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Abstract

Background: Over the last two decades, the scale-up of vector control and changes in the first-line anti-malarial,
from chloroquine (CQ) to sulfadoxine-pyrimethamine (SP) and then to artemether-lumefantrine (AL), have resulted

in significant decreases in malaria burden in western Kenya. This study evaluated the long-term effects of control
interventions on molecular markers of Plasmodium falciparum drug resistance using parasites obtained from humans
and mosquitoes at discrete time points.

Methods: Dried blood spot samples collected in 2012 and 2017 community surveys in Asembo, Kenya were geno-
typed by Sanger sequencing for markers associated with resistance to SP (Pfdhfr, Pfdhps), CQ, AQ, lumefantrine (Pfcrt,
Pfmdr1) and artemisinin (Pfk713). Temporal trends in the prevalence of these markers, including data from 2012 to 2017
as well as published data from 1996, 2001, 2007 from same area, were analysed. The same markers from mosquito
oocysts collected in 2012 were compared with results from human blood samples.

Results: The prevalence of SP dhfr/dhps quintuple mutant haplotype Csgls;RsoNyosl164/S436Ga37E540A 58

1Ag13 Increased from 19.7% in 1996 to 86.0% in 2012, while an increase in the sextuple mutant haplotype
Csols1Rs5oN 1 ggl164/Haz6Ga37Es40A581 Ag 13 CONtaining Pldhps-436H was found from 10.5% in 2012 to 34.6% in 2017. Resist-
ant Pfert-76 T declined from 94.6% in 2007 to 18.3% in 2012 and 0.9% in 2017. Mutant Pimdr1-86Y decreased across
years from 74.8% in 1996 to zero in 2017, mutant Pimdri-184F and wild Pfmdr1-D1246 increased from 17.9% to 58.9%
in 2007 to 55.9% and 90.1% in 2017, respectively. Pmdr1 haplotype NggF15451034N 104201546 increased from 11.0% in
2007 t0 49.6% in 2017. No resistant mutations in Pfk13 were found. Prevalence of Pfdhps-436H was lower while preva-
lence of Pfcrt-76 T was higher in mosquitoes than in human blood samples.
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ant parasites require further investigation.

Mosquitoes, Asembo, Western Kenya

Conclusion: This study showed an increased prevalence of dhfr/dhps resistant markers over 20 years with the
emergence of Pfdhps-436H mutant a decade ago in Asembo. The reversal of Pfcrt from CQ-resistant to CQ-sensitive
genotype occurred following 19 years of CQ withdrawal. No Pfk13 markers associated with artemisinin resistance were
detected, but the increased haplotype of Pimdrl NggF15451034N1042D1246 Was observed. The differences in prevalence
of Pfdhps-436H and Pfcrt-76 T SNPs between two hosts and the role of mosquitoes in the transmission of drug resist-
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Background

Over the last two decades, increased malaria control
efforts have saved millions of lives globally and reduced
malaria mortality in Africa by 44.0% [1]. Like other
malaria endemic areas, malaria control has significantly
decreased malaria morbidity and all-cause mortality
in western Kenya [1, 2] by increasing access to effec-
tive anti-malarial treatment and scale-up of long-lasting
insecticide-treated nets (LLINs) [2]. However, progress
is threatened by the potential emergence and spread of
anti-malarial drug resistance.

In Kenya, Ministry of Health guidelines for the treat-
ment of malaria have changed in response to the spread
of drug resistant parasites. Due to widespread CQ
resistance, sulfadoxine-pyrimethamine (SP) replaced
chloroquine (CQ) as first-line treatment for uncompli-
cated malaria in 1998. However, resistance to SP rapidly
developed and in 2004, artemether-lumefantrine (AL),
an artemisinin-based combination therapy (ACT), was
recommended as the first-line anti-malarial for uncom-
plicated malaria [3]. Because of AL supply shortage,
amodiaquine (AQ) was temporarily used as first-line
treatment between 2004 and 2006 [4]. SP remains the
drug of choice for intermittent preventive treatment in
pregnancy (IPTp), which has been widely implemented in
western Kenya [5].

In Asembo, Siaya County, western Kenya, malaria
vector control started in 1997 with a large-scale trial of
insecticide-treated nets (ITNs). Nationally, ITNs were
initially distributed to pregnant women and children
through social marketing schemes. In 2006, the first
mass distribution campaign of long-lasting insecticidal
nets (LLINs) was implemented to target children under
5 years of age and pregnant women. Subsequent mass
campaigns in 2011 and 2014 targeted all age groups to
achieve universal coverage. The scale-up of ITNs was
associated with changes in the predominant mosquito
species with substantial reductions in Anopheles gambiae
sensu stricto (s.s.) and Anopheles funestus that resulted
in a predominance of Anopheles arabiensis [6]. However,
An. funestus has resurged and became the predominant
species since 2010 in the Asembo area [7]. It is unknown

whether the temporal changes in mosquito vector species
influenced the spread of drug resistant parasites in mos-
quito populations in addition to anti-malarial drug pres-
sures in humans in this area.

Molecular surveillance is essential to detect trends
in known drug-resistant mutations as well as emerging
mutations. Single nucleotide polymorphisms (SNPs) in
the genes for dihydrofolate reductase (DHFR) and dihy-
dropteroate synthase (DHPS) are known to cause resist-
ance to SP. Triple mutations of Pfdhfr 511, 59R, and 108 N
combined with double mutations of Pfdhps 437G and
540E (a quintuple set of mutations) are strongly associ-
ated with SP treatment failure [8], and a high prevalence
of sextuple-mutant parasites containing the 581G muta-
tion (Pfdhfr 1;,ReoN,os and Pfdhps GusEz40Gss;) has
been associated with reduced IPTp-SP efficacy in sub-
Saharan Africa [9]. Plasmodium falciparum chloroquine
resistance transporter gene (Pfcrt) 76 T and multi-drug
resistant gene 1 (Pfindrl) 86Y are key molecular mark-
ers associated with the emergence and spread of resist-
ance to CQ and AQ [10, 11]. In the Greater Mekong
Subregion, multiple SNP mutations in the Kelch 13 gene
(Pfk13) are associated with resistance to artemisinin, the
drug currently used widely in ACTs [12—14]. In Africa,
the selection of wild type Pfindri-N86 and the haplo-
type NgeFi5aD1046 by ACT partner drug, lumefantrine,
has been documented [15, 16] with a possible asso-
ciation with reduced susceptibility to treatment [15, 17,
18]. More recent reports show that artemisinin resistant
mutation Pfk13 R561H in Rwanda and Pfk13 A675V and
C469Y in Uganda are associated with delayed clearance
of malaria parasites [19, 20].

