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Abstract

The emergence of artemisinin-resistant parasites since the late 2000s at the border of Cam-
bodia and Thailand poses serious threats to malaria control globally, particularly in Africa
which bears the highest malaria transmission burden. This study aimed to obtain reliable
data on the current state of the kelch13 molecular marker for artemisinin resistance in Plas-
modium falciparum in Cameroon. DNA was extracted from the dried blood spots collected
from epidemiologically distinct endemic areas in the Center, Littoral and North regions of
Cameroon. Nested PCR products from the Kelch13-propeller gene were sequenced and
analyzed on an ABI 3730XL automatic sequencer. Of 219 dried blood spots, 175 were
sequenced successfully. We identified six K13 mutations in 2.9% (5/175) of samples, includ-
ing 2 non-synonymous, the V589l allele had been reported in Africa already and one new
allele E612K had not been reported yet. These two non-synonymous mutations were
uniquely found in parasites from the Littoral region. One sample showed two synonymous
mutations within the kelch13 gene. We also observed two infected samples with mixed K13
mutant and K13 wild-type infection. Taken together, our data suggested the circulation of
the non-synonymous K13 mutations in Cameroon. Albeit no mutations known to be associ-
ated with parasite clearance delays in the study population, there is need for continuous sur-
veillance for earlier detection of resistance as long as ACTs are used and scaled up in the
community.

Introduction

Between 2000 and 2016, the global malaria incidence and mortality due to Plasmodium falcipa-
rum decreased by 18% with the largest reductions recorded in Southeast Asia, Latin America,
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and Africa following the introduction of artemisinin-based combination therapies (ACT's)
[1,2]. ACTs are adopted as the first-line combination treatment of uncomplicated malaria and
have become the cornerstone of malaria treatment all over the world [1,3].

The therapeutic efficacy of ACTs is threatened by an unusual resistant phenotype that man-
ifests as delayed clearance of P. falciparum blood forms following artemisinin-based treatment.
Such resistance phenotypes first appeared in western Cambodia, before spreading to the
Greater Mekong Subregion, Southeast Asia and then Southern China [4-15]. This greatly
impeded malaria control efforts in the area particularly due to lack of similarly effective
replacement therapies [16]. To improve antimalarial resistance monitoring, molecular markers
of artemisinin resistance have been identified to occur within the P. falciparum kelch (K13)-
propeller gene, and in total, more than 200 different K13 alleles have been reported in South-
east Asia [9, 17, 18]. Based on in vitro and in vivo studies, 13 non-synonymous mutations
occurring within the K13 propeller domain have been shown to be a major determinant of
artemisinin resistance [9, 11, 13, 16-19]. Although the K13 mutation C580Y has been identi-
fied as the most strongly associated mutation with resistance phenotype against artemisinin,
there are five other validated K13 mutants (N458Y, Y493H, R539T, 1543T, R561H) [16].

Major concerns exist on the possibility of emergency and/or spreading of artemisinin resis-
tance to African countries as previously reported for chloroquine and sulfadoxine-pyrimeth-
amine [20-22]. In African countries, different K13 gene mutations were reported but non-
synonymous mutations are still rare and highly diverse [23-34]. Furthermore, the point muta-
tions were unrelated to K13 polymorphisms found to be associated with reduced susceptibility
in Asia [16, 29, 30]. Different studies have also reported an association between severe pediatric
malaria cases and recurrent infections with various drug resistance associated polymorphisms-
[23, 35, 36]. The situation would be dramatically difficult to face if artemisinin resistance was
formally reported in Africa as the continent accounts for the bulk of the malaria burden. The
scenario is not far from reality given the existence of some conditions and common practices in
African populations, such as self-medication with antimalarial drugs or counterfeit/fake drugs
[37-39], which can increase the risk of emergence of artemisinin resistant strains.

Since 2014, Cameroon has adopted ACTs artesunate-amodiaquine (ASAQ) and arte-
mether-lumefantrine (AL) as first-line treatment of uncomplicated malaria [40]. A few past
studies on K13 polymorphism in Cameroon reported no evidence of K13 mutations associated
with artemisinin resistance [29, 32-34, 41, 42]. However, this previous studies were limited to
the Centre and South West Regions of Cameroon with distinct epidemiological profiles when
compared to most other regions of the country and, described eight non-synonymous muta-
tions with great diversity [29, 32-34, 41, 42]. This study aimed to investigate the level of poly-
morphism of K13 gene of P. falciparum isolates from three epidemiologically distinct regions
of Cameroon to assess the artemisinin-based treatment failure in Cameroon from the perspec-
tive of parasite genetics. The molecular markers of artemisinin resistance are therefore critical
to assess the distribution of K13 polymorphism, and have the potential to support disease sur-
veillance systems to provide data that can alert the emergence or spreading of P. falciparum
mutants [23].

Materials and methods
i) Study design and population

A prospective hospital-based study was conducted between 2014 and 2017 in the context of
the Centre Pasteur Cameroon’s routine antimalarial drug resistance surveillance program.

The study was carried out in two epidemiological facets (Equatorial and Tropical/Sudanian
facets) of Cameroon (Fig 1).
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Fig 1. Map depicting the study sites selected. Five epidemiological strata and 3 major epidemiological facets are delineated.

https://doi.org/10.1371/journal.pone.0221895.g001

The Equatorial facet included two transmission settings in the Littoral region (Douala 3™
and 4" district), two settings in the Centre region (Yaoundé and Obala). The Tropical/Suda-
nian facet included one setting (Garoua) in the North Region. According to the Mapping
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Malaria Risk in Africa (MARA) epidemiological stratification, Cameroon is categorized from
South to North under 3 major epidemiological facets: (i) the Equatorial facet that is character-
ized by large forests and dense vegetation with extensive hydrographic network, hot and
humid climate, heavy rainfall (5000 mm per year), and perennial transmission of malaria para-
sites, (ii) the Tropical/Sudanian facet that include the North Region, characterized by savan-
nas, steppes, shrubs and gallery forests, and marked by long (4-6 months) and intense
seasonal (rainy season) transmission of malaria parasites, and (iii) the Sahelian facet in the Far
North zone characterized by hot and dry tropical climate where malaria transmission is short
seasonal (1 to 3 months). Some areas within the North region of the country (Far North and
some Northern Health Districts) and some high altitude areas exhibit epidemic potential [43].
The entomological inoculation rates vary from 100 infective bites per man and per month in
the Equatorial facet to about 10 infective bites per man per month in both the Tropical/Suda-
nian and Sahelian facets [43].

Samples were collected post-ACT period in 2014 at the North region, in 2016 in the Littoral
region and between 2016 and 2017 in the Centre region.

