. sibling species composition and vgsc 1014F and 1014S frequency in the 6 surveyed regions in
2017 (top) and 2018 (bottom).
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