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Abstract. The development of artemisinin (ART)-resistant parasites in Southeast Asia (SEA) threatens malaria control
globally. Mutations in the Kelch 13 (K13)-propeller domain have been useful in identifying ART resistance in SEA. ART
combination therapy (ACT) remains highly efficacious in the treatment of uncomplicated malaria in Sub-Saharan Africa
(SSA). However, it is crucial that the efficacy of ACT is closely monitored. Toward this effort, this study profiled the
prevalence of K13 nonsynonymous mutations in different malaria ecological zones of Kenya and in different time periods,
before (pre) and after (post) the introduction of ACT as the first-line treatment of malaria. Nineteen nonsynonymous
mutations were present in the pre-ACT samples (N = 64) compared with 22 in the post-ACT samples (N = 251). Eight of
these mutations were present in both pre- and post-ACT parasites. Interestingly, seven of the shared single-nucleotide
polymorphisms were at higher frequencies in the pre-ACT than the post-ACT parasites. The A578S mutation reported in
SSA and the V568G mutation reported in SEA were found in both pre- and post-ACT parasites, with their frequencies
declining post-ACT. D584Y and R539K mutations were found only in post-ACT parasites; changes in these codons have
also been reported in SEA with different amino acids. The N585K mutation described for the first time in this study was
present only in post-ACT parasites, and it was the most prevalent mutation at a frequency of 5.2%. This study showed the
type, prevalence, and frequency of K13 mutations that varied based on the malaria ecological zones and also between

the pre- and post-ACT time periods.

INTRODUCTION

There is compelling evidence that nonsynonymous muta-
tions in the Kelch 13 (K13) propeller domain result in reduced
sensitivity of Plasmodium falciparum to artemisinin (ART).!*
ART resistance is characterized by a long parasite clearance
half-life after treatment with either ART monotherapy or ART
combination therapy (ACT),>* reduced susceptibility of ring-
stage parasites in the in vitro ring-stage survival assay
(RSA),>® and/or the presence of mutations in the K13-propeller
domain."” The nonsynonymous mutations in the K13 gene
have only been identified to be a causal determinant of ART
resistance in Southeast Asia (SEA) where increasing rates of
ACTs failure are evident.®®~! Some of these mutations have
also been observed in Sub-Saharan Africa (SSA) but are not
associated with ART resistance.” "2 Presently, the World
Health Organization defines suspected ART resistance as the
high prevalence of the delayed parasite clearance phenotype
or a high prevalence of K13-propeller mutants, whereas con-
firmed ART resistance is defined as the combination of
delayed parasite clearance and K13 resistance-validated
mutation from the same patient.’®

In SEA, six nonsynonymous mutations have been validated
in the K13-propeller domain as markers of ART resistance
(N458Y, Y493H, R539T, 1543T, R561H, and C580Y)." 1314
These markers have been reported throughout the greater
Mekong subregion with specific mutations being prevalent in
particular areas."® However, the C580Y is the most common
mutation in SEA"™'*'® and has been shown to have in-
dependent origins in western and eastern Cambodia.'*'® The
C580Y mutation has also been reported in SSA and appears
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to have emerged independently and did not migrate from
SEA.'® In SSA, the A578S nonsynonymous mutation is the
most predominant'”~2"; however, it has since been reported to
have no association with ART resistance.??2 There are other
nonsynonymous K13 mutations that have been reported in
SSA including the S522C found in Uganda'®?3; the V520A
found in west, central, and east Africa'®; the N5311 found in
Ethiopia®*; the V581F found in Ghana'’; and the M579I found
in the Equatorial Guinea,?® among others. These mutations,
however, are at low frequencies and vary from region to
region”'® and sometimes appear to be transient where they
change with seasons.®

Malaria is endemic in Kenya and although it is not homog-
enized across the country, around 70% of the population is at
risk.2® The country is grouped into four malaria ecological
zones: 1) holoendemic zones in the western lake and the
coastal regions, 2) the highland epidemic zones in the western
Kenya highlands, 3) semiarid seasonal zones in the northern
and eastern part of the country, and 4) low-risk zones in the
central highlands.?® This study sets out to analyze the preva-
lence of polymorphisms in the P. falciparum K13-propeller do-
main in Kenyan parasites. Samples were stratified based on
the malaria ecological zones which they were obtained from,
and whether they were obtained before or after the introduc-
tion of artemether-lumefantrine (AL) as the first-line treatment
of uncomplicated malaria in 2006.2”