In the absence of reliable national data on the prevalence of point mutations in Cameroon,
we used data sources from one previous study conducted on P. falciparum K13-propeller poly-
morphisms on samples collected in November 2012 to March 2013 from Yaoundé and Douala,
it was determined that a minimal sample size of 50 samples per site would be needed [33]. We
used a convenience non-probability sampling applicable in the study when the members of the
population are convenient to sample. To limit the selection and information biases, partici-
pants were enrolled consecutively and participation in the study was voluntary.

The survey’s target population was all febrile patients consulting at the selected health facili-
ties and local residents and, all of target population screened by rapid diagnostic test (RDT) for
presence of malaria parasites. Eligibility for inclusion was defined as all febrile local residents,
with only P. falciparum parasite infection as confirmed by thick and thin blood smears micros-
copy, and absence of recent prescription or antimalarial self-medication within the 15 days’
period prior to enrolment, and who had not travelled out of the study site within the last 3
weeks. All patients with signs and symptoms of severe or complicated malaria and pregnant
women were excluded.

The questionnaire was administered independently the same day by two persons (a PhD
student-interviewer-1 and a master student-interviewer-2) interviewing the patients within
5min intervals, about their use of antimalarials within the 15 days’ period prior to enrolment
to estimate inter-interviewer reproducibility. Patients did not receive any information sheets
on antimalarials during these two interviews to minimize the risk of answer change. Data was
collected using structured questionnaires to collect information on the socio-demographic
characteristics of the study population.

Information sheets on antimalarial drugs and antimalarial drugs resistance were provided
to all patients after the interview. Completing the questionnaire emphasis was placed on the
importance of a confirmed diagnostic test before the use of antimalarial drugs treatment, as a
tool in infection control that can promote better self-management. This sheet allowed to have
information on what are the antimalarial drugs? what is antimalarial drugs resistance? What is
"inappropriate” use of antimalarial drugs and what can physicians, other health professionals
and the public do to fight gain the abuse of antimalarial drugs consumption and resistance.

This study was conducted in accordance with ethics directives related to research on
humans in Cameroon. The study was approved by the Cameroonian Ministry of Public Health
and, administrative authorization was obtained from all the health facilities. Before enrollment
and the administration of questionnaire, subjects were informed on the purpose and process
of the investigation (background, goals, methodology, study constraints, data confidentiality,
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and rights to opt out from the study), and a signed informed consent was obtained from all
those who agreed to participate in the study in accordance with the Helsinki Declaration. Partic-
ipation was voluntary, anonymous and without compensation. All patients were treated in
accordance to the treatment guidelines from the Cameroon National Malaria Control Program.

ii) Blood collection and parasite density

RDT, thick and thin blood smear were prepared from collected finger-pick blood samples
before treatment of patients. Blood samples were also spotted on filter papers and stored at
4°C until use for DNA extraction and molecular analysis. Parasite densities were determined
by thick blood smear microscopy with quality-control by a World Health Organization
(WHO) certified microscopist [44]. The P. falciparum asexual stages were counted against 500
white blood cells (WBCs), and parasite densities expressed as the number of asexual parasites
per micro liter (ul) using the following formula: Parasite density = Number of parasites x 8000/
Number of WBC, where 8000 is the assumed number of WBC per pl of blood.

iii) Molecular amplification and sequencing

Parasites genomic DNA was extracted from dried blood spots using the QIAamp 96 DNA
Blood Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. DNA was
eluted with 100 pl TE (Tris-HCl 10mM, EDTA 0.5mM, pH 9.0) buffer (Qiagen, Valencia, CA)
and stored at -20°C until use.

A nested PCR amplification method (Takara PCR kit) of the K13-propeller domain (>440
amino acids) codon was used following previously reported protocols [17] with minor modifi-
cations. Briefly, PCR products were purified using filter plates (Edge Biosystems, Gaithersburg,
MD) and directly sequenced and analyzed on an ABI 3730XL automatic sequencer as recom-
mended by the manufacturer. Primer sequences for the K13-propeller domain PCR amplifica-
tion, sequencing as well as the cycling conditions are presented in Table 1.

The amplification products were analyzed by 1.5% agarose gel electrophoresis before
sequencing. Purified products were sequenced by an ABI 3730XL automatic sequencer and
sequence data were analyzed using the Genome Assembly Program GAP 4 to identify any vari-
ation across the gene that could result in a non-synonymous or synonymous Single Nucleotide
Polymorphisms (SNPs). Bi-directional sequencing was used and all the products had been
sequenced twice using independently amplified PCR products. The successful amplified
sequences were analyzed using the Basic Local Alignment Search Tool (BLAST) to compare
nucleotide sequences from samples to the reference genome PF3D7_1343700, and then indi-
vidual alleles were identified for each locus allowing identification of the amino acid residues
at the SNP. All mutant samples were independently checked to ensure that all the mutants
were real mutant.

Table 1. Primers sequences, nested PCR and sequencing conditions.

Primer sequences
K1-F: 5’- cggagtgaccaaatctggga-3’
K4-R: 5’- gggaatctggtggtaacagc-3’
K2-F: 5’- gccaagctgecattcatttg -3’
K3-R: 5’-gccttgttgaaagaagcaga-3’
K2-F: 5’- gccaagctgecattcatttg -3°
K3-R: 5’-gccttgttgaaagaagcaga-3’
K5-F: 5’-ttatgtcattggtggaactaa-3’
K6-R: 5’-tctaggggtattcaaaggtgce-3’

https://doi.org/10.1371/journal.pone.0221895.t001

Activities Procedure conditions Size of PCR products
Nested PCR 95°Cx2 min, 30 cycles [95°Cx30 sec, 2097 bp
60°Cx90 sec, 72°C x 90 sec], 72°C x10 min
95°Cx2 min, 30 cycles [95°Cx30 sec, 850 bp
60°Cx90 sec, 72°C x 90 sec], 72°C x10 min
Sequencing ABI 3730XL automatic sequencer
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Table 2. Basic characteristics of P. falciparum infected patients according to different epidemiological areas of Cameroon.

Sample size
Male:Female ratio
Mean age (95%CI)*, years

Geometric mean of parasite density [Range], parasites/ul

Data are number (%) otherwise indicated.
*,95%CI: Confidence interval.

https://doi.org/10.1371/journal.pone.0221895.t002

Equatorial facet Tropical/Sudanian
All areas Douala Douala Yaoundé Garoua
3t district 4™ district
219 50 (22.8) 70 (32.0) 50 (22.8) 49 (22.4)
52.8:47.2 38.0:62.0 64.3:35.7 55.1:44.9 49.0:51.0
5.5 (4.8-6.2) 7.1 (7.8-8.5) 4.7 (3.6-5.7) 4.5 (3.4-5.6) 6.0 (3.6-8.3)
14,004 5633 4644 3351 40,166
[40-551,56] [960-36,000] [40-551,56] [174-464,096] [6,320-91,000]

iv) Data analysis

Categorical variables were expressed as frequencies, whereas numerical variables (Age) were
presented as means and 95% confidence intervals (CI), as data followed a normal distribution.
All continuous variables which did not respect the normality hypothesis were log-
transformed.

