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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.1) 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 bicassays (2016-2017) 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 100 ug 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.l) showed high intensity resistance to permethrin and deltamethrin in CDC bottle
bioassay tests in 2016 and 2017. In 2018, the WHO intensity tests resulted in survivors at all sites for permethrin, del-
tamethrin 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 2016-2018 and is likely to com-
promise the effectiveness of pyrethroid LLINs in Mali. PBO or chlorfenapyr LLINs should provide improved control of
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An. gambiae (s.1.). 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.

Keywords: Susceptibility test, Resistance intensity, WHO tube test, CDC bottle bioassay, Piperonyl butoxide, Vector
control, Indoor residual spraying, Long-lasting insecticidal net, Anopheles gambiae, Mali

Background

Malaria remains an important disease in Mali, with the
Demographic and Health Survey (DHS) of 2018 esti-
mating 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 Programme (NMCP) relies on two methods 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 includ-
ing 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 dur-
ing the past 20 years which, along with agricultural use
of pyrethroids, has increased the selection pressure on
malaria vector populations. Mass LLIN distribution cam-
paigns are conducted on a staggered basis at the regional
level approximately every three years, with the most
recent mass campaigns in Kayes and Mopti regions in
2017 and Koulikoro and Sikasso regions in 2018. In addi-
tion, since 2006 the NMCP has supported free distribu-
tion of LLINs to pregnant women during antenatal care
and children following vaccination [2]. In 2018 the aver-
age number of LLINs owned per household was relatively
high in Southern and Central Mali, with an average of
2.2 (Bamako) to 3.0 (Mopti) LLINs per household. Ques-
tionnaires as part of the Demographic Health Survey in
2018 showed that 56% of the population in Bamako slept
under an LLIN the previous night, while the highest rate
was in Mopti Region at 82% [1].

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

total fewer cases of all-age malaria cases observed in IRS
districts.

Between 2014 and 2018 a long-lasting organophos-
phate 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 four districts (Djenné,
Mopti, Bandiagara and Bankass) of Mopti Region where
an organophosphate was sprayed in 2017, and an organo-
phosphate 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 con-
trol efforts [7, 8]. A previous study by Cisse 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 sus-
ceptibility level of malaria vectors to insecticides used for
vector control to help guide national decision making.
This study was performed in Mali for three years between
2016 and 2018 in 14-16 sites nationwide, with the pri-
mary aim being to update information on the susceptibil-
ity status of An. gambiae (s.l.) to pyrethroid, carbamate,
organophosphate, neonicotinoid and pyrolle insecti-
cides 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 butox-
ide (PBO) was determined.

Methods

Study area

The study was conducted in 2016 and 2017 in 16 moni-
toring 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 Fig. 1.
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Mosquito larvae collections and rearing

Larval collections of An. gambiae (s.l.) were conducted
annually in the monitoring sites in 2016, 2017 and 2018
from July to October (during the rainy season). Mos-
quito larvae and pupae were collected from several larval
pools in each site, sorted by genus before being grouped
together and brought back to the field insectary for rear-
ing into adult mosquitoes. After emerging into adults,
mosquitoes were identified to species and only An. gam-
biae (s.l.) were tested.

CDC bottle bioassays

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

Chlorfenapyr susceptibility was determined using
bottles treated with 100 pg ai/bottle. At the time of
testing there was no published guidance regarding
chlorfenapyr susceptibility procedures or diagnostic
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concentrations, while work coordinated by the WHO
was ongoing to develop a suitable procedure. The dose
of 100 pg ai/bottle was used as an interim diagnos-
tic 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 susceptibil-
ity to chlorfenapyr. Testing was conducted simultane-
ously with a susceptible insectary strain (An. coluzzii
Ngousso).

A bottle coated with 1 ml acetone was used as a con-
trol. 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 min for pyrethroids, based on
CDC guidelines [12]. Chlorfenapyr tests were con-
ducted for the diagnostic time of 60 min, with mortality
recorded every 24 h for 72 h.