METHODS

Samples. Plasmodium falciparum isolates used in this
study were from archived DNA extracts collected from dif-
ferent malaria ecological zones in Kenya before (pre) and after
(post) the ACT era. The pre-ACT samples (N = 64) were col-
lected between 1995 and 2003 from the malaria holoendemic
lake (Kisumu [N = 37]) and coastal endemic regions (Malindi
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[N = 27]). The post-ACT samples (N = 251) were collected in
2013, approximately 8 years after the implementation of ACT
as the first-line treatment of malaria in Kenya. The study sites
are as shown on the map (Figure 1): Kisumu and Kombewa are
in the malaria holoendemic lake region of western Kenya; Kisii
and Kericho are in the highland epidemic regions in western
Kenya; Malindi is in the coastal holoendemic region; and
Marigat is in the semiarid seasonal region in the Great Rift
Valley. The study was approved by the Ethical Review Com-
mittee of the Kenya Medical Research Institute (KEMRI),
Nairobi, Kenya, and Walter Reed Army Institute of Research
(WRAIR) Institutional Review Board, Silver Spring, MD. The
pre-ACT and post-ACT cryopreserved samples were col-
lected under the approved study protocol KEMRI-SSC 1330/
WRAIR 1384 (Epidemiology of malaria drug sensitivity pat-
terns in Kenya).

Patient recruitment. The samples were obtained from
consenting patients presenting with uncomplicated malaria to
the study site clinics, aged between 6 months and 65 years.
Eligibility criteria included a history of fever (temperature
of > 37.5°C) within 24 hours before presentation, mono-
infection with P. falciparum, and a baseline parasitemia of
2,000-200,000 asexual parasites/uL. Persons treated for
malaria within the preceding 2 weeks were excluded from the
study. Written informed consent and/or assent was obtained
from adult subjects (> 18 years of age) or legal guardians for
subjects < 18 years of age. The presence of malaria was
confirmed by using microscopy and rapid diagnostic test
(Parascreen®; Zephyr Biomedicals, Verna, Goa, India). Whole
blood was collected and aliquots preserved for analysis as
specified in the study protocol. The post-ACT study subjects
were treated with oral AL (Coartem) administered over three
consecutive days after the standard care for uncomplicated
P. falciparum malaria in Kenya. On enrolment, the patient’s
demographics (including age and gender), place of birth, place
of residence, occupation, and travel history in the last
2 months were recorded on a clinical data sheet.
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Ficure 1. Kenyan map showing the six field sites where parasites
were collected. The pie chart shows the proportion of K13 mutations
per site, light gray represents parasites carrying mutant alleles and
dark gray the wild-type alleles. Map adapted with permission from
Noor et al.*®

K13-propeller genotyping. The K13-propeller domain was
amplified using QuantiFast Probe PCR Kit (Qiagen, Valencia,
CA) and K13-propeller-specific primers (K13_F 5'-TGG AAG
ACATCA GTC AAC CAG AGA-3"and K13_R5'-TTATATATT
TGC TAT TAA AAC GGA GTG-3') designed using Primr3
software (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi). Polymerase chain reaction (PCR) analyses
were performed in a 25-uL reaction mixture with 2 uL of
DNA template and 1 pL each of 10 uM primers. Reaction
conditions consisted of an initial denaturation at 95°C for 5
minutes followed by 40 cycles of 95°C for 30 seconds, 60°C
for 45 seconds, and 72°C for 3 minutes, and a final extension
step of 7 minutes at 72°C. The PCR products were analyzed by
electrophoresis on a 1.5% ethidium bromide—stained agarose
gel to confirm amplification. Agencourt AMPure XP (Beckman
Coulter, Brea, CA) bead purification was performed on the
PCR products to remove excess nucleotides and primer
remnants on the PCR amplicons as per the manufacturer’s
instructions with minor adjustments/modification of the pro-
tocol where 80% ethanol was used instead of 70%. Sanger
sequencing was performed on purified PCR products using
version 3.1 of the Big Dye terminator method on the 3500xL
ABI Genetic Analyzer (Applied Biosystems, Foster City, CA).
The sequencing primers (K13_2F 5'-GCC AAG CTG CCATTC
ATTTG-3' and K13_3R5'-GCC TTG TTG AAA GAA GCA GA-
3’) were designed using Primer3 software (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).