The spread of resistant parasites also depends on non-
drug pressure factors, including immune clearance in
human host, multiplicity of infection, fitness cost in both
human and vector, vector species, genetic recombination,
and mid-gut microbiota in mosquitoes [21-23]. Previ-
ous studies conducted in different transmission settings
have suggested that selection of some drug-resistant
molecular markers in malaria parasites may occur dur-
ing transmission by mosquitoes [24—26]. Different drug-
resistant mutations of parasites selected in humans and
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mosquitoes have been reported in some studies [25,
26] while similar molecular resistant profiles of Pfdhfr,
Pfdhps, Pfki3, Pfcrt, Pfmdrl between human and mos-
quito populations were found in others [27, 28]. The
different results from different malaria endemic areas
warranted the examination of whether profiles of molec-
ular markers of parasite drug resistance in mosquitoes
differ from those in human blood in this high transmis-
sion area of western Kenya.

To evaluate the impact of malaria control on drug-
resistant markers in the Asembo area of western Kenya,
samples from community cross-sectional surveys in
1996, 2001, and 2007 were previously tested for molecu-
lar markers of resistance [29, 30]. Those studies showed
that the prevalence of molecular markers of resistance to
CQ and SP continued to increase even after withdrawal
of these drugs as first-line treatment and with the sus-
tained use of ITNs in western Kenya [30]. The present
study extends these observations to include survey sam-
ples from 2012 to 2017 by testing the resistance markers
associated with previously and currently used anti-malar-
ial drugs to further evaluate the temporal trends in these
drug-resistance markers between 1996 and 2017. This
study also compares the prevalence of molecular mark-
ers of drug resistance between P falciparum parasites
isolated from mosquito oocysts and from human blood
samples collected in 2012.

Methods

Ethics statement

This study was approved by the Ethical Review Commit-
tee of KEMRI, Nairobi, Kenya, the Institutional Review
Board of Michigan State University, East Lansing, Michi-
gan, and the Institutional Review Board of the Centers for
Disease Control and Prevention (CDC), Atlanta, USA.

Study area and sample collection

This study was part of a series of community-based
household surveys to evaluate the impact of malaria con-
trol interventions within the Kenya Medical Research
Institute and Centers for Disease Control and Prevention
(KEMRI/CDC) Health and Demographic Surveillance
System (HDSS) in Asembo, Siaya County, western Kenya
[31]. Surveys carried out in 2012 and 2017 utilized sys-
tematic random selection of households to estimate pop-
ulation representative prevalence. Among households
selected, all individuals above 1 months of age were eli-
gible for inclusion. Dried blood spot (DBS) from smear-
positive participants between June and August from the
survey in 2012 (N =225) and between June and Septem-
ber in the 2017 survey (N=121) were used for this para-
site genotyping study.
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Mosquitoes were collected using prokopack aspira-
tion of indoor resting mosquitoes [32] from May to Sep-
tember in 2012 in a single village in the Asembo area.
Approximately 20 houses were sampled each morning
from 7 to 11 am. Collections were done 5 days during one
week each month with collectors using prokopack aspira-
tors to capture mosquitoes resting on the walls, the roof,
under furniture and from hangings within the house.
Collectors spent 15-20 min in each house before moving
to a new house. Houses were selected non-randomly with
the aim to maximize mosquito collections but efforts
were made to ensure that all houses within the village
were sampled at least once during the collection period.

Collected mosquitoes were transferred into adult mos-
quito cage (30 x 30x 30 cm) from where the fed, gravid
and half gravid female anophelines were sorted out and
held separately in paper cups while the rest were killed
and discarded in the field. Fed, gravid and half gravid
female mosquitoes collected from the field were returned
to the KEMRI/CDC facilities in Kisian and held in the
insectary, sustained with sugar solution. Blood fed and
half-gravid mosquitoes were held for 6 to 8 daysbefore
oocyst dissection, while gravid females were dissected
after 4 days. The identified oocysts were preserved in
absolute ethanol and stored at — 20 °C, then shipped to
the CDC malaria lab in Atlanta for sequencing. Because
the midgut was preserved in absolute ethanol, the mid-
gut sample was dried on filter paper and transferred to
a 1.5 ml tube and ground with a sterile blue Kontes pes-
tle in lysis buffer before DNA extraction. Before dissec-
tion, mosquitoes were identified morphologically using
the published keys for the Anophelinae of Africa [33].
Mosquitoes from the An. gambiae complex were further
identified as An. gambiae s.s. or Anopheles arabiensis
using the methods of Scott et al. [34].

DNA extraction

A whole spot (50 ul blood) from a DBS sample was cut
from which DNA was extracted. Parasite genomic DNA
from DBS samples was extracted using QIAamp® DNA
Mini Kit (QIAGEN, Valencia, CA) and from the mos-
quito midguts using QIAmp DNA Micro kit following
manufacturer’s instructions (QIAGEN). Extracted DNA
samples were stored at — 20 °C until use.

