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Abstract.  Artemisinin combination therapy (ACT) is the first line to treat uncomplicated Plasmodium falciparum
malaria worldwide. Artemisinin treatment failures are on the rise in southeast Asia. Delayed parasite clearance after
ACT is associated with mutations of the P. falciparum kelch 13 gene. Patients (N = 148) in five districts of northwest
Ethiopia were enrolled in a 28-day ACT trial. We identified a unique kelch 13 mutation (R622I) in 3/125 (2.4%) sam-
ples. The three isolates with R622I were from Negade-Bahir and Aykel districts close to the Ethiopia—Sudan border.
One of three patients with the mutant strain was parasitemic at day 3; however, all patients cleared parasites by day 28.
Correlation between kelch 13 mutations and parasite clearance was not possible due to the low frequency of mutations in

this study.

A report by World Health Organization (WHO) estimated
that 3.3 billion people are at risk of contracting malaria. In
2013 alone, there were an estimated 198 million cases of
malaria worldwide with 584,000 deaths. Ninety percent of the
deaths occurred in sub-Saharan Africa where children are
the main victims.! According to the WHO, between 2000 and
2013, an expansion of malaria interventions helped to reduce
malaria incidence by 30% globally and by 34% in Africa.'
Many countries have initiated malaria elimination programs.’
Artemisinin-based combination therapies (ACTs) have been
highly effective first-line drugs for the treatment of uncom-
plicated malaria worldwide.> However, the recent emergence of
Plasmodium falciparum strains that are resistant to artemisinin
in southeast Asian countries poses a huge challenge to the
effectiveness of ACT.'? The possibility of dissemination to
or independent emergence of artemisinin-resistant strains in
Africa, where the majority of malaria-associated deaths occur,
will have potentially catastrophic outcomes.

A recent study using genome sequencing of P. falciparum
has demonstrated an association between in vivo delayed
parasite clearance, in vitro artemisinin “resistance” in a ring-
stage assay, and mutations (Y493H, R539T, I1543T, and C580Y)
in the propeller domain of the parasite kelch 13 gene located
on chromosome 13 (PF3D7_1343700 or PF13_0238).* More-
over, an artemisinin-resistant P. falciparum strain that was
selected by dose-escalating in vitro culture harbored the muta-
tion, M476], in the kelch 13 gene. Another study on samples
from different southeast Asian countries confirmed the associ-
ation of kelch 13 mutations and increased parasite clearance
half-life. It also demonstrated the independent emergence
of these mutations in different geographical areas.” Targeted
genetic engineering of kelch 13 using zinc-finger nuclease
technology significantly increases the ring-stage survival
rate of the parasite in vitro.® Thus, detection of mutations
on kelch 13 can be used to track artemisinin resistance in
places where clinical treatment failure has not been observed.
Kelch 13 mutation screening studies of P. falciparum isolates
collected across sub-Saharan African countries have not iden-
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tified the genotypes associated with treatment failure. How-
ever, several other non-synonymous mutations were detected
in these countries.”®

Ethiopia, with a population of more than 90 million, is
a malaria-endemic country situated in sub-Saharan Africa.
Approximately 68% of the population of Ethiopia live in
malarious areas and are at risk of contracting the disease.’
There has been a significant reduction in malaria cases in
Ethiopia since the introduction of artemether—-lumefantrine
for the treatment of uncomplicated falciparum malaria in
2004.21° In this study, we aimed to assess the presence of
kelch 13 propeller mutations in P. falciparum isolates from
northwest Ethiopia as part of a 28-day ACT clinical trial. We
identified a mutation in the P. falciparum kelch 13 gene that
has not been observed in Asia and Africa before.

The study protocol was reviewed and approved by Research
and Ethical Review Committee of School of Biomedical and
Laboratory Sciences, College of Medicine and Health Sci-
ences, University of Gondar (reference no.: SBMLS/344/05).
The study was conducted on P. falciparum DNA samples
obtained from malaria patients from five different health cen-
ters in Amhara Regional State, northwest Ethiopia, between
October 2013 and April 2014. The five sites were Addis
Zemen, Aykel, Maksegnet, Negade Bahir, and Sanja. A
total of 148 confirmed P. falciparum malaria patients were
enrolled in a 28-day ACT efficacy trial. Patients were treated
with artemether—lumefantrine (IPCA Laboratories, Mumbai,
India). A directly observed therapy model was used for the
first and each morning dose thereafter. The evening doses
were given to the patient/guardian for self-administration in
the presence of health extension workers.