Data analysis. Generation of consensus sequences were
performed using the CLC Main workbench 7 (Qiagen). Nu-
cleotide basic local alignment search tool (BLASTn) (https://
blast.ncbi.nlm.nih.gov) analysis was carried out to ascertain
the sequences were K13 and to determine whether the se-
quences were in the forward or reverse orientation. Alignment
of these sequences was performed using Muscle v3.8,% and
PF3D7_1343700 retrieved from PlasmoDB (www.plasmodb.
org) was used as the reference sequence. BioEdit was then
used to visualize, edit, and call out single-nucleotide poly-
morphisms (SNPs). Mixed alleles were considered as mu-
tants. Odds ratio (OR) was used to assess mutations in the
parasite population in pre- and post-ACT samples. The
prevalence of mutations was also determined.

RESULTS

K13-propeller polymorphisms before and after the in-
troduction of ACT. Of the 315 samples successfully analyzed
for K13-propeller polymorphism, 64 were pre-ACT and 251
were post-ACT. There were 19 nonsynonymous K13 muta-
tions in the pre-ACT compared with 22 in the post-ACT par-
asites, with 8 present in both pre- and post-ACT populations
(Figure 2). There were 11 private mutations (found in only one
sample) in the pre-ACT and 13 in the post-ACT period
(Table 1). Most of the private mutations in the post-ACT par-
asites (N = 8) were found in Malindi. Mutations such as the
V568G reported in SEA' and A578S reported in SSA,'%2°
Bangladesh,2%° and India®' were found both in pre- and
post-ACT parasites, but the frequencies declined from 3.2%
10 0.4% (for V568G) and 1.6% to 1.2% (for A578S) (Figure 2) in
the pre-ACT era compared with the post-ACT era. Non-
synonymous mutations at positions 539 and 584 reported in
SEA' were present in post-ACT parasites but at low fre-
quencies (< 1%) and contained different amino acids
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Ficure 2. Frequency of K13-propeller mutations pre- and post-ACT in Kenya. Most mutations had frequencies < 2%. L505F was highest in
frequency pre-ACTs (9.4%), whereas N585K was highest in frequency post-ACTs (5.2%). * SNP reported in SEA, ** SNP reported in SEA but with a
different amino acid,”SNP reported in SSA,”SNP reported in SSA but with a different amino acid, and T SNP reported in both SSA and SEA. ACT =
artemisinin combination therapy; SEA = Southeast Asia; SNP = single-nucleotide polymorphism; SSA = Sub-Saharan Africa.

compared with those reported in SEA." The N585K mutation
reported for the first time in this study was only present in the
post-ACT parasites. Interestingly, it was the most frequent
mutation in post-ACT parasites (5.2%) and was present in all
the study sites. A578S was the third most frequent mutation at
1.2%, present only in two study sites (Kombewa and Kisii),
whereas the rest of the nonsynonymous mutations were less
than 1%. The frequency of nonsynonymous mutations pre-
ACT ranged between 1.6% and 9.4%, with L505F (9.4%)
showing the highest frequency. However, the frequency of
L505F fell from 9.4% pre-ACT to 0.8% post-ACT (Figure 2).

The percentage of samples with nonsynonymous muta-
tions was higher in the pre-ACT (29.7%; 19 of 64) than the
post-ACT parasites (13.5%; 34 of 251) (Figure 3). Of interest,
more individual parasites carried more than one mutation pre-
ACT compared with post-ACT. The OR was calculated to
estimate the effect of AL on the introduction of mutations;
OR=0.3711(95% confidenceinterval = 0.1944-0.7085) with a
P value of 0.0027. The odds of having a mutation post-ACT
was 62.9% less likely to occur compared with the pre-ACT
period.

Frequency of K13-propeller polymorphisms in Kenya
post-ACT parasites. Figure 1 is a cumulative summary of all
SNPs included in the post-ACT parasites per study site. Some
individual K13 nonsynonymous mutations were present in all
the study sites, whereas others were private showing re-
stricted geographic localization, all with varying frequencies.
The Malindi parasite population had the most polymorphic
K13-propeller gene with a total of 10 different SNPs, followed
by Kombewa and Kericho with a total of 6 SNPs each, whereas
Kisii had the least with a total of 2 SNPs. When analyzed per
study site, the frequencies of nonsynonymous mutations
ranged from 2.1% to 10.6% (Table 1) with N585K having the
highest frequency in Kombewa. The cumulative frequency of
mutations per study area was also highest in Malindi (28.2%),
followed by Kombewa (23.4%), whereas Kisii had the lowest
frequency (4.3%). There were several nhonsynonymous mu-
tations reported for the first time in this study: N585K was
present in all study sites and its frequency was highest in

Kombewa at 10.6%, N5311 (2.6%) was exclusive to Malindi,
L678V (2.1%) and N609G (2.1%) were exclusive to Kombewa,
and E620K (4.7%) was exclusive to Kericho (Table 1). The
A578S mutation was present in Kisii and Kombewa at
frequencies of 2.1% and 4.3%, respectively. Kisumu and
Malindi had mutations at positions D584Y (4.9%) and
R539K (2.6%), respectively; mutations at these positions have
been reported in SEA" but with different amino acids, D584V
and R539T.