Nested PCR amplification for Pfdhfr and Pfdhps genes

Nested PCR was used to amplify the Pfdhfr gene cov-
ering codons 51, 59, 108, and 164 and the Pfdhps gene
covering codons 436, 437, 540, 581 and 613 for all blood
and mosquito samples collected. Primers were designed
using Primer3web (Github Inc, San Francisco, CA) and
synthesized at the CDC Core Facility in Atlanta, GA.
All primary and secondary PCRs were performed in
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a 25 pl reaction with Premixed 2 x PCR Master Mix
(Promega Corporation, Madison, WI). For both of Pfd-
hfr and Pfdhps primary PCR, a 25 ul reaction contained
12.5 pl 2 x master mix, 1 pl (400 nM) each primer, 2 ul
DNA template and 8.5 pul PCR-grade water. For second-
ary PCR, reaction system is the same except for template
with 2 ul primary PCR products for both genes. After
secondary PCRs, 1% agarose gel was prepared and gel
electrophoreses were run for the amplification of sample
PCR bands, and positive, negative and blank controls.
The final PCR products of 542 bp and 675 bp of Pfdhfr
and Pfdhps genes, respectively, were used for Sanger
sequencing. The PCR primers and recycling conditions
are shown in Additional file 1: Table S1.

Nested PCR amplification for Pfcrt, Pfmdr1 and Pfk13 genes
The primers and PCR conditions used for Pfert, Pfimdrl
and Pfk13 amplification were adapted from previously
published work [35-37] (see Additional file 2: Table S2).
For Pfimdrl gene, the first fragment, covering codons 86
and184, was amplified using the same primers as shown
in the publication [36]. The second fragment amplifica-
tion covering codons 1034, 1042 and 1246 was modified
by adding 2 internal primers (forward primer: 5GCA
ATCGTTGGAGAAACAGG-3’ and reverse primer:
S5TTTTGCATTTTCTGAATCTCCTT-3") in the sec-
ondary PCR. Thus, the final secondary PCR products
included a 298 bp amplicon covering codons 1034—1042
and a 414 bp amplicon covering codon 1246 were pro-
duced in the current study. After secondary PCR, 1% aga-
rose gel was prepared and gel electrophoreses were run
for the amplification of sample PCR bands, and positive,
negative and blank controls.

Sanger sequencing of amplified drug-resistant genes

Nested PCR products were purified with ExoSAP (New
England Biolabs, Ipswich, MA, USA). The cycling
sequencing was carried out using Big Dye Termina-
tor v3.1 cycle sequencing kit on Bio-Rad C1000 thermal
cycler (Bio-Rad, Hercules, CA, USA). Dye terminators
were cleaned by precipitating reactions with EDTA/
NaOAc/Ethanol precipitation and rehydrating in 10 pl
HiDi formamide. Capillary electrophoresis was per-
formed in ABI 3730 or 3730xl genetic analyzer (Applied
Biosystems, Foster City, USA). Sequence data were
analysed using the Geneious Prime R10 and R11 (Bio-
matters, San Francisco, CA, USA). The mixed SNPs
were identified where the minor peak was>30% of the
major peak. SNPs at Pfdhfr, Pfdhps, Pfcrt, Pfmdrl genes
and Pfkl3 propeller region were identified by compar-
ing sequences with reference 3D7 strains from Gen-
Bank XM_001351443.1, Z30654.1, XM_001348968.1,
XM_001351751 and MW712622.1), respectively. PCR
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reaction systems and cycling conditions were detailed in
Additional files 1, 2.

Genetic definitions

As with previous studies [29, 30], all SNPs related to drug
resistance molecular markers were classified as either
wild, mutant or mixed. When calculating the prevalence
and constructing haplotypes, mixed genotypes were con-
sidered as resistant mutant [30]. The Pfdhfr haplotypes
in codons 50, 51, 59, 108 and 164 were classified as wild
type, single, double, triple, and quadruple mutants. The
Pfdhps haplotypes in codons 436, 437, 540, 581 and 613
were classified as wild type, single, double and triple hap-
lotypes. The combined dhfr/dhps haplotypes (codons of
Pfdhfr 50, 51, 59, 108, 164 and Pfdhps 436, 437, 540, 581,
613) were classified as wild type, single, double, triple,
quadruple, quintuple and sextuple mutants. Pfcrt hap-
lotypes based on codons 72, 73, 74, 75, 76 and Pfmdrl
haplotypes based on codons 86, 184, 1034, 1042, 1246
were also constructed. The SNPs in PfkI13 domain at nine
codons 446, 458, 476, 493, 539, 543, 553, 561, 580 were
assessed for the presence of mutations known to be asso-
ciated with artemisinin resistance by the World Health
Organization (WHO) 2018 standards [38].

Statistical analysis

Because age is not a confounding factor for the preva-
lence of drug-resistant molecular markers in our previous
study [30], analyses of temporal trends between different
sampling years were not adjusted for age in this study.
The temporal trends in the prevalence of resistant mark-
ers were analysed using the exact version of the Cochran-
Armitage test for trend. Differences in the prevalence
of SNPs and haplotypes between mosquito and human
samples in 2012 survey were assessed using Pearson Chi-
square tests (exact version) and exact 95% confidence
intervals (Cls) for the prevalence of SNPs and haplotypes
in mosquitoes and human samples were also calculated.
These statistical analyses were conducted using SAS v9.4.
All statistical tests were two-tailed and statistical signifi-
cance was defined as p<0.05. Marginal differences were
defined as 0.05<p<0.10. The prevalence of SNPs and
haplotypes were not adjusted for sampling weights.