Peripheral blood was collected by finger prick and thin
and thick blood films were prepared on a microscope slide.
Giemsa staining and microscopy was performed as described
previously."! Only those with mono-infection with P. falciparum
were included in this study. Finger prick blood samples were
collected on Whatman 903 filter paper (GE Healthcare,
Mississauga, Canada) at the time of diagnosis, air-dried, indi-
vidually inserted in a zip-lock bag, and transported to Univer-
sity of Calgary, Canada, for molecular analysis. Genomic DNA
extraction from the filter paper blood spots was performed as
described previously in a study.!! Plasmodium falciparum kelch
13 was amplified from the genomic DNA samples using nested
polymerase chain reaction (PCR) with slight modification.*
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The annealing temperature was set at 65.5°C for 45 seconds
for the second step of the nested PCR to increase speci-
ficity.*!* Sequencing of the kelch 13 propeller domain gene
was performed using Applied Biosystems (Burlington, ON,
Canada) 3730XL 96 capillary DNA analyzer. Bidirectional
kelch 13 sequences from each patient sample and the refer-
ence kelch 13 gene sequence (PF3D7_1343700) (Genbank ID:
AL844509.2) were aligned using Clustal Omega software
(EMBL-EBI, Hinxton, UK). The sequences in the multiple
sequences alignment were edited manually by Jalview soft-
ware (Dundee, UK) to remove the gaps.'® Nested PCR was
performed to confirm the species of Plasmodium as described
previously in a study.!' Modeling of the predicted structure of
the mutant kelch 13 propeller protein from Ethiopian isolates
and its putative effect on the function of the protein was
performed using Phyre2 (London, UK) (PDB ID: 2WOZ)."*
A total of 148 confirmed P. falciparum-infected malaria
patients (age = 1-69 years) were enrolled in a 28-day ACT
treatment trial. The kelch 13 propeller domain gene was
amplified and sequenced from 125 of the 148 blood samples
collected on filter paper. As shown in Table 1, the kelch 13
gene was successfully identified from 58%, 87.8%, 90.3%,
95.5%, and 100% of samples from Negade Bahir, Maksegnet,
Addis Zemen, Sanja, and Aykel, respectively. Samples from
three of 125 patients showed a single non-synonymous muta-
tion at amino acid 622 (arginine [R] with isoleucine [I]). No
synonymous mutation was detected in all the samples ana-
lyzed. Two of the mutations were seen on samples collected
from Negade Bahir and one from Aykel, approximately 150 km
from the Sudan border. The rate of R622I mutation in sam-
ples collected from Negade Bahir and Aykel was 6.7% and
11.1%, respectively (Table 1). One of the three patients that
had a mutant strain was parasitemic based on Giemsa-stained
microscopy on day 3 after the commencement of ACT. The
R6221 mutation is located on blade 5 of the kelch 13 propeller
domain. Figure 1 shows the predicted model of kelch 13 pro-
peller domain with the R622I mutation. The model predicts
that the substitution from basic-to-aliphatic residue at this
position is likely to impact the protein function. Confirma-
tion of the species of the parasite in the samples where
mutation was detected was performed using nested PCR to
amplify the small subunit ribosomal RNA gene.'” Patients
with mutant kelch 13 were infected with P. falciparum only.
Mutations on the propeller domain of P. falciparum kelch 13
gene are strongly associated with artemisinin resistance as
defined by a ring-stage assay in vitro and delayed clearance in
patients from southeast Asia. The Y493H, R539T, 1543T, and
C580Y mutations as well as others are associated with delayed
parasite clearance in vivo.* The effect of these mutations
has also been confirmed using targeted genetic engineering of

TABLE 1

Plasmodium  falciparum kelch 13 gene nested PCR and mutation
results from study sites in northwest Ethiopia

Total no. K13 nested

Non-synonymous

of sample PCR positive mutation
Name of the site collected N (%) N (%)
Addis Zemen 31 28 (90.3) 0 (0)
Aykel 15 15 (100) 1(6.7)
Maksegnet 49 43 (87.8) 0 (0)
Negade Bahir 31 18 (58) 2 (11.1)
Sanja 22 21 (95.5) 0 (0)

PCR = polymerase chain reaction.
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FiGure 1. Predicted model of the Plasmodium falciparum kelch
13 propeller protein with the R622I mutation. (A) Location of the
mutation sites relative to the overall model of the protein. The beta-
propeller domain of the btb-kelch protein Krpl (PDB ID: 2WOQOZ)
was used as the modeling template. (B) The colored bars indicate the
probability that a mutation to the corresponding residue will have
some effect on function of the protein (mutation sensitivity) or on
the phenotype of the organism. The tall and red bars indicate that
the likelihood is high. Short and blue bars indicate that the likelihood
is low. The R6221 substitution (vertical arrow) is predicted to impact
protein function.

kelch 13 gene using zinc-finger nuclease technology.® Demon-
stration of these mutations on kelch 13 propeller gene could
be used as an important surveillance tool to track the possible
emergence of artemisinin treatment failure in places other
than southeast Asia.'® So far, clinically significant kelch 13
mutations extend geographically only to Myanmar'’ but not
Bangladesh on the westernmost front.'

In this study, we identified a unique mutation in the kelch 13
propeller domain of P. falciparum isolates from northwest
Ethiopia, close to the Sudan border. This mutation is dif-
ferent from those previously identified in southeast Asia or
Africa.*3181% In contrast to our study, Kamau and others’
reported the absence of any single nucleotide polymorphism
(SNP) on isolates from central Ethiopia. Predicted protein
structure of the R622I mutant kelch 13 propeller gene indi-
cates that the mutation is likely to disrupt the function of the
protein (Figure 1B). This mutation is located on blade 5 of
the kelch 13 propeller domain protein. Ashley and others'®
have shown that mutations downstream of the 440 amino acid
are significantly associated with increase in the parasite
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clearance half-life. Only one out of the three patients who
had the R622I mutant strains showed day-3 positivity by
Giemsa-stained microscopy. Interestingly, all 11/148 day-3 pos-
itive patients were located in Negade Bahir or Aykel where
R6221 was observed. Day-3 positivity is significantly associ-
ated with the overall kelch 13 mutations seen in a recent study
conducted in Myanmar.*® On the basis of our study, the rela-
tive frequency of mutations does not make it possible to
draw similar conclusions in this part of sub-Saharan Africa.
Alternative explanations for day-3 positivity in this area
include differences in technical expertise at parasite quanti-
fication, higher starting parasitemia, and different host
immunity in this area, perhaps as a result of human immu-
nodeficiency virus coinfection. Drug formulation and adher-
ence are not likely contributing factors as these were
controlled in the study. A limitation of this study was the
inability to culture the mutant parasite to demonstrate
increased inhibitory concentrations to artemisinin in vitro. There-
fore, it remains to be seen whether kelch 13 SNPs can lead to
delays in parasite clearance in Africa.
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