WHO susceptibility tube tests

In 2018, pyrethroid resistance intensity was assessed
using WHO tube tests with 1x, 5x and 10x the diag-
nostic concentration of alpha-cypermethrin (0.05%,
0.25% and 0.5%), permethrin (0.75%, 3.75% and 7.5%)
and deltamethrin (0.05%, 0.25% and 0.5%). Synergist
assays were also conducted by pre-exposing mosquitoes
to WHO papers treated with piperonyl butoxide (PBO)
(4%) for 60 min before being immediately transferred to
a different WHO tube with a pyrethroid treated paper

Table 1 Characteristics of surveillance sites used for insecticide resistance monitoring

Region District History of insecticide use
Kayes Kayes Intense use of insecticides for agriculture. Crops include cotton and ground nuts, sorghum, maize, rice, millet, sweet potatoes,
Kita beans and various vegetables.
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 including cotton, groundnuts and tobacco. Use of insecticides to control Simulium damnosum larvae
(blackfly).
Segou Niono Large areas of irrigated rice 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 growing of cotton.
Sélingué Irrigated agriculture and pesticide use. Crops include various vegetables and fruits.
Kadiolo
Mopti Bandiangara IRS with pirimiphos-methyl (organophosphate) in 2017 and 2018.
Mopti
Bankass
Djenné IRS with pirimiphos-methyl (organophosphate) in 2017 and clothianidin (neonicotinoid) in 2018.
Bamako  Bamako Urban areas where domestic personal protection is used (insecticide aerosols, coils).
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(alpha-cypermethrin (0.05%), permethrin (0.75%), or del-
tamethrin (0.05%)) for a further 60 min [13]. WHO tube
tests were also performed to determine susceptibility sta-
tus 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 diag-
nostic concentrations, while work coordinated by the
WHO was ongoing to develop a suitable protocol. There-
fore, an interim protocol was developed for impregnat-
ing filter papers for tube tests. The clothianidin dosage
was determined based on internal testing conducted by
the manufacturer, Sumitomo Chemical Company (SCC,
Tokyo, Japan), which showed that 1% clothianidin active
ingredient provided 100% mortality against five insec-
tary strains of An. gambiae and An. arabiensis [14]. The
diagnostic dose was set at 2% weight/volume (w/v) Sum-
iShield™ 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 20 ml distilled water. Whatman® No.1
filter papers were treated using a pipette to dispense 2 ml
of solution on each 12 x 15 cm filter paper, resulting in a
concentration of 13.2 mg/ai clothianidin per paper. Clo-
thianidin susceptibility testing was conducted in 2018 in
four locations where IRS was conducted, namely Djenné,
Mopti, Bandiagara and, Bankass (all in Mopti region).

In all tests four batches of 20-25 non-blood-fed female
An. gambiae (s.l.) adults (field collected as larvae) aged
3-5 days were used for the tube tests according to the
WHO protocols [13]. All insecticide impregnated papers
(except for clothianidin, which was prepared in situ)
were prepared by the WHO collaborating center, Uni-
versiti Sains, Malaysia. Knockdown was recorded at the
end of the exposure period at 60 min. Mosquitoes were
transferred into untreated observation tubes and pro-
vided with cotton wool soaked with 10% sugar solution.
Mortality was recorded 24 h after exposure for all insec-
ticides, except clothianidin, which was recorded daily
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for up to 5 days, in order to record any delayed mortal-
ity effects. Testing and holding conditions were regulated
using a humidifier and air conditioner unit to stay within
the WHO limits (temperature of 27 + 2 °C and a relative
humidity of 75 = 10%).