Results

Prevalence of Pfdhfr and Pfdhps resistant SNPs

and haplotypes in 2012 and 2017 surveys

The prevalence of SP resistance mutations at Pfdhfr-
511, -59R, -108 N and Pfdhps-437G, -540E approached
fixation (96.4—100%) with no significant differences in
frequencies observed between 2012 and 2017 (Table 1),
while the prevalence of the Pfdhps-436H mutation
increased significantly from 10.5% in 2012 to 34.6% in
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Table 1 Prevalence of SP mutant SNPs and haplotypes between 2012 and 2017
Gene SNP Percentin 2012 Percentin 2017 P value
Pfdhfr n=212 n=111
C50R 0 0 N/A
N51I 100 100 1.000
C59R 97.2 96.4 0.965
S108N 100 100 1.000
1164L 0.9 0 0.779
Pfdhps n=210 n=111
S436H 10.5 346 0.001
A437G 100 100 1.000
K540E 99.5 97.2 0.221
A581G 1.0 0 0.792
A613T 0 0 N/A
Mutation number Haplotype Percentin 2012 Percentin 2017 P value
Pfdhfr n=212 n=111
Wild CsoN51Cs05108h164 0 0 N/A
Double Caols1CsoNioshea 23 36 0772
Triple CaolsiRsoN1osh16a 9.7 96.4 0965
Triple Csols1CsoNigsLie 05 0 1.000
Quadruple CsolsiRsoNigsli64 05 0 1.000
Pfdhps n=210 n=107
Wild S436P437Ks40As81 613 0 0 N/A
Single S436Ga37Ksa0Ase Agr3 05 28 0221
Double S436Ga37Es10A581A613 88.1 626 0.001
Triple H,35G37E540A581A613 10.5 346 0.001
Triple S436G37Es10Geg 1 Asi3 10 0 0793
dhfr/dhps n=209 n=107
Wlld CSONSlC59SWOS'W64/S4S6A437K54OA58]A6B 0 0 N/A
Triple Csols1CsoN1ogh64/5436G37Ks20A581Ag13 0 1 1.000
Quadruple Csols1CsoN08l16475436G437E540A581A613 24 2.8 1.000
Quadruple CsolsRsoN 108116475436 Ga37Ks40A581A613 0.5 1.9 0.553
Quintuple Cools1RsoN; 051164754368 437E 520A 581 A3 85.2 59.8 0.001
Sextuple Cools1RsoN;05l164/Ha36Ga37E50A 581 A3 10.1 346 0.001
Sextuple Csols1CsoNigglisa/HazGaz7Esa0Ase1Ae13 05 0 1.000
Sextuple CoolsRsoN10sl164/5436Gu37Es80A581 A3 0.5 0 1.000
Sextuple Csols1RsoN 1 0gl164/5436Ga37E540Gsg1A613 10 0 0.791

P-values in bold indicate statistically significant differences in the prevalence of resistant markers between 2012 and 2017

N/A not applicable

2017 (p=0.001). In contrast, the Pfdhfr-164L muta-
tion which was detected previously in a cotrimoxazole
prophylaxis study in the Kisumu region of western
Kenya [39] and the Pfdhps-581G mutation which was
reported in patients registered at the outpatient clinic
of New Nyanza Provincial Hospital, Kisumu, Kenya
[40], were observed in only two samples in the 2012
survey (0.9% and 1.0%, respectively) and none in 2017
in the Asembo area (Table 1). There was no Pfdhfr-164L
mutation found in Asembo in 1996, 2001, or 2007 [29,

30] and no Pfdhps-581G mutation found in 2007 [30]
(codon Pfdhps-581 was not tested in the 1996 & 2001
surveys). Comparison of mutant haplotypes between
2012 and 2017 showed no significant increase in the
prevalence of all haplotypes but a significant increase
in Pfdhps triple mutants (Hy36G437E540A5514613)
reflecting the increase in the Pfdhps-436H muta-
tion (p=0.001). In parallel, the prevalence of the
combined haplotype of dhfr/dhps sextuple mutant
Csol51R5oN 081164/ HazeGaszrEsaoAss1 Aers containing
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Pfdhps-436H was 10.5% in 2012 and 34.6% in 2017
(p=0.001, Table 1).

Temporal trend in the prevalence of dhfr/dhps haplotypes
from 1996 to 2017

The prevalence of combined dhfr/dhps double, triple,
and quadruple mutant haplotypes decreased signifi-
cantly over time (all haplotypes p<0.01), reflecting ini-
tially the increasing prevalence of the combined dhfr/
dhps quintuple mutant haplotype (Csols;RsoN7gslica/
Su36Gu37Es00 Asg1Agrz) from 19.7% in 1996 to 85.2% in
2012 (p<0.01, Fig. 1). The prevalence of the quintuple
mutant then declined slightly to 59.8% in 2017 as sextu-
ple mutants increased. There was no Pfdhps-436H muta-
tion found in 1996, 2001 and 2007 surveys in Asembo
[29, 30]. The prevalence of sextuple mutant haplotypes
in 2012 was 12.4% including 4 different sextuple hap-
lotypes (Table 1). Of the four sextuple haplotypes, the
haplotype Cyol5;Rs59N 081164/ Hyz6Ga7E500 AsgiAgis con-
taining Pfdhps-436H appeared in 2012 and became the
most common sextuple haplotype accounting for 10.5%
in 2012 (Sextuplel, green bar in Fig. 1). This haplotype
increased to 34.6% in 2017 (p<0.01, green bar in Fig. 1
and Table 1).

Prevalence of Pfcrt and Pfmdr1 resistant SNPs

and haplotypes in the 2012 and 2017 surveys

In 2012, the prevalence of Pfcrt SNPs was 17.3% for
mutant Pfert-741 and 18.3% for both Pfert-75D/E and
-76 T (Table 2). The prevalence of all three SNPs sig-
nificantly decreased to 0.9% in 2017 (p=0.001, Table 2).
There were no mutations at codons 72 and 73 in either
the 2012 or the 2017 samples. The prevalence of CQ-
sensitive Pfcrt-K76 increased from 81.7% 2012 to
99.1% in 2017 (p=0.001). Similarly, the wild haplo-
type C,,V,3M7N.K o (CVMNK) also increased from
81.7% in 2012 to 99.1% in 2017 (p=0.001), while the

100 —
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= 60
>
2
a. 40
X
20
0 | —
1996 2001 2007 2012 2017
Survey year
Wild type Double u Triple Quadruple
= Quintuple m Sextuplel B Other sextuples
Fig. 1 Temporal trend in the prevalence of combined dhfr/dhps
haplotypes from 1996 to 2017.The data in 1996, 2001 and 2007 were
extracted from previous publications [29, 30]
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mutant haplotype C,,V I ,E T, (CVIET) decreased
from 10.6% to 0.9% (1/110) (p=0.003), and the mutant
haplotype C,,V51,,D,:Tc (CVIDT) from 6.7% to 0.0%
(p=0.013).