DISCUSSION

In this study, we profiled the distribution of K13 non-
synonymous mutations in pre- and post-ACT parasites and in
different malaria ecological zones of Kenya. There were 19
nonsynonymous mutations present in the pre-ACT compared
with 22 in the post-ACT parasites; eight of these SNPs were
present in both pre- and post-ACT parasites. Interestingly,
seven of the shared SNPs had frequencies that were higher in
the pre-ACT than the post-ACT parasites. Furthermore, the
odds of having a mutation in K13 was more likely to occur in
the pre-ACT than the post-ACT parasites. We detected 11 novel
nonsynonymous mutations that were private and four SEA
nonsynonymous mutations, including mutation at codon
539, a validated marker of ART resistance, albeit with a dif-
ferent amino acid substitution. In SEA, R539T is a noncon-
servative mutation, whereas in Kenyan parasites, R539K is a
conservative mutation that may not change the function of
the protein.

A recent study that sequenced the entire genome of more
than 3,000 clinical samples of P. falciparum from SEA and SSA
showed that SSA parasites had an excess of polymorphisms
that were at low frequencies and emerged independently.
Some of these mutations are known to cause ART resistance
in SEA.'® The proportion of K13 nonsynonymous mutations
have been shown to be heterogeneous in SEA, ranging from
fixed (> 95%) to very high (80% to 94%) in western Cambodia,
to low (< 5%) in other regions."? In this study, we obtained 33
different nonsynonymous mutations from 315 samples. The
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TaBLE 1

Frequency of K13 polymorphisms pre- and post-ACT

Pre-ACT (1996-2003)

Post-ACT (2013)

Mutation Kisumu* (N = 37) Malindit (N = 27) Kisumu* (N = 41)

Kombewa* (N = 47)

Kerichof (N=43)  Malindit (N=39)  Marigat§ (N =34) Kisiit (N = 47)

S485K 1 (2.7%) - -
N498| 1 (2.7%) -
A504G - 1(3.7%) -
L505F 4(10.8%) 2 (7.4%) -
E509G - 1(3.7%) 1 (2.4%)
W518C 1 (2.7%) - -
R529K 2 (5.4%) - -
S522R|| -
N530K 2 (5.4%)
N530Y -
N5301 - - -
N5311q - - -
S536L - - -
R539K#
V568G
P570L - - -
A578S9 1(2.7%) -
D584Y# - -
N585K -
N587K 2 (5.4%)
G592E -
E596R -
L598F - - -
NB09L - - -
Y616N - - -
E620K - - -
R622G - -
ABTBVHT  1(2.7%) 1(3.7%) -
T677K 1(2.7%) -

T677R 2 (5.4%) -
T677A -
T677S 1(2.7%)
L678V 1(2.7%)

2 (5.4%) - 1 (2.4%)

2 (4.9%)
- 4(9.8%)

1(3.7%) -

1(2.1%)

1(2.1%)

1(2.1%)

ACT = artemisinin combination therapy; SEA = Southeast Asia; SSA = Sub-Saharan Africa.

*Holoendemic lake region.

T Holoendemic coastal region.

1 Highland epidemic.

§ Semiarid seasonal region.

|| Reported in SSA but with a different amino acid.

9 Reported in SSA.

# Reported in SEA but with a different amino acid.
**Reported in SEA.

11 Reported in SSA and SEA but with different amino acid.

frequency of mutations was higher in the pre-ACT (all the
frequencies were > 1.6%) than the post-ACT samples (19 of
22 mutations were < 1%). All but one of the K13 non-
synonymous mutations that were present in both pre- and
post-ACT parasites declined in frequency, with L505F de-
clining from 9.4% in pre-ACT to 0.8% in post-ACT. The low
frequencies of K13 mutations in SSA parasites is suggestive of
much less pressure for evolutionary selection than what is
present in SEA."® It is likely that the K13 gene in Kenya might
have been under slightly higher evolutionary selection pre-
ACT than post-ACT or it is simply the polymorphic nature of
the K13 protein.