Molecular species identification and detection

of pyrethroid resistance alleles

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

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

(i) low resistance intensity (mortality < 90% at 1x diag-
nostic dose and between 98-100% at 5x dose); (ii) mod-
erate resistance intensity (mortality < 98% at the 5x dose
but between 98-100% at the 10x dose); and (iii) 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 mor-
tality rates with and without PBO pre-exposure using the
Chi-square test as described by Campbell & Richardson
[18, 19]. The same methodology was used for compari-
son of the WHO tube tests and CDC bottle bioassays in
Niono and Koulikoro.

Results

An. gambiae (s.1.) intensity of resistance to permethrin

and deltamethrin in CDC bottle bioassays in 2016 and 2017
Figure 2 shows mortality rates of An. gambiae follow-
ing 30 min exposure to permethrin 10x (215 pg ai/bot-
tle) and Fig. 3 for deltamethrin 10x (125 pg (ai)/bottle).
Additional data are provided showing results of 1x,
2x and 5x in Additional file 1: Table S1. In all sites An.
gambiae (s.l.) showed high intensity resistance to per-
methrin 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 (Fig. 2). With
deltamethrin 10x, mortality rates varied from 53% to
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91% in 2016 and from 72% to 97% in 2017 (Fig. 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.

An. gambiae (s.l.) intensity of resistance

to alpha-cypermethrin, permethrin and deltamethrin

in WHO tube tests in 2018

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

Resistance intensity was also high in most sites to per-
methrin and deltamethrin (Figs. 5 and 6). The mean per-
cent mortality across all sites for permethrin was 33.6%
at 1x, 76.9% at 5x and 90.9% at 10x. For deltamethrin
the mean percent mortality was 49.2% at 1x, 80.9% at 5x
and 93.5% at 10x.

Synergist assays using piperonyl-butoxide (PBO)
and pyrethroids
Results in Figs. 7 and 8 show that overexpression of
mixed function oxidases (MFOs) is an important resist-
ance mechanism in Mali, as shown by significantly
greater mortality rates after PBO pre-exposure. Fig-
ure 7 shows that pre-exposure to PBO resulted in sig-
nificantly 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, rep-
resenting a 2.13-fold increase in mortality (P < 0.0001).
Figure 8 shows that for all 11 sites there was a sig-
nificant 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. gambiae (s.l.) 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).
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Fig. 2 Percent mortality of An. gambiae (s.1) after 30 min exposure to 10x the diagnostic concentration of permethrin (215 pg ai/bottle) in CDC

Susceptibility of An. gambiae (s.1.) to pirimiphos-methyl
(0.25%) in WHO susceptibility tube tests in 2016, 2017

and 2018

In all years, susceptibility (mortality rate > 98%) to piri-
miphos-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) (Addi-
tional file 1: Table S2).

Susceptibility of An. gambiae (s.1.) to bendiocarb (0.1%)

in WHO susceptibility tube tests in 2016,2017 and 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 resist-
ance 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, Ban-
diagara and Bankass). Mortality rates to bendiocarb in

the surveyed sites are summarized in Additional file 1:
Table S3.

Susceptibility of An. gambiae (s.1.) to chlorfenapyr (100 ug
ai/bottle) in CDC bottle bioassays

Figure 9 displays mortality rates obtained 24, 48 and 72
h after exposing An. gambiae (s.l.) from Djenné, Mopti,
Bandiagara and Bankass to chlorfenapyr at 100 pg ai/bot-
tle in 2017. After 48 h, susceptibility (mortality rate >
98%) with both field-collected An. gambiae s.l. and insec-
tary An. coluzzii Ngousso (susceptible insectary strain)
was determined at all sites, except Bandiagara. Anopheles
gambiae (s.l.) mortality was <98% in Bandiagara after 48
h but did reach 98% at 72 h (the diagnostic time). There-
fore, susceptibility to chlorfenapyr was recorded in all
sites within 72 h of exposure.