The prevalence of mutant SNPs Pfindri-86Y,-184F,
and -1246Y was 10.2%, 52.2% and 13.6%, respectively
in 2012, and zero, 55.9% and 9.9%, respectively in 2017
(Table 2) with a significant decline of Pfindrl-86Y in
2017 (p=0.001). No samples carried mutations for
Pfimdr1-1034 or Pfimdri-1042 in either the 2012 or
the 2017 samples. There were no statistically signifi-
cant differences in the prevalence of wild haplotype
NgY1845103aN1042D124¢ (NYSND) or the major mutant
haplotype Ng¢F 54S1034N1042D124¢ (NESND) between
2012 and 2017 (Table 2). However, the prevalence of
mutant  haplotypes  YgsY1445103aN1042Y 1246  (YYSNY)
decreased significantly (p=0.043) and YgcF;54S;034N104
9D194¢ (YESND) marginally (p=0.055).

Temporal trend in prevalence of Pfcrt and Pfmdr1 SNPs

and haplotypes from 1996 to 2017

Since previous studies using samples from the 1996 and
2001 surveys by this research group in the same area only
tested the key markers of Pfcrt K76T and Pfimdrl N86Y
by real-time PCR [30], these were the only SNPs evalu-
ated in the temporal trends from 1996 to 2017; for the
temporal trends from 2007 to 2017, other SNPs and hap-
lotypes of Pfcrt and Pfmdr 1 were included. The preva-
lence of mutant Pfcrt-76 T SNP was 81.6% and 81.8% in
1996 and 2001 and increased to 94.6% in 2007. Thereaf-
ter, the prevalence declined sharply to 18.3% in 2012 and
0.9% in 2017 (p<0.01, Fig. 2). The wild type Pfcrt-K76
significantly increased from 18.4% to 99.1% from 1996 to
2017 a period of over 20 years (p <0.01). Changing trends
were also observed for Pfindrl codons 86, 184 and 1246
over years. The prevalence of mutant Pfindri-86Y slowly
decreased to 71.0% in 2007, then declined to zero in 2017
(p<0.01, Fig. 2). The prevalence of mutant Pfimdri-1246Y
decreased from 41.1% in 2007 to 9.9% in 2017 (p<0.01).
In contrast, mutant Pfmdri-184F increased from 17.9%
in 2007 to 55.9% in 2017 (p < 0.01, Fig. 2).

Figure 3a shows the decline of major mutant haplotype
CyVosl B . T (CVIET) of Pfert from 75.0% to 0.9%
from 2007 to 2017 (p<0.01) while the wild haplotype
C, VoMo, N- Ko (CVMNK) of Pfert increased from 4.0%
of 2007 to 99.1% in 2017 (p <0.01). The parasites carrying
Pfimdrl Ng¢F64S1034N1042D1246 (NFSND) haplotype (con-
taining a mutant SNP at codon 184F), possibly associated
with reduced lumefantrine susceptibility, increased from
11.0% in 2007 to 49.6% in 2017 (p<0.01, Fig. 3b). There
was a significant increase in the prevalence of wild hap-
lotype NgoY;64S1034N1040D124¢ (NYSND) from 11.1% to
40.5% (p<0.01) as well as a decrease in the prevalence
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Table 2 Prevalence of Pfcrt and Pfmdr1 mutant SNPs and haplotypes between 2012 and 2017
Gene SNP Percentin 2012 Percentin 2017 P value
Pfcrt n=208 n=110
C72S 0 0 N/A
V73V 100 100 N/A
M74l 17.3 09 0.001
N75D/E 183 09 0.001
K76T 183 0.9 0.001
Pfmdr1 n=207 n=111
N86Y 10.2 0 0.001
Y184F 52.2 559 0.61
$1034C 0 0 N/A
N1042D 0 0 N/A
D1246Y 135 9.9 0.448
Mutation number Haplotype Percentin 2012 Percentin 2017 P value
Pfcrt n=208 n=110
wild CoVosMyuNS Ko 81.7 99.1 0.001
Double C,oVysM,DeT o 10 0 0774
Triple CVy3lraEpsTog 106 09 0.003
Triple (GSRVAN Y, S, 67 0 0.013
Pfmdrl1 n=207 n=111
wild NgsY1845103aN 104201246 367 405 0562
Single NgsF18451034/N 1042/ D125 454 496 0557
Single Nag¥18451034N104Y 1246 34 36 1.000
Single Yos"18451034N1042D1246 29 0 0.168
Double NgsF1645103aN1042Y 1245 44 63 0622
Double YaeY1805103aN104Y 146 48 0 0.043
Double YooF 1545103aN 104501246 15 0 0.055
Triple YaeFi845103aN1042Y 1246 1.0 0 0768

N/A is not applicable

P value in bold indicates significant or marginal differences of the prevalence of resistant markers between 2012 and 2017

[AQ | AL

% prevalence
o
3

1996

—e—Pfert-76T

2007 2012

Survey year

=o=Pfidrl-184F

Fig. 2 Temporal trends in the prevalence of Pfcrt and Pimdri
resistant SNP markers over years. The data in 1996, 2001 and 2007
were extracted from publications [29, 30]

of two other mutant haplotypes, Yg¢Y;5,51034N1042Y 1246
(YYSNY) from 34.0% to 4.8% (p<0.01) and YgY,g,S 03
N942D1246 (YYSND) from 34.0% to 2.9% (p<0.01), from
2007 to 2017.