Individual K13 nonsynonymous mutations have shown re-
stricted geographic localization.’® Although ART resistance
has not been reported in Kenya or SSA, and ACTs remain
highly efficacious,?'*?738 we found geographic disparity in the
proportion of polymorphisms in parasites from different
malaria ecological zones of Kenya. Malindi, which is the
coastal holoendemic region, had the most polymorphic K13
gene in the post-ACT parasites with 7 of the 10 non-
synonymous mutations being private to this region. Overall,

the K13 polymorphisms were present at low frequencies,
study site specific, and private. This corroborates previous
studies that observed rare and highly diverse K13 mutations
in SSA parasites.'?16:18-21:23.39-43 | g stdy by Ménard et al.,'?
where more than 9,000 sequences were analyzed and 150
distinct alleles were found in the K13 gene in SSA parasites,
none of the SEA ART-resistant alleles were present. The
MalariaGEN study,'® however, found seven nonsynonymous
mutations in SSA parasites that have been associated with
ART resistance in SEA, including C580Y, the most common
allele in resistant parasites.’'*® Studies are yet to link these
mutations with increased parasite half-life or clinical failures in
SSA parasites. We observed four nonsynonymous mutations
that have been reported in SEA, but three of these mutations
carried a different amino acid compared with what has been
reported in SEA. Two of the mutations, R539K and D584Y,
were present only in the post-ACT parasites, whereas V568G
and A676V were present in both pre- and post-ACT parasites.
Interestingly, the V568G mutation, which is a candidate marker
associated with ART resistance, was at higher frequency in the
pre-ACT than the post-ACT parasites.
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Ficure 3. Bar graph showing frequency of K13-propeller mutations pre- and post-ACT including the wild-type in Kenya. ACT = artemisinin

combination therapy.

A578S is the most commonly reported K13 mutant allele
in SSA.'72 |n this study, we found A578S in post-ACT
parasites in two different study sites, Kombewa (at a fre-
quency of 4.3%) and Kisii (at a frequency of 2.1%); Kom-
bewa is located in the holoendemic lake region and Kisii is
in the highland epidemic region. In our previous study, we
obtained A578S at a frequency of 2.8% in 108 samples from
Kisumu, which is also in the holoendemic lake region of
western Kenya.?® Clinical and in vitro studies suggest that
this mutation is not associated with ART resistance.!2:31:39:40
Our study further corroborates this finding because A578S
was also present in the Kenyan parasites before the in-
troduction of ACTs.

The N585K allele was only present post-ACT in all the study
sites, with the highest frequencies in Kombewa (10.6%) and
Kisumu (9.8%). This suggests that this mutation might be
under pressure for evolutionary selection either by antimalarial
drugs or some other factors; usage of AL is high in Kisumu and
Kombewa because of high malaria transmission. The N585K
mutation is located in Kelch domain 4, and the mutation in-
troduces a positively charged amino acid, which might impact
the functioning of the domain. Additional studies such as
genome editing** and RSAs® might elucidate the role of this
and other mutations in ART resistance, if any, in the Kenyan
parasite population.

This study had several limitations. First, the pre-ACT sam-
ples were collected from only two field sites (Kisumu and
Malindi) as opposed to all field sites where post-ACT sam-
ples were collected. As such, the changes reported might
not be a true reflection of the change in parasite genotypes
between the two periods (pre- and post-ACT) because in-
dividual K13 nonsynonymous mutations show restricted
geographic localization.’® However, previous studies of
parasite populations in Kenya have shown gene flow be-
tween the different regions,45 and there was no difference in
statistical analysis when samples were stratified per site
(pre-ACT Kisumu versus post-ACT Kisumu and pre-ACT

Malindi versus post-ACT Malindi). Another limitation was the
sample size; a larger sample size would have provided a
more comprehensive analysis including the impact of the
introduction of AL on the parasite population. Although other
studies have used similar sample sizes,? 19-21:23:24,42,43,46,47
more recent studies have used large sample sizes provid-
ing a more comprehensive genetic analysis at a global
scale.'216

In conclusion, this study compared the P. falciparum par-
asites collected in the pre- and post-ACT era in Kenya and
elucidated differences in K13 polymorphic profiles from the
different geographic and malaria ecological zones of Kenya.
In Africa, parasites have a large excess of polymorphisms
with minor allele frequencies, which are evenly distributed
across the genome.'® This is likely to be the result of different
demographic histories and epidemiological characteristics,
such as changes in effective population size,*® rather than
differences in selective pressures that might be transient and
may not necessarily be as a result of ART drug pressure.
Whether polymorphisms in the K13-propeller domain will
have any impact on ART resistance in SSA still remains to be
studied.
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