Susceptibility of An. gambiae (s.1.) to clothianidin (2%)

in WHO susceptibility tube tests in 2018

Figure 10 shows mortality rates following exposure to
clothianidin 2% of An. gambiae (s.l.) (collected as lar-
vae) from four IRS sites (Djenné, Mopti, Bandiagara
and Bankass). Parallel tests were conducted with the
same papers using the susceptible insectary strain of
An. coluzzii Ngousso. Twenty-four hours after exposure,



Sovi et al. Parasites Vectors (2020) 13:239

Page 7 of 16

100

98% mortality (WHO threshold)

% Mortality (30 mins)

Kita
Kayes ‘ £
Koulikoro
Kati
Niono |
Fana
Baroueli
Bougouni

Kayes Region  Koulikoro Region Segou Region

Fig. 3 Percent mortality of An. gambiae (s.1) after 30 min exposure to 10x the diagnostic concentration of deltamethrin (125 pg ai/bottle) in bottle

bioassays in 2016 and 2017. Abbreviation: NA, no data

90 |
80 |
70
60 -
50
40 -
30
20
10 |
0 [NA

Sikasso Region

Region and District

m 2016, 10x
W 2017, 10x

s 2 g 8 ¢ 7| ¢ §
a0 =l [5) g8 c % © o
£ B K c 2 s £ s
3 x 2 @ e @
-]
@
Mopti Region ‘ Bamako Overall

mortality rates were 90% for the insectary strain and
between 44-90% for wild An. gambiae (s.l.). For the
insectary strain, 99% mortality was observed three days
after exposure, with mortality rates being slightly lower
for wild An. gambiae (s.l.). One hundred percent mortal-
ity was recorded for insectary and wild An. gambiae (s.1.),
five days after exposure, indicating susceptibility to clo-
thianidin 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 11 shows percentage mortality of An. gambiae
(s.l.) to permethrin and deltamethrin at doses of 1x, 2x,
5x and 10x the diagnostic concentration, using both
bottle bioassays (30 min mortality) and WHO suscepti-
bility tube tests (24 h 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 deltame-
thrin 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.l.) specimens
(collected as larvae) used for susceptibility tests from
sentinel sites (¢.50 mosquitoes/site) located in 6 regions
(Fig. 1), were tested by PCR for species identification.
Figure 12 summarizes An. gambiae (s.l.) sibling species
composition by region and L1014F/S frequency. Anoph-
eles coluzzii was the primary vector in 4 regions (Kou-
likoro, Ségou, Mopti and Bamako) in 2017 and 2018. In
the southern region of Sikasso, slightly more than half
of the mosquitoes were An. gambiae, with just over 40%
being An. coluzzii in both years. Some hybrid samples
(An. gambiae x An. coluzzii) were recorded at low fre-
quency (< 2% by region).

In the Kayes Region, the composition changed from
predominantly An. gambiae in 2017 to An. arabiensis in
2018. However, the sites in the region changed during
this period with Kita maintained in both years and the
western Kayes site (Fig. 1) only surveyed during 2018
(which accounted for most An. arabiensis). Anopheles
arabiensis was present at a 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
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(s.l.) complex. Samples may have failed to amplify due to
degraded DNA or due to morphological misidentifica-
tion (i.e. non-An. gambiae (s.1.)).

The frequencies of vgsc-1014F and 1014S alleles are
summarized in Fig. 12 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. Testing of the vgsc-1014S allele was not
conducted in 2018. The vgsc-1014F allele was present at
moderate to high frequency in all regions during 2017
and 2018 for An. gambiae (0.47-0.95) and An. coluzzii
(0.58-0.77) but was at low frequency for An. arabiensis
(0.27).

Discussion

Pyrethroid resistance has been widespread in Mali for
several years. A study by Cisse et al. in 2012 has shown
that An. gambiae (s.l.) were resistant to lambda-cyhalo-
thrin in all nine sites tested and to deltamethrin in three
of four sites [9]. The vgsc-1014F mutation, which is asso-
ciated with pyrethroid resistance, has been present in Azn.
gambiae (s..) in Mali since 1987 (albeit at low frequency)
[20]. Fanello et al. [20] have shown 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. The gradual increase in
vgsc-1014F frequency in Mali was also reported by Tripet
etal. [21].