Artemisinin resistance marker Pfk13 gene at the 2012

and 2017 surveys

There were no artemisinin-associated resistant PfkI3
mutations at the nine validated codons or other can-
didate codons listed by the WHO (2018) [38] in any of
the samples tested in the 2012 and 2017 surveys in the
Asembo area. Two samples from the 2017 survey had
the Pfki3 synonymous mutation at codons 504 and 510,
respectively.

Comparison of drug resistance molecular markers

in parasites from mosquitoes and humans in 2012 survey
A total of 66 mosquitoes collected in 2012 were found
to be oocyst positive and analysed for the frequency of
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Fig. 3 Temporal trend in the prevalence of Pfcrt and Pfmdr1
haplotypes from 2007 to 2017. 3a The construction of Pfcrt haplotype
includes codons 72, 73, 74,75, 76. Codons at 72 and 73 were wild
type in all samples tested in this paper. CVMNK, the first label, is
the wild haplotype of Pfcrt and remaining labels are all mutant
haplotypes. 3b The construction of Pfmdr1 haplotype includes
codons 86, 184, 1034, 1042, 1246. Codons at 1034 and 1042 were
wild types in all samples tested in this paper. NYSND, the first label,
is the wild haplotype of Pfmdr1 and remaining labels are all mutant
haplotypes. Symbols “*"indicate statistical significance in prevalence
of haplotypes over time (p <0.01). The data in 2007 were extracted
from publications [30]

molecular markers of drug resistance. Among oocyst-
positive mosquitoes, An.s funestus was the predominant
species (87.9%), compared to An. gambiae s.s. (6.1%) and
An. arabiensis (4.5%). Species identification by PCR failed
for one mosquito sample. There were marginal differ-
ences in the prevalence of three drug resistant SNPs in
the parasites from mosquitos compared to human, with a
lower frequency of Pfdhps-436H (p=0.059) and a higher
frequency of Pfcrt-75D/E, — 76 T in mosquito oocysts
(p=0.051) (Table 3). The prevalence of parasites carry-
ing wild haplotype Pfcrt C,,V,3M, N, K. (CVMNK) was
lower in mosquitoes than in human blood with marginal
statistical significance (p=0.051, Fig. 4). There were eight
Pfmdrl haplotypes of parasites in humans but seven
haplotypes in mosquitoes with Yg,Y1g,S1034N1042D 1246
(YYSND) not observed in mosquitoes. The prevalence of
Pfimdrl wild haplotype Ng¢Y164S1034N1042D1246 (NYSND)
was marginally higher in mosquito oocysts than in
human blood samples (p=0.070, Fig. 4). Since mosqui-
toes were collected from a single village while sampling
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Table 3. Comparison of prevalence of drug resistance molecular
markers in parasites between mosquitoes and human hosts

Gene  SNP Mosquitoes Human blood P value
Prevalence (95% Prevalence (95%
Cl) @)
Pfdhfr n=62 n=212
N511 98.4(91.3,100) 100 (98.3, 100) 0.226
C59R 95.2 (86.5,99.0) 97.2(93.9,99.0) 0.689
ST08N 984 (91.3,100) 100 (98.3, 100) 0.226
1164L 0(0,58) 09(0.1,34) 1.000
Pfdhps n=>58 n=210
S436H  1.7(0,9.2) 10.5(6.7,15.4) 0.059
A437G 98.3(90.8, 100) 100 (98.3, 100) 0216
K540E 983 (90.8, 100) 99.5(97.4,100) 0.387
A581G  1.7(0,9.2) 1.0(0.1,34) 1.000
Pfert n=48 n=208
M741 27.1(153,41.9) 17.3(124,23.2) 0.153
N75D/E  31.3(18.7,46.3) 18.3(133,24.2) 0.051
K76T 31.3(187,46.3) 183(13.3,24.2) 0.051
Pfmdr1 n=65 n=207
N86Y 9.2 (3.5,19.0) 10.1(6.4,15.1) 1.000
Y184F  43.1 (309, 56.0) 52.2(45.1,59.2) 0.255
D1246Y 10.1(4.8,22.6) 13.5(9.2,19.0) 0.830

P values in bold indicate marginal differences (0.05 <p <0.10).

of parasites from humans was 54 villages across the entire
HDSS area, additional analyses were conducted to assess
whether the observed marginal differences in drug resist-
ance markers were the result of biases due to the limited
geographic sampling area for mosquitoes. The distance

100
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CVMDT |
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NYSNY &
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YYSND

Pfert Pfmdrl

Mosquito ®Human

Fig. 4 Comparison of prevalence of Pfcrt and Pfmdri

haplotypes between mosquito oocyst and human blood samples.
CVMNK and NYSND are wild haplotypes for Pfcrt and Pfmdrl,
respectively. The remaining haplotypes have at least one mutant
allele. Symbols “#"indicate 0.05 <p <0.10
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from the household of each human sampled for parasite
infection to the centroid of the village where mosquitoes
were collected was calculated. Households were then cat-
egorized as <7 km, <14 km and <27 km from the cen-
troid of the village where mosquitoes were collected. The
initial selection of 7 km distance was based on the upper
limit of a basic mosquito reproductive unit as assessed
by kinship analysis of An. gambiae s.s. using microsatel-
lite loci in this area [41]. Comparisons of the frequency of
drug resistance SNP markers between human blood sam-
ples and oocysts in mosquitoes showed similar trends
with similar marginal p-values within the different dis-
tance categories. These analyses suggest that there was
no substantial variation in the frequency of molecular
markers of drug resistance across the investigation and
that the marginal differences observed between parasites
from humans versus mosquitoes were not substantially
biased by the limited geographic sampling area for mos-
quitoes (see Additional file 3).