Results
Characteristics of P. falciparum infected patients in population survey

A total of 219 Cameroonian P. falciparum isolates were collected from 4 sites, 50, 50, 70 and 49
samples from Yaoundé, Douala 3™ district, Douala 4™ district and Garoua respectively. The
majority of the patients was males (52.8%) and 75% reported, had fever in the previous 48h as
shown in Table 2. One hundred and sixty-nine patients (169) of the 219 samples were obtained
from patients who attended hospitals and, the remain was from the community.

The mean age was 6.3 years and most of the patients were less than 5 years old. Overall, no
significant difference was observed in terms of mean age between men and women (p = 0.973)
in our study population.

Geometric mean parasite density was 14,004 parasites/pL with a IQ(InterQuartile),s_,5:
4,560-45,800 parasites/pL. The parasitaemia were significantly highest in the North region
(40,165 parasites/pL, IQ,5_75: 40,000-45,800 parasites/pL, p = 0.001) and Centre region (32,241
parasites/uL, IQ,s_75: 13,776-145,888 parasites/uL, p = 0.0001) compared to Littoral region.
The mean parasitaemia of patients from Littoral region was 5,109 parasites/pL, IQ,s5_5: 1,600-
16,000 parasites/pL.

K13-propeller sequence polymorphisms and national distribution

Sequences of K13-propeller domain were generated successfully for 175 (79.9%) isolates. Most
samples without successful sequencing were from the Douala 4 district. 44 samples could not
be interpreted because of poor quality of the dried blood spots or an insufficient quantity of
DNA.

Nearly all samples (169/175, 96.6%) contained a wild-type allele. We identified six SNPs (6/
175, 3.4%) in 5 isolates, including 4 synonymous (4/175, 2.3%) and 2 non-synonymous (2/175,
1.1%) SNPs in the study population subjects (Table 3). The 4 synonymous (66.7%) K13 muta-
tions were G449G, G453G, C469C and G625G. The two (33.3%) non-synonymous mutations
of the samples with K13 mutations were V5891 and E612K, which were found in two samples
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Table 3. Synonymous and non-synonymous single-nucleotide polymorphisms in K13-propeller gene in Cameroon.

Sample ID No of Codon Wild-type allele Mutant allele
Sequence (nt) AA Sequence (nt) AA
YdeNkol0166 449 ggT Gly 28G Gly
YdeNkol0166 453 ggT Gly 2gG Gly
Gar05003 469 tgC Cys tgT Cys
DlaEbong185 589 Gtc Val Atc/Gtc Iso
DlaBona056 612 Gaa Glu Aaa Lys
DlaBona099 625 ggA Gly ggG/ggA Gly

Type of mutation

G449G
Synonymous
G453G
Synonymous
C469C
Synonymous
V5891
Non synonymous
E612K
Non synonymous

G625G
Synonymous

Infection
Single
Single
Single

Wild-type

+ mutant
Single

Wild-type
+ mutant

AA: amino acid; nt: nucleotide; Gly(G) = Glycin; Cys(C) = Cystein; Glu(E) = Glutamic acid; Val(V) = Valine; Iso(I) = Isoleucine; Lys(K) = Lysine. Capital letter in the

codon sequence indicates the muted nucleotide

https://doi.org/10.1371/journal.pone.0221895.t003

from Douala in the 3th and 4™ health districts. The K13 non-synonymous mutation on the
codon 589 was identified in a female patient aged 3 years and having parasite density of 9,600
parasites/uL blood while, the K13 non-synonymous mutations on the codon 612 was isolated
in a male patient aged 14 years and having parasite density of 7,360 parasites/uL blood. The
only sample from the Yaoundé site with K13 mutation presented with two synonymous muta-
tions on codon 449 and 453. Of the two mixed K13 wild-type and mutant infections observed,
one was a non-synonymous mutation on codon 589 whereas the second was synonymous on

codon 625 (Table 3).

Discussion

With the continued pressure for natural selection of the parasites due to widespread adoption
and persistent use of ACTs as first line antimalarial treatments in Africa, there are rising fears
of artemisinin resistance emergence across the continent which may impede the control efforts

in these countries.

In Cameroon, the ACTs including Artesunate-Amodiaquine (ASAQ) and Artemether-
Lumefantrine (AL) were adopted in 2004 and 2006 respectively, for the treatment of uncom-
plicated malaria. Its use has increased significantly following the nationwide implementation
in the health facilities [45]. Therefore, drug pressure due to an uncontrolled use (prescription
or self-medication) of ACT's and artesunate monotherapy might have selected resistant para-

sites over time.

We aimed in this study to determine the frequency of SNPs within the K13 propeller
sequence of circulating P. falciparum parasites as a means of assessing the risk of emerging
artemisinin resistance among local parasite populations. Indeed, the discovery and validation
of P. falciparum K13 SNPs linked to artemisinin resistance in Southeast Asia [9,14,19,46], sup-
ports the continuous targeting of the K13 propeller gene in surveillance efforts worldwide to
provide tools for public health systems to deliver effective interventions.

Our findings showed the absence of all previously characterized artemisinin resistance-
associated SNPs reported in Southeast Asia, from sequencing analyses of 219 P. falciparum iso-
lates representing a cross section of parasite populations in Cameroon. These findings are sup-
ported by recent molecular epidemiologic data currently showing no molecular evidence for

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019

7/13


https://doi.org/10.1371/journal.pone.0221895.t003
https://doi.org/10.1371/journal.pone.0221895

@ PLOS|ONE

Cameroonian Plasmodium falciparum isolates and K-13 polymorphisms

artemisinin resistance (in vivo or in vitro studies) in sub-Saharan Africa including one study
we conducted in Cameroon [16,17,30-33,41,47-50]. Overall findings are encouraging and
suggest that artemisinin resistance is not yet established in Africa and in Cameroon.

The present data reported also a very low prevalence (3.4%) of non-synonymous K13 muta-
tions in the P. falciparum isolates and we found diversity in K13-propeller sequence. This is con-
sistent with previous reports conducted in Cameroon. To date, seven epidemiological-molecular
studies had been conducted in Cameroon which showed a heterogeneity of mutations in the para-
site population 10 years after the implementation of ACT's in the Centre and South West regions
of the country [29,32-34,41,42,51]. These studies indicated that less than 4% of all samples showed
a mutation in the K13 gene and none were among those associated with artemisinin clearance
delay in Southeast Asia. In Central, West and East Africa, the allelic frequencies reported were
generally rare less than 6% [24,27,34,36,49,52,53]. However, one study in Cameroon revealed a
high rate, 15.1% of isolates presented at least one non-synonymous SNP in K13 gene [42].