Although pyrethroid resistance has been present for
more than 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 con-
trol of resistant malaria vectors by pyrethroid LLINs [8,
22, 23]. A multi-country evaluation coordinated by the
WHO provided evidence that LLINs continue to pro-
vide 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) [25]
noted that global progress against malaria has stalled,
with no significant progress in reducing global malaria
cases between 2015-2017, with a possible explanation
being the widespread occurrence of pyrethroid-resistant
malaria vectors.

The concept of resistance intensity is relatively new,
having first been included in the WHO testing guidelines
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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, the 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 three most common
pyrethroids used on LLINs was confirmed at the 5x and



Sovi et al. Parasites Vectors (2020) 13:239

Page 12 of 16

100 - 5 b
90 A- Permethrin b b
90 -
80 b
2 a
70
%’ 60 - o
£ i b
§° 50 a
° 40 -
30 a
20 a a
10
n/a n/a
o . ~Wna | nfa
1x 2x 5x 10x 1x 2x 5x 10x
(21.5pg, | (43pg, (107.5pg, (215pg,  (21.5ug, | (43upg, |(107.5pg, (215pg,
0.75%) n/a) 3.75%) 7.5%) | 0.75%) n/a) 3.75%) 7.5%)
Koulikoro Niono
B CDC bottle bioassay B WHO tube test
b
100 ' B- peltamethrin b a
90 a
a a
80
70 - 2
2 60 -
.
50
[~} b b
2 40
ES
30 a
a
20
10 -
n/a n/a
1x 2x 5x 10x 1x 2x 5x 10x
(12.5pug, | (25pg, | (62.5ug, | (125ug, | (12.5ug, | (25ug, | (62.5ug,  (125pg,
0.05%) n/a) 0.25%) 0.5%) 0.05%) n/a) 0.25%) 0.5%)
Koulikoro Niono
H CDC bottle bioassay H WHO tube test
Fig. 11 Percent mortality of An. gambiae (s.I) in WHO tube test (24 h mortality) and CDC bottle bioassay (30 min mortality) to permethrin and
deltamethrin in Koulikoro and Niono. Statistical comparison was made comparing results of WHO tube tests and CDC bottle bioassay by site and
dose tested (bars for the same site sharing the same superscript letter (a or b) do not differ significantly, P > 0.05). Abbreviation: NA, no data (2 x
dose not tested for WHO tube test)

10x concentrations, therefore making it highly likely that
pyrethroid LLINs are no longer providing optimal pro-
tection against malaria. High intensity pyrethroid resist-
ance appears to be present in all three major malaria
vector species in Mali, with An. arabiensis in the Kayes
region, An. gambiae (s.s.) in the Sikasso region and An.
coluzzii in Koulikoro, Segou, Bamako and Mopti regions

exhibiting high intensity resistance to permethrin, del-
tamethrin and alpha-cypermethrin.

In Koulikoro and Niono, where CDC bottle bioas-
says as well as WHO susceptibility tube tests were used
simultaneously, high intensity pyrethroid resistance was
observed for both methods. However, in most cases, sig-
nificantly higher mortality rates were observed in WHO
tube tests than in CDC bottle bioassays. Owusu et al.