Discussion
This time series analysis of changes in the prevalence of
molecular markers of anti-malarial drug resistance over
20 years in western Kenya showed a near fixation of the
Pfdhfr-511, -59R, -108 N and Pfdhps-437G, -540E resist-
ance markers and a significant increase in the sextuple
mutant haplotype containing the Pfdhps-436H allele
between 2012 and 2017. In contrast, a near complete
return of the wild type haplotype of Pfcrt and Pfimdrl was
observed in 2017, 19 years after the withdrawal of CQ and
12 years after the wide-scale uptake of AL in the study
area. No validated or candidate mutations in the Pfk13
propeller domain associated with artemisinin resist-
ance were found in 2012 or 2017 based on WHO 2018
standards [38]. Marginal differences in the prevalence of
Pfdhps-436H and Pfcrt-76 T were observed between par-
asites from human blood samples and mosquitoes.
Despite the discontinuation of SP as first line treatment
for uncomplicated malaria in the general population in
2004, the prevalence of combined SP dhfr/dhps quintu-
ple mutant haplotype (Cyol5;Rs59N 051164/ Sa36/Ga37E540A58
1A43) steadily increased to 85.2% in 2012, then decreased
in 2017 to 59.8%. However, this decrease was largely due
to an increased prevalence of sextuple mutant haplotype
(Csol51R59N 081164/ Haz6GazrEsa0As81A613) resulting from
the rise in Pfdhps-436H allele in the Asembo area from
0.0% in 2007 [30] to 10.5% in 2012 and 34.6% in 2017.
This trend was consistent with other studies in western
Kenya reporting that Pfdhps-436H allele was undetecta-
ble in 2005, 14.1% between 2010 and 2013 in samples col-
lected from children in the Bondo District Hospital and
the Siaya District Hospital of western Kenya [42], and
28.0% in 2018 in children enrolled at the Siaya County
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Referral Hospital [43]. In addition, the Pfdhps-436H
mutation was observed at 3.8% in pregnant women in
2008 to 2009 in western Kenya [44]. Taken together, it is
plausible that the increase in prevalence of Pfdhps-436H
mutant allele and sextuple mutant haplotype in the para-
sites in general population might originate from a slow
expansion of such mutant parasites from the pregnant
women on IPTp-SP. It is also possible that cross-resist-
ance to other antifolate drugs, such as cotrimoxazole
(CTX) commonly used as prophylaxis against opportun-
istic infection in HIV infected individuals or as treatment
for other bacterial infections in general populations [45—
47], could select for the Pfdhps-436H in this area. How-
ever, a recent trial has shown that CTX does not select
for SP resistance [48]. Although the effect of the Pfdhps-
436H mutation on SP resistance is not yet known, the
progressive increase of this mutant allele indicates a need
to closely monitor its impact on the effectiveness of IPTp
with SP in western Kenya.

The temporal trend analysis showed that the preva-
lence of Pfcrt-76 T mutants increased from 81.0% in 2001
to a peak prevalence (94.6%) in 2007, during which AQ,
which may exert similar selective pressure as CQ, was
still used in this area [29, 30, 42]. This was then followed
by the sharp decline in resistance marker Pfcrt-76 T
from 94.6% in 2007 to 18.3% in 2012 and 0.9% in 2017
and a marked increase in the CQ-sensitive haplotype
(CryVysM,,No:Ko) from 4.0% in 2007 to 81.7% in 2012
and to 99.1% in 2017. This reversal of Pfcrt from CQ-
resistant to CQ-sensitive genotype, after long-term with-
drawal of CQ (19 years), has been reported previously in
other countries [49], as well as in coastal Kenya and other
areas of western Kenya [50]. The reduced prevalence of
CQ-resistant genotypes reflects a fitness cost to the par-
asites after long-term withdrawal of CQ and less use of
AQ [51].

However, the strong temporal trend, following the
widespread introduction of artemether-lumefantrine as
first-line treatment in the study area in 2006, suggests
that counter-selection pressure from lumefantrine on
this gene may have also played an important role. AL and
CQ or AQ exert opposite selection pressure on the Pfcrt
genotypes as AL selects Pfcrt-K76 while AQ and CQ
select Pfcrt-76 T [52, 53]. Overall, the reversal of Pfcrt
to CQ sensitive genotype may indicate the option of re-
introducing CQ as a component of ACT using a strategy
of negative cross-resistance or as part of a triple-drug
ACT combination [54-56] though there are debates on
this re-introduction of CQ.

CQ and AQ also select for Pfimdri-86Y and -1246Y
SNPs, while AL selects for the Pfmdri-N86, -184F,
and -D1246 alleles [52]. Previous studies have shown
a strong selection of wild Pfimdri-N86 in re-infection
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after treatment with AL [57, 58] and the increase of
Pfimdr1-N86 is associated with reduced susceptibility to
AL treatment [52]. It has been reported that the selec-
tion of wild Pfindri-N86 is mediated by lumefantrine
drug pressure in vitro [59, 60]. The counter-selection of
wild type Pfimdri-N86 has also been observed in use of
other antimalarials, such as mefloquine vs CQ/AQ [55,
61]. In addition, mutant SNP Pfmdri-184F was con-
sidered to be under selection by AL [36] and was asso-
ciated with reduced lumefantrine susceptibility in vivo
and ex vivo [18, 62]. The Pfmdrl haplotype NgcF 54D 1946
was significantly associated with AL treatment fail-
ures in Nigerian children [15]. The temporal analysis in
this study showed that wild type Pfindri-N86 increased
across years from 25.2% in 1996 at baseline to 100% in
2017 and mutant SNP Pfindri-184F increased in 2012
and 2017 in the Asembo area. Accordingly, both wild
haplotype NgY164S1034N1042D124¢ and the haplotype car-
rying 184F mutant codon, NgcF ¢,S1034N1040D 1246 Stead-
ily increased over years. These results are consistent with
previous findings in other areas of western Kenya [63, 64]
and other African countries [65, 66]. There are two com-
bined effects for this phenomenon. First, the increase in
wild haplotype Ng¢Y6,S1034N1042D124¢ indicates return-
ing to CQ sensitivity by changes from Pfindri-86Y to
Pfimdr1-N86 and from Pfimdrl-1246Y to Pfindri-D1246
(Fig. 2) after withdrawal of CQ or AQ in the area [30, 53].
Second, counter-selection of wild Pfindri-N86, -D1246
and selection of mutant Pfindri-184F by use of AL [15]
over a decade could result in the increase of mutant
Ng6F1845103aN1042D1246 haplotype.