Furthermore, the most frequent non-synonymous polymorphisms (A578S) observed in
Africa [11,16,25-27,29,30,49,52] which we also recently reported from a sample collected in
2013 from asymptomatic patients in Yaoundé [33] was not detected in the cohort. The close-
ness of this allele with C580Y associated with delayed parasite clearance in Southeast Asia and
with tolerance to artemisinin in vitro [16,17], and its possible ability to affect the tertiary struc-
ture of the K13 protein thus modify the function of the protein suggested by a computational
modeling [54] had led to the belief that it would have a potential role in the prolonged clear-
ance under artesunate treatment observed in a study conducted among 78 children with severe
malaria in Uganda [36,38]. But recent studies have suggested that this allele is not an artemisi-
nin-resistance mutation [11,16,25,36].

In a recent study we reported SNPs among 15/590 samples collected in Yaoundé and Dou-
ala in 2012-2013 with four non-synonymous mutations (Y482S, A569S, A578S and F583S)
only in Yaoundé [33]. Whereas SNPs were not observed in the three studies conducted among
251, 11 and 22 samples collected in 2015 in another health facility in Yaoundé, Central region
of Cameroon, in 2013-2014 in Buea, West region of Cameroon in 2013-2014, and between
2012-2015 among migrant workers who returned to Henan Province from Africa, respectively
[29, 32, 51]. In the other studies, high level of diversity was found, such as K189T mutation
which was high prevalent among samples from local residents in two studies conducted in
rural and semi-urban areas of the South West Region (24.3%-58/239 and et 42.4%-14/33)
[41,42]. Some non-synonymous SNPs (K189T, K189N and N217K) found in samples from
this part of Cameroun had previously been described [11,24,25,30].

The non-synonymous V5891 mutation widely distributed as it has been reported in others
African countries such as Mali and Madagascar [11,13,30,32,55] was found with a wild-type
infection in one sample from Douala. This could be due to the translation of gene flux between
settings. The phenotype conferred by this mutation is still unknown, although no study has yet
reported its involvement in the resistance to artemisinin [16].

We report in this study, a novel mutant variant E612K in simple infection in one isolate
from Douala. No genetic similarities were found to mutant parasites described elsewhere. It
would be interesting to continue characterizing the clinical significance of these two mutations
in artemisinin resistance in Africa and Ring stage assays (RSA_3;,) can adequately allow for the
validation of K13 mutant as a resistance marker to artemisinin [56]. Thus, adequate evaluation
of whole individuals (asymptomatic persons and symptomatic patients) in vivo and in vitro
studies are needed to determine the potential implications of this mutation or other new
molecular markers in artemisinin sensitivity. This is supported by the recent study which
reported a persistence of parasitaemia on Day 3 among 9 Senegalese patients with wild-type
for K13 allele [50].
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Taken together, the low selected frequencies of k13 mutant alleles found in Cameroon sug-
gests ART resistant parasites are not under evolutionary selection in Cameroon, therefore
reinforcing the assumption that such mutations are rare in Africa. Furthermore, none of the
polymorphisms known to be involved in artemisinin resistance in Asia were really associated
in artemisinin resistance in Africa. Thus, local artemisinin resistant P. falciparum strains may
emerge independently in Cameroon and in the African continent under ACTSs constant drug
pressure, misuse of ACTs, self-medication with antimalarial drugs, use of counterfeit drugs
adding to the intense transmission [37,38,57].

Unlike other studies conducted in Cameroon and elsewhere, the different study sites are
geographically distant; this does not influence the possible detection of site-specific mutations
as a geographic proximity of study areas at a single time point which may limit the ability to
detect differences in the molecular profiles of drug resistance among the areas [58]. The lack of
RSA data, clinical evaluation or vitro assessment that would have added more pertinent infor-
mation on the susceptibility level of this new mutant to ACT is a major limitation. The other
limit is the fact that only patients with uncomplicated malaria were enrolled which may have
limited the diversity of the parasite population analyzed.

Conclusion

Our data suggest that under intense malaria transmission and use of ACT's in Cameroon from
2006, K13 mutations have not been selected in Douala, Yaoundé, and Garoua. Non-synony-
mous K13 mutations are still rare and highly diverse. Only two non-synonymous K13 muta-
tions have been reported in this study with one newly described mutation (E612K). The
validation of the K13 mutant as a resistance marker requires it to be correlated with slow clear-
ance in clinical studies, reduced drug sensitivity in ex-vivo assays or in vitro assays (e.g., RSA
0-3h) and continuing molecular surveillance of artemisinin resistance.

Acknowledgments

We are very grateful to the participants who agreed to participate in this study as well as the
technical staff of the participating health facilities for their support and cooperation during the
survey. We thank the BIO Ventures for Global Health (BVGH) for catalyzing the collaboration
between the NIPD and CPC through the WIPO Re:Search Consortium. Data analysis and the
interpretation of data were supported by International Society for Health Research and Train-
ing (ISRT-Health), a local Lecturer network.

Author Contributions

Conceptualization: Carole Else Eboumbou Moukoko, Fang Huang, Lawrence Ayong.
Data curation: Carole Else Eboumbou Moukoko, Fang Huang, Loic Pradel Kojom Foko.
Formal analysis: Carole Else Eboumbou Moukoko, Fang Huang, Loic Pradel Kojom Foko.
Funding acquisition: Carole Else Eboumbou Moukoko, Fang Huang.

Investigation: Serge Bruno Ebong, Livia Sitchueng, Bouba Garke.

Methodology: Sandrine Eveline Nsango, Serge Bruno Ebong, He Yan, Livia Sitchueng, Bouba
Garke.

Project administration: Carole Else Eboumbou Moukoko.
Supervision: Carole Else Eboumbou Moukoko, Patricia Epee Eboumbou.

Validation: Carole Else Eboumbou Moukoko.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019 9/13


https://doi.org/10.1371/journal.pone.0221895

@ PLOS|ONE

Cameroonian Plasmodium falciparum isolates and K-13 polymorphisms

Writing - original draft: Carole Else Eboumbou Moukoko, Fang Huang, Loic Pradel Kojom

Foko.

Writing - review & editing: Carole Else Eboumbou Moukoko, Fang Huang, Sandrine Eveline

Nsango, Loic Pradel Kojom Foko, Patricia Epee Eboumbou, Lawrence Ayong.

References

1.

10.

11.

12

13.

14.

15.

16.

World Health Organization (WHO). World malaria report 2017. 2017, Geneva, Switzerland, 186p. Avail-
able at http://apps.who.int/iris/bitstream/handle/10665/259492/9789241565523-eng.pdf;jsessionid=
3C6F99FB1D9D67BAD5E6E52CE2A900757?sequence=1. Accessed June 2018.

Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al. The effect of malaria control
on Plasmodium falciparum in Africa between 2000 and 2015. Nature. 2015; 526(7572): 207-211.
https://doi.org/10.1038/nature 15535 PMID: 26375008

World Health Organization (WHO). Guidelines for the treatment of malaria. 3rd ed. Geneva: World
Health Organization. 2015. Available at http://apps.who.int/medicinedocs/documents/s21839en/
s21839en.pdf. Accessed July 2018.

Denis MB, Tsuyuoka R, Lim P, Lindegardh N, Yi P, Top SN, et al. Efficacy of artemether-lumefantrine
for the treatment of uncomplicated falciparum malaria in northwest Cambodia. Trop Med Int Health.
2006; 11(12):1800-7. https://doi.org/10.1111/.1365-3156.2006.01739.x PMID: 17176344

Denis MB, Tsuyuoka R, Poravuth Y, Narann TS, Seila S, Lim C, et al. Surveillance of the efficacy of
artesunate and mefloquine combination for the treatment of uncomplicated falciparum malaria in Cam-
bodia. Trop Med Int Health. 2006; 11(9):1360-6. https://doi.org/10.1111/j.1365-3156.2006.01690.x
PMID: 16930257

Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. Artemisinin resistance in Plasmodium
falciparum malaria. N Engl J Med. 2009; 361(5):455-67. https://doi.org/10.1056/NEJMoa0808859
PMID: 19641202

Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, Fukuda MM. Evidence of artemisinin-resistant
malaria in western Cambodia. N Engl J Med 2008; 359: 2619-20. https://doi.org/10.1056/
NEJMc0805011 PMID: 19064625

Amaratunga C, Sreng S, Suon S, Phelps ES, Stepniewska K, Lim P, et al. Artemisinin-resistant Plasmo-
dium falciparum in Pursat province, western Cambodia: a parasite clearance rate study. Lancet Infect
Dis. 2012; 12(11):851-8. https://doi.org/10.1016/S1473-3099(12)70181-0 PMID: 22940027

Phyo A, Nkhoma S, Stepniewska K, Ashley E, Nair S, McGready R, et al. Emergence of artemisinin-
resistant malaria on the western border of Thailand: a longitudinal study. The Lancet. 2012; 379
(9830):1960—-1966

Kyaw MP, Nyunt MH, Chit K, Aye MM, Aye KH, Aye MM, et al. Reduced susceptibility of Plasmodium
falciparum to artesunate in southern Myanmar. PLoS One. 2013; 8(3):e57689. https://doi.org/10.1371/
journal.pone.0057689 PMID: 23520478

Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al: Spread of artemisinin resis-
tance in Plasmodium falciparum malaria. N Eng J Med 2014; 371:411-423.

Thriemer K, Hong NV, Rosanas-Urgell A, Phuc BQ, Ha do M, Pockele E, et al. Delayed parasite clear-
ance after treatment with dihydroartemisinin-piperaquine in Plasmodium falciparum malaria patients in
central Vietnam. Antimicrob Agents Chemother. 2014; 58(12):7049-55. https://doi.org/10.1128/AAC.
02746-14 PMID: 25224002

Takala-Harrison S, Jacob CG, Arze C, Cummings MP, Silva JC, Dondorp AM, et al: Independent emer-
gence of Plasmodium falciparum artemisinin resistance mutations in Southeast Asia. J Infect Dis 2015;
211(5): 670-679. https://doi.org/10.1093/infdis/jiu491 PMID: 25180241

Huang F, Takala-Harrison S, Jacob CG, Liu H, Sun X, Yang H, et al. A Single Mutation in K13 Predomi-
nates in Southern China and Is Associated With Delayed Clearance of Plasmodium falciparum Follow-
ing Artemisinin Treatment. J Infect Dis. 2015; 212(10):1629-35. https://doi.org/10.1093/infdis/jiv249
PMID: 25910630

Kyaw TT, Hlaing T, Thimasarn K, Mon KM, Galappaththy GN, Plasai V, et al. Containing artemisinin resis-
tance of Plasmodium falciparum in Myanmar: achieveents, challenges and the way forward. WHO South-
East Asia J Public Health, 2014; 3: 90-94. https://doi.org/10.4103/2224-3151.206893 PMID: 28607262

World Health Organization (WHO). Artemisinin and artemisinin-based combination therapy resistance:
Status Report. World Health Organisation. 2017. http://www.who.int/malaria/publications/atoz/
artemisinin-resistance-april2017/en/. Accessed August 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019 10/13


http://apps.who.int/iris/bitstream/handle/10665/259492/9789241565523-eng.pdf;jsessionid=3C6F99FB1D9D67BAD5E652CE2A900757?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/259492/9789241565523-eng.pdf;jsessionid=3C6F99FB1D9D67BAD5E652CE2A900757?sequence=1
https://doi.org/10.1038/nature15535
http://www.ncbi.nlm.nih.gov/pubmed/26375008
http://apps.who.int/medicinedocs/documents/s21839en/s21839en.pdf
http://apps.who.int/medicinedocs/documents/s21839en/s21839en.pdf
https://doi.org/10.1111/j.1365-3156.2006.01739.x
http://www.ncbi.nlm.nih.gov/pubmed/17176344
https://doi.org/10.1111/j.1365-3156.2006.01690.x
http://www.ncbi.nlm.nih.gov/pubmed/16930257
https://doi.org/10.1056/NEJMoa0808859
http://www.ncbi.nlm.nih.gov/pubmed/19641202
https://doi.org/10.1056/NEJMc0805011
https://doi.org/10.1056/NEJMc0805011
http://www.ncbi.nlm.nih.gov/pubmed/19064625
https://doi.org/10.1016/S1473-3099(12)70181-0
http://www.ncbi.nlm.nih.gov/pubmed/22940027
https://doi.org/10.1371/journal.pone.0057689
https://doi.org/10.1371/journal.pone.0057689
http://www.ncbi.nlm.nih.gov/pubmed/23520478
https://doi.org/10.1128/AAC.02746-14
https://doi.org/10.1128/AAC.02746-14
http://www.ncbi.nlm.nih.gov/pubmed/25224002
https://doi.org/10.1093/infdis/jiu491
http://www.ncbi.nlm.nih.gov/pubmed/25180241
https://doi.org/10.1093/infdis/jiv249
http://www.ncbi.nlm.nih.gov/pubmed/25910630
https://doi.org/10.4103/2224-3151.206893
http://www.ncbi.nlm.nih.gov/pubmed/28607262
http://www.who.int/malaria/publications/atoz/artemisinin-resistance-april2017/en/
http://www.who.int/malaria/publications/atoz/artemisinin-resistance-april2017/en/
https://doi.org/10.1371/journal.pone.0221895