Sovi et al. Parasites Vectors (2020) 13:239 Page 13 of 16

2.9% 0,7%
3.2% 0.8%

Koulikoro n=139

W An. coluzzii
W An. gambiae
An. arabiensis

u Hybrid (gambiae/coluzzii)

Mopti
n=156

2.0%
BURKINA FAS(
Ségou
n=124
Vgsc 1014F and 101045 frequency by region
Region Main vector Vgsc Vgsc
0.7%

n=46

species 1014F (f) 10145 (f)
Bamako Kayes (n=40) An. gambiae 0.95 0.00
n=50 Koulikoro (n=108)  An. coluzzii 0.67 0.01
Segou (n=89) An. coluzzii 0.70 0.00
Bamako (n=45) An. coluzzii 0.70 0.00
Sikasso (n=74) An. gambiae  0.93 0.00
TREA Sikasso (n=59) An. coluzzii 0.58 0.00
Sikasso n=138 Mopti (n=89) An. coluzzii  0.60 0.00

‘ |
Koulikoro n=74 ‘ n=227
5.
ségou BURKINA FAS(
n=121 n=143
Vgsc 1014F frequency by region
Region Main vector Vgsc
Bamako 2.0% 0.7% species 1014F (f)
n=57 Kayes (n=48) An. arabiensis  0.27
Koulikoro (n=48) An. coluzzii 0.65
Segou (n=89) An. coluzzii 0.65
Bamako (n=35)  An. coluzzii 0.77
Sikasso (n=57) An. gambiae 0.47
s Sikasso (n=36) An. coluzzii 0.49
SUINEA &
Sikasso n=148 Mopti(n=132)  An. coluzzii  0.51
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[30] concluded that the two assays can both successfully  In this study, a decision was made to switch from CDC
detect insecticide resistance, but there was a high level  bottle bioassays to WHO papers due to the ease of use
of inconsistency between the two methods when using and standardized provision of treated filter papers from
the diagnostic concentration. There are pros and cons WHO, compared to self-treatment of bottles which may
to both methods for determining resistance intensity.  result in more technician-induced test variation.
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Unlike in previous years, there are an increasing num-
ber of LLIN options for the control of pyrethroid resist-
ant malaria vectors, including several brands of PBO
synergist nets (involving mixtures of PBO plus perme-
thrin, deltamethrin or alpha-cypermethrin). There are
also LLINs that contain new insecticides for malaria
vector control, such as Interceptor G2® (BASF, Lud-
wigshafen, Germany), a mixture of chlorfenapyr (pyr-
role) and alpha-cypermethrin (pyrethroid), while Olyset
Duo® (Sumitomo Chemical Company, Tokyo, Japan) and
Royal Guard® (Disease Control Technologies LLC, Greer,
USA), are both mixtures of pyriproxyfen (juvenile hor-
mone 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. Prelimi-
nary results show susceptibility to chlorfenapyr in Mali.
As part of the ‘New Nets Project; two million Interceptor
G2 nets are being distributed in several countries, includ-
ing 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-expo-
sure to PBO significantly increased pyrethroid-induced
mortality. Full susceptibility was not recovered using
PBO, indicating a combination of resistance mecha-
nisms, with moderate or high vgsc-1014F frequencies in
An. coluzzii and 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 bio-
assay data in the Tanzania study. Synergist bioassays in
Mali suggest that PBO LLINs should provide better con-
trol than pyrethroid LLINS, although the epidemiological
impact is uncertain. A previous published study by Cisse
et al. [33] appeared to show no benefit of PBO LLINs
in Bougouni, Mali. However, this study was conducted
in 2014 in a location where synergist bioassays showed
much lower metabolic resistance levels [9]. A study by
Protopopoff et al. [32] in Tanzania showed that PBO
LLINs improved control of malaria transmission com-
pared to standard pyrethroid LLINs, but there was no
additional benefit of non-pyrethroid IRS combined with
PBO LLINs when compared to PBO LLINs alone. While
more epidemiological studies are needed, this finding
suggests that PBO and next generation LLINs should be
prioritized for non-IRS areas.

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
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pirimiphos-methyl. The PMI VectorLink Programme
is currently implementing IRS in the 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. Syn-
ergist bioassays suggest that PBO LLINs should provide
improved control in most districts of Mali. Anopheles
gambiae (s.l.) was susceptibile to chlorfenapyr, indicat-
ing that next-generation LLINs are also a viable alterna-
tive. 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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