AL was officially recommended as first-line ACT for
treatment of uncomplicated malaria in 2004 with wide-
spread implementation since the end of 2006 [5] in
Kenya. In the current 2012 and 2017 community sur-
veys, no artemisinin-associated drug resistant mutations
were found after a decade of AL use in the Asembo area
based on WHO 2018 standard [38]. These molecular
Pfk13 findings were consistent with the previous report
in a 2016-2017 TES conducted in Siaya county of west-
ern Kenya [67]. There were no overt signs of delayed
parasite clearance on day 3 [Nelli Westercamp et al.
unpublished data] and no mutations associated with
artemisinin resistance [67]. However, the PCR-corrected
adequate sustained clinical and parasitological response
(ACPR) for AL was 88.5% on day 28 while that for dihy-
droartemisinin—piperaquine remained high at day 42 in
the same TES study [Nelli Westercamp et al. unpublished
data]. This may suggest parasite sensitivity to the Arte-
misinin partner drug, lumefantrine is waning. Although
the prevalence of Pfimdri-184F mutations was high, their
association with treatment failure was not statistically
significant [67]. These results are poorly understood and
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further investigation of association between Pfimdri-
184F and lumefantrine is warranted in Kenya. Moreo-
ver, Pfkl13 mutations associated with delayed parasite
clearance have been locally emerged in Rwanda (PfkI3
R561H SNP) and Uganda (Pfk13 A675V and C469Y
SNPs), respectively [68, 69]. Therefore, continued moni-
toring of Pfk13 molecular markers is necessary in African
countries including Kenya for early detection of AL drug
resistance.

The present study showed a marginally higher preva-
lence of mutant Pfcrt-76 T SNP in mosquito oocysts
compared to human blood samples, suggesting that Pfcrt
mutation-bearing parasites might be more transmissible
in this setting of western Kenya. In contrast, the lower
prevalence of Pfdhps-436H mutant in mosquito oocysts
compared to humans was observed in this study, indi-
cating that there could be a fitness cost in An. funestus
mosquitoes for transmission of the Pfdhps-436H muta-
tion bearing parasites in the Asembo area. Differences
in mutation profiles between human and mosquito hosts
and among species of mosquitoes have been documented
previously. For instance, a previous study in a high trans-
mission area of Zambia has shown that the prevalence of
resistant SNP of cycloguanil (Proguanil metabolite), Pfd-
hfr-108 T, is high in human blood (> 90.0%), but very rare
in the midgut of An. arabiensis [26]. In Southern Zambia,
there was a lower prevalence of mutant Pfcrt-76 T SNP
bearing parasites in An. arabiensis mosquitoes compared
to human blood samples [24]. However, in Uganda sig-
nificantly higher prevalence of mutant Pfcrt-76 T and
Pfimdr1-86Y was observed in An. gambiae complex
mosquitoes than in human blood [25]. Another study
conducted in Tanzania showed that An. arabiensis con-
sistently carried a lower proportion of Pfcrt-76 T mutant
than both An. funestus and An. gambiae s.s. from the sali-
vary glands [27]. These studies highlight the heterogene-
ity in transmission of different markers of anti-malarial
drug resistance, which is likely affected by the species of
mosquito, the individual markers of drug resistance and
the transmission settings. These studies also suggest that
mosquito-parasite interactions have the potential for
either accelerating or slowing the transmission of drug
resistance, although the mechanisms involved are still
unknown. Further studies are needed to understand how
different mosquito vectors transmit parasites with dif-
ferent drug resistance markers in different transmission
settings.

Limitations

There were a few limitations in the present study. First,
the sample size for genotyping drug resistance mark-
ers of parasites in mosquito oocysts was small, which
could affect statistical power for detecting statistically
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significant differences between the two hosts. Second,
the mosquitoes collected were not from the same houses
where the human blood samples were collected, and
there was a slight difference in the months between the
collection of mosquitoes (May to September) and human
blood (June to August). This limited us from conduct-
ing true pair-wise comparisons. However, the marginal
differences in prevalence of Pfdhps-436H and Pfcrt-76 T
mutant SNPs at population level between two hosts
observed in this study deserve further investigation.

Conclusions

This study showed an increased prevalence of dhfr/dhps
resistant markers over 20 years with the emergence of
Pfdhps-436H mutant a decade ago in Asembo. CQ-sen-
sitive haplotype reached nearly 100% in 2017, a rever-
sal from CQ-resistant to CQ-sensitive genotype at the
Pfcrt gene after 19 years of the withdrawal of CQ. No
Pfk13 markers associated with artemisinin resistance
were detected, but the increasing prevalence of Pfimdrl
Ng¢F18451034N1040D 1246 haplotype was observed. The dif-
ferences in prevalence of Pfdhps-436H and Pfcrt-76 T
SNPs between two hosts and the role of mosquitoes in
the transmission of drug resistant parasites require fur-
ther investigation. Continued monitoring of the molecu-
lar resistance markers in this area is imperative to guide
anti-malarial policy and delay the emergence and spread
of drug resistance.

Disclaimer
The findings and conclusions in this report are those of
the authors and do not necessarily represent the offi-
cial position of the Centers for Disease Control and
Prevention.
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