@ PLOS|ONE

Cameroonian Plasmodium falciparum isolates and K-13 polymorphisms

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ariey F, Witkowsky B, Amaratunga C, Beghain J, Langlois AC, Khim N, et al. A molecular marker of
artemisinin resistant Plasmodium falciparum. Nature 2014; 505: 50-55. https://doi.org/10.1038/
nature12876 PMID: 24352242

Straimer J, Gnédig NF, Witkowski B, Amaratunga C, Duru V, Ramadani AP, et al. Drug resistance.
K13-propeller mutations confer artemisinin resistance in Plasmodium falciparum clinical isolates. Sci-
ence. 2015; 347(6220):428-31. https://doi.org/10.1126/science.1260867 PMID: 25502314

Witkowski B, Amaratunga C, Khim N, Sreng S, Chim P, Kim S, et al. Novel phenotypic assays for the
detection of artemisinin-resistant Plasmodium falciparum malaria in Cambodia: in-vitro and ex-vivo
drug-response studies. Lancet Infect Dis.2013; 13(12):1043-9 https://doi.org/10.1016/S1473-3099(13)
70252-4 PMID: 24035558

Trape JF. The public health impact of chloroquine resistance in Africa. Am J Trop Med Hyg 2001; 64:
Suppl: 12—7.

Trape JF, Pison G, Spiegel A, Enel C, Rogier C. Combating malaria in Africa. Trends Parasitol 2002;
18:224-30. PMID: 11983604

Wongsrichanalai C and Sibley CH. Fighting drug-resistant Plasmodium falciparum: the challenge of
artemisinin resistance. Clin Microbiol Infect 2013; 19:908-916. https://doi.org/10.1111/1469-0691.
12316 PMID: 24033691

Borrmann S, Straimer J, Mwai L, et al. Genome-wide screen identifies new candidate genes associated
with artemisinin susceptibility in Plasmodium falciparum in Kenya. Sci Rep 2013; 3:3318. https://doi.
org/10.1038/srep03318 PMID: 24270944

Torrentino-Madamet M, Fall B, Benoit N, et al. Limited polymorphisms in k13 gene in Plasmodium fal-
ciparum isolates from Dakar, Senegal in 2012—-2013. Malar J 2014; 13:472. https://doi.org/10.1186/
1475-2875-13-472 PMID: 25471113

Conrad MD, Bigira V, Kapisi J, et al. Polymorphisms in K13 and falcipain-2 associated with artemisinin
resistance are not prevalent in Plasmodium falciparum isolated from Ugandan children. PLoS One
2014; 9(8): €105690. https://doi.org/10.1371/journal.pone.0105690 PMID: 25144768

Cooper RA, Conrad MD, Watson QD, et al. Lack of artemisinin resistance in Plasmodium falciparum in
Uganda based on parasitological and molecular assays. Antimicrob Agents Chemother 2015; 59:
5061—4. https://doi.org/10.1128/AAC.00921-15 PMID: 26033725

Ouattara A, Kone A, Adams M, Fofana B, Maiga AW, Hampton S, et al. Polymorphisms in the K13-pro-
peller gene in artemisinin-susceptible Plasmodium falciparum parasites from Bougoula-Hameau and
Bandiagara, Mali. Am J Trop Med Hyg 2015; 92, 1202-1206. https://doi.org/10.4269/ajtmh.14-0605
PMID: 25918205

Isozumi R, Uemura H, Kimata |, Ichinose Y, Logedi J, Omar AH, et al. Novel mutations in K13 propeller
gene of artemisinin-resistant Plasmodium falciparum. Emerg Infect Dis. 2015; 21(3):490-2. https://doi.
org/10.3201/eid2103.140898 PMID: 25695257

Kamau E, Campino S, Amenga-Etego L, Drury E, Ishengoma D, Johnson K, et al. K13-propeller poly-
morphisms in Plasmodium falciparum parasites from sub-Saharan Africa. J Infect Dis. 2015; 211:
1352-1355. https://doi.org/10.1093/infdis/jiu608 PMID: 25367300

Taylor SM, Parobek CM, DeConti DK, Kayentao K, Coulibaly SO, Greenwood BM, et al. Absence of
putative artemisinin resistance mutations among Plasmodium falciparum in Sub-Saharan Africa: a
molecular epidemiologic study. J Infect Dis. 2015; 211:680—688. https://doi.org/10.1093/infdis/jiu467
PMID: 25180240

Taylor SM, Parobek CM, DeConti DK, Kayentao K, Coulibaly SO, Greenwood BM, et al. Absence of
putative artemisinin resistance mutations among Plasmodium falciparum in Sub-Saharan Africa: a
molecular epidemiologic study. J Infect Dis. 2015; 211(5):680-8. https://doi.org/10.1093/infdis/jiu467
PMID: 25180240

Menard S, Tchoufack JN, Maffo CN, Nsango SE, Iriart X, Abate L, et al. Insight into k13-propeller gene
polymorphism and ex vivo DHA-response profiles from Cameroonian isolates. Malar J. 2016; 15
(1):572. https://doi.org/10.1186/s12936-016-1622-x PMID: 27887614

Menard D, Khim N, Beghain J, Adegnika AA, Shafiul-Alam M, Amodu O, et al. A Worldwide Map of Plas-
modium falciparum K13-Propeller Polymorphisms. New England Journal of Medicine, 2016; 374(25):
2453-2464. https://doi.org/10.1056/NEJMoa1513137 PMID: 27332904

Djaman JA, Olefongo D, Ako AB, Roman J, Ngane VF, Basco LK, et al. Molecular Epidemiology of
Malaria in Cameroon and Cote d’lvoire. XXXI. Kelch 13 Propeller Sequences in Plasmodium falciparum
Isolates before and after Implementation of Artemisinin-Based Combination Therapy. Am J Trop Med
Hyg. 2017; 97(1):222-224. https://doi.org/10.4269/ajtmh.16-0889 PMID: 28719312

Henriques G, Hallett RL, Beshir KB, Gadalla NB, Johnson RE, Burrow R, et al. Directional selection at
the pfmdr1, pfert, pfubp1, and pfap2mu loci of Plasmodium falciparum in Kenyan children treated with
ACT. J Infect Dis 2014; 210: 2001-8. https://doi.org/10.1093/infdis/jiu358 PMID: 24994911

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019 11/13


https://doi.org/10.1038/nature12876
https://doi.org/10.1038/nature12876
http://www.ncbi.nlm.nih.gov/pubmed/24352242
https://doi.org/10.1126/science.1260867
http://www.ncbi.nlm.nih.gov/pubmed/25502314
https://doi.org/10.1016/S1473-3099(13)70252-4
https://doi.org/10.1016/S1473-3099(13)70252-4
http://www.ncbi.nlm.nih.gov/pubmed/24035558
http://www.ncbi.nlm.nih.gov/pubmed/11983604
https://doi.org/10.1111/1469-0691.12316
https://doi.org/10.1111/1469-0691.12316
http://www.ncbi.nlm.nih.gov/pubmed/24033691
https://doi.org/10.1038/srep03318
https://doi.org/10.1038/srep03318
http://www.ncbi.nlm.nih.gov/pubmed/24270944
https://doi.org/10.1186/1475-2875-13-472
https://doi.org/10.1186/1475-2875-13-472
http://www.ncbi.nlm.nih.gov/pubmed/25471113
https://doi.org/10.1371/journal.pone.0105690
http://www.ncbi.nlm.nih.gov/pubmed/25144768
https://doi.org/10.1128/AAC.00921-15
http://www.ncbi.nlm.nih.gov/pubmed/26033725
https://doi.org/10.4269/ajtmh.14-0605
http://www.ncbi.nlm.nih.gov/pubmed/25918205
https://doi.org/10.3201/eid2103.140898
https://doi.org/10.3201/eid2103.140898
http://www.ncbi.nlm.nih.gov/pubmed/25695257
https://doi.org/10.1093/infdis/jiu608
http://www.ncbi.nlm.nih.gov/pubmed/25367300
https://doi.org/10.1093/infdis/jiu467
http://www.ncbi.nlm.nih.gov/pubmed/25180240
https://doi.org/10.1093/infdis/jiu467
http://www.ncbi.nlm.nih.gov/pubmed/25180240
https://doi.org/10.1186/s12936-016-1622-x
http://www.ncbi.nlm.nih.gov/pubmed/27887614
https://doi.org/10.1056/NEJMoa1513137
http://www.ncbi.nlm.nih.gov/pubmed/27332904
https://doi.org/10.4269/ajtmh.16-0889
http://www.ncbi.nlm.nih.gov/pubmed/28719312
https://doi.org/10.1093/infdis/jiu358
http://www.ncbi.nlm.nih.gov/pubmed/24994911
https://doi.org/10.1371/journal.pone.0221895

@ PLOS|ONE

Cameroonian Plasmodium falciparum isolates and K-13 polymorphisms

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hawkes M, Conroy AL, Opoka RO, Namasopo S, Zhong K, Liles WC, et al. Slow clearance of Plasmo-
dium falciparum in severe pediatric malaria, Uganda, 2011-2013. Emerg Infect Dis. 2015; 21:1237-9.
https://doi.org/10.3201/eid2107.150213 PMID: 26079933

Kojom LPF, Ntoumba AA, Nyabeyeu Nyabeyeu H, Bunda Wepnje G, Tonga C et al. Prevalence, pat-
terns and predictors of self-medication with antimalarial drugs among Cameroonian mothers during a
recent iliness episode. J Med and Biomed Sc. 2018; 7 (1): 29-39. Available at http://dx.doi.org/10.
4314/jmbs.v7i1.4. Accessed June 2018.

Nnanga N, Eboumbou Moukoko EC, Ngene JP, Ewoudou MER, Mpondo Mpondo E. Pharmacotechni-
cal Evaluation of Anti-Malaria Molecules of the Legal and lllicit Market in Yaoundé: Artemether-Lume-
fantrine 20/120. Health Sciences and Diseases, 2015; 16(2) 1-5. French file. Available at https://www.
hsd-fmsb.org/index.php/hsd/article/download/525/pdf_253. Accessed June 2018.

Karunamoorthi K. The counterfeit anti-malarial is a crime against humanity: a systematic review of the
scientific evidence. Malar J. 2014; 13:209. https://doi.org/10.1186/1475-2875-13-209 PMID: 24888370

World health Organization (WHO). World malaria report 2015. 2015, Geneva, Switzerland, 280p. Avail-
able at: www.who.int; Accessed July 2018.

Apinjoh TO, Mugri RN, Miotto O, Chi HF, Tata RB, Anchang-Kimbi JK, et al. Molecular markers for arte-
misinin and partner drug resistance in natural Plasmodium falciparum populations following increased
insecticide treated net coverage along the slope of mount Cameroon: cross-sectional study. Infect Dis
Poverty. 2017; 6(1):136. https://doi.org/10.1186/s40249-017-0350-y PMID: 29110722

Safeukui |, Fru-Cho J, Mbengue A, Suresh N, Njimoh DL, Bumah VV, et al. Investigation of polymor-
phisms in the P. falciparum artemisinin resistance marker kelch13 in asymptomatic infections in a rural
area of Cameroon. 2017. bioRxiv 148999; Available at https://doi.org/10.1101/148999. Accessed July
2018.

Snow RW & Noor AM. Malaria risk mapping in Africa: The historical context to the Information for
Malaria (INFORM) project. UKaid and Welcome Trust; 2015; 3. Available at http://www.inform-
malaria.org/wp-content/uploads/2015/07/History-of-Malaria-Risk-Mapping-Version-1.pdf. Accessed
June 2018.

Cheesbrough M. District Laboratory Practice in Tropical Countries. Trop health Technology. 2004; Part
2, 2nd edition. 442p. Available at http://fac.ksu.edu.sa/sites/default/files/Book-District_Laboratory
Practice_in_Tropical_Countries_Part-2_Monica_Cheesbrough.pdf. Accessed June 2018.

National Malaria Control Program (NMCP). National Strategic Plan for the Fight against Malaria in Cam-
eroon 2007—2010. 2010; 136p. French file. Available at http://www.africanchildforum.org/clr/policy%
20per%20country/cameroun/cameroon_malaria_2001-2006_fr.pdf". Accessed June 2018.

Takala-Harrison S., Clark T, Jacob C. Cummings M, Miottod O, Dondorpe A, et al. Genetic loci associ-
ated with delayed clearance of Plasmodium falciparum following artemisinin treatment in Southeast
Asia. Proc.NatAca Sci. 2013; 240-245.

Davlantes E, Dimbu PR, Ferreira CM, Florinda Joao M, Pode D, Félix J, et al. Efficacy and safety of
artemether-lumefantrine, artesunate-amodiaquine, and dihydroartemisinin-piperaquine for the treat-
ment of uncomplicated Plasmodium falciparum malaria in three provinces in Angola, 2017. Malar J.
2018; 17(1):144. hitps://doi.org/10.1186/s12936-018-2290-9 PMID: 29615039

Zhang T, Xu X, Jiang J, Yu C, Tian C, Li W. Surveillance of Antimalarial Resistance Molecular Markers
in Imported Plasmodium falciparum Malaria Cases in Anhui, China, 2012-2016. Am J Trop Med Hyg.
2018; 98(4):1132-1136. https://doi.org/10.4269/ajtmh.17-0864 PMID: 29436339

de Laurent ZR, Chebon LJ, Ingasia LA, Akala HM, Andagalu B, Ochola-Oyier LI, et al. Polymorphisms
in the K13 Gene in Plasmodium falciparum from Different Malaria Transmission Areas of Kenya. Am J
Trop Med Hyg. 2018; 98(5):1360—1366. https://doi.org/10.4269/ajtmh.17-0505 PMID: 29582728

Madamet M, Kounta MB, Wade KA, Lo G, Diawara S, Fall M, et al. Absence of association between
polymorphisms in the K13 gene and the presence of Plasmodium falciparum parasites at day 3 after
treatment with artemisinin derivatives in Senegal. Int J Antimicrob Agents. 2017; 49(6):754—756.
https://doi.org/10.1016/j.ijantimicag.2017.01.032 PMID: 28450175

Yang C, Zhang H, Zhou R, Qian D, Liu Y, Zhao Y, et al. Polymorphisms of Plasmodium falciparum k13-
propeller gene among migrant workers returning to Henan Province, China from Africa. BMC Infect Dis.
2017; 17(1):560. https://doi.org/10.1186/s12879-017-2634-z PMID: 28797235

Isozumi R, Uemura H, Kimata |, Ichinose Y, Logedi J, Omar AH, et al. Novel mutations in K13 propeller
gene of artemisinin-resistant Plasmodium falciparum. Emerg Infect Dis. 2015; 21(3):490-2 https://doi.
org/10.3201/eid2103.140898 PMID: 25695257

LiJ, Chen J, Xie D, Eyi UM, Matesa RA, Ondo Obono MM, et al. Limited artemisinin resistance-associ-
ated polymorphisms in Plasmodium falciparum K13-propeller and PfATPase6 gene isolated from Bioko
Island, Equatorial Guinea. Int J Parasitol Drugs Drug Resist. 2016; 6(1):54-59. https://doi.org/10.1016/
j-ijpddr.2015.11.002 PMID: 27054064

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019 12/13


https://doi.org/10.3201/eid2107.150213
http://www.ncbi.nlm.nih.gov/pubmed/26079933
http://dx.doi.org/10.4314/jmbs.v7i1.4
http://dx.doi.org/10.4314/jmbs.v7i1.4
https://www.hsd-fmsb.org/index.php/hsd/article/download/525/pdf_253
https://www.hsd-fmsb.org/index.php/hsd/article/download/525/pdf_253
https://doi.org/10.1186/1475-2875-13-209
http://www.ncbi.nlm.nih.gov/pubmed/24888370
http://www.who.int
https://doi.org/10.1186/s40249-017-0350-y
http://www.ncbi.nlm.nih.gov/pubmed/29110722
https://doi.org/10.1101/148999
http://www.inform-malaria.org/wp-content/uploads/2015/07/History-of-Malaria-Risk-Mapping-Version-1.pdf
http://www.inform-malaria.org/wp-content/uploads/2015/07/History-of-Malaria-Risk-Mapping-Version-1.pdf
http://fac.ksu.edu.sa/sites/default/files/Book-District_Laboratory_Practice_in_Tropical_Countries_Part-2_Monica_Cheesbrough.pdf
http://fac.ksu.edu.sa/sites/default/files/Book-District_Laboratory_Practice_in_Tropical_Countries_Part-2_Monica_Cheesbrough.pdf
http://www.africanchildforum.org/clr/policy%20per%20country/cameroun/cameroon_malaria_2001-2006_fr.pdf
http://www.africanchildforum.org/clr/policy%20per%20country/cameroun/cameroon_malaria_2001-2006_fr.pdf
https://doi.org/10.1186/s12936-018-2290-9
http://www.ncbi.nlm.nih.gov/pubmed/29615039
https://doi.org/10.4269/ajtmh.17-0864
http://www.ncbi.nlm.nih.gov/pubmed/29436339
https://doi.org/10.4269/ajtmh.17-0505
http://www.ncbi.nlm.nih.gov/pubmed/29582728
https://doi.org/10.1016/j.ijantimicag.2017.01.032
http://www.ncbi.nlm.nih.gov/pubmed/28450175
https://doi.org/10.1186/s12879-017-2634-z
http://www.ncbi.nlm.nih.gov/pubmed/28797235
https://doi.org/10.3201/eid2103.140898
https://doi.org/10.3201/eid2103.140898
http://www.ncbi.nlm.nih.gov/pubmed/25695257
https://doi.org/10.1016/j.ijpddr.2015.11.002
https://doi.org/10.1016/j.ijpddr.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27054064
https://doi.org/10.1371/journal.pone.0221895

@ PLOS|ONE

Cameroonian Plasmodium falciparum isolates and K-13 polymorphisms

54.

55.

56.

57.

58.

Mohon AN, Alam MS, Bayih AG, Folefoc A, Shahinas D, Haque R, et al. Mutations in Plasmodium fal-
ciparum K13 propeller gene from Bangladesh (2009-2013). Malar J. 2014; 13:431 https://doi.org/10.
1186/1475-2875-13-431 PMID: 25404021

YaoY, WuK, XuM, Yang Y, Zhang Y, Yang W, et al. Surveillance of Genetic Variations Associated
with Antimalarial Resistance of Plasmodium falciparum Isolates from Returned Migrant Workers in
Wouhan, Central China. Antimicrob Agents Chemother. 2018; 62(9).

World Health Organization (WHO). Minutes of the Expert Review Committee on K13 molecular marker
of artemisinin resistance 15—16 September 2014 Geneva, Switzerland, 2014; 23p. Available at http://
www.who.int/malaria/areas/drug_resistance/ERG-K13-molecular-marker-minutes-2014.pdf. Accessed
on 23/05/2018.

White NJ. Antimalarial drug resistance. Journal of Clinical Investigation. 2004; 113(8):1084—1092.
https://doi.org/10.1172/JCI121682 PMID: 15085184

Shah M, Omosun Y, Lal A, Odero C, Gatei W, Otieno K, et al. Assessment of molecular markers for
anti-malarial drug resistance after the introduction and scale-up of malaria control interventions in west-
ern Kenya. Malar J. 2015; 14:75. https://doi.org/10.1186/s12936-015-0588-4 PMID: 25889220

PLOS ONE | https://doi.org/10.1371/journal.pone.0221895 September 3, 2019 13/13


https://doi.org/10.1186/1475-2875-13-431
https://doi.org/10.1186/1475-2875-13-431
http://www.ncbi.nlm.nih.gov/pubmed/25404021
http://www.who.int/malaria/areas/drug_resistance/ERG-K13-molecular-marker-minutes-2014.pdf
http://www.who.int/malaria/areas/drug_resistance/ERG-K13-molecular-marker-minutes-2014.pdf
https://doi.org/10.1172/JCI21682
http://www.ncbi.nlm.nih.gov/pubmed/15085184
https://doi.org/10.1186/s12936-015-0588-4
http://www.ncbi.nlm.nih.gov/pubmed/25889220
https://doi.org/10.1371/journal.pone.0221895

