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Abstract. Given that the C580Y polymorphism in the Plasmodium falciparum propeller domain of the kelch 13 gene
(pfk13) was documented in Guyana, monitoring for mutations associated with antimalarial resistance was undertaken in
neighboringRoraima state in Brazil. Polymorphisms in thepfmdr1 andpfk13 geneswere investigated in 275P. falciparum
samples. No pfk13 mutations were observed. Triple mutants 184F, 1042D, and 1246Y were observed in 100% of the
samples successfully sequenced for thepfmdr1gene,with 20.1%of thesehavinganadditionalmutation at codon1034C.
Among them, 2.5% of samples harbored two copies of the pfmdr1 gene. We found no evidence of the spread of C580Y
parasites to Roraima state, Brazil. As previously observed, the 184F, 1042D, and 1246Y mutations in the pfmdr1 gene
appear to be fixed in this region. Continued molecular surveillance is essential to detect any potential migration or local
emergence of artemisinin-resistant mutation.

The introduction of artemisinin-based combination thera-
pies (ACTs) for the treatment of malaria began in the 2000s in
Cambodia and extended to South American countries and
Africa in theearly2000.Thefirst report of artemisinin resistance,
resulting in delayed parasite clearance posttreatment, was re-
ported in 2008 inCambodia.1Since then, artemisinin resistance
has been detected in several countries in the Greater Mekong
Subregion (GMS).2–5 Mutations in the Plasmodium falciparum
kelch 13 propeller domain (pfk13) have been identified as mo-
lecularmarkers of artemisinin resistance.6Currently, nine single
nucleotide polymorphisms in the pfk13 gene are validated as
molecular markers for artemisinin resistance: F446I, N458Y,
M476I, Y493H, R539T, I543T, P553L, R561H, and C580Y.7

Historically, resistance to antimalarial drugs, including
chloroquine and sulfadoxine–pyrimethamine, has evolved
independently in South America and South East Asia and then
spread globally (reviewed in ref. 8). Interestingly, a focus of
independent emergence of pfk13 C580Y mutation was re-
ported in Guyana based on samples collected in 2010.9 A
molecular monitoring study using samples collected from
2017 in different parts of Guyana confirmed the presence of
this mutation (Musset et al., in press). Genome analysis of
these samples confirmed evolution of C580Y allele in a single
genetic background in parasites belonging to the Guyana
region (L. Musset, personal communication). The presence of
this mutation in Guyana has not been linked to phenotypic
associationwith drug failure; however, a study fromSuriname,
bordering Guyana and Brazil, reported > 10% of patients with
delayed parasite clearance in a therapeutic efficacy study
(TES), although this TES found no pfk13 mutations.10 Never-
theless, these findings highlight the importance of continued
monitoring for antimalarial drug resistance using TES and
molecular monitoring in this region.
In2018,Roraima reported23,369casesofmalariawhichwas

a 62% increase compared with 2017. Data from the Brazilian
Secretariat ofHealth Surveillance revealed that 50%ofpatients
seen in the State of Roraimawere fromVenezuela andGuyana.

Given the high rates ofmigration of people from Venezuela and
Guyana to Brazil, there is a concern that pfk13mutations from
Guyana could spread to Brazil. Therefore, we conducted a
molecular monitoring study to assess the prevalence of known
molecular markers of ACT resistance in Roraima state.
This studywaspart of a larger study aimedat understanding

the epidemiology and characterization of autochthonous
and imported malaria in Roraima state and approved by the
Federal University of Roraima Ethical Committee (CAAE:
44055315.0.0000.5302) and the CDC. The study was carried
out in three municipalities in Roraima state: Boa Vista, Pacar-
aima, and Rorainapolis, Figure 1.
All individuals seeking amalaria diagnosis in the health posts

within the study sites were eligible to participate in the study.
Informed consent was obtained from all enrolled participants
from whom venous blood samples were obtained. The blood
was used to prepare Giemsa-stained microscopic slides for
malaria diagnosis and dried blood spots (Whatman 903 Protein
Saver Cards) for molecular studies. All patients who were
positive by microscopy for malaria parasites were treated with
artemether–lumefantrine, according to the Brazilian national
therapeutic guidelines for malaria. The DNAwas isolated using
a QIAmp DNA Mini Kit (QIAGEN, Valencia, CA) following the
manufacturer’s recommendations. Samples were tested for
species identification using photo-induced electron transfer
PCR (PET-PCR) assay as previously described,11 and all
P. falciparum samples were analyzed for polymorphisms in the
pfk139 propeller domain and the pfmdr1 gene using the Sanger
sequencing method as previously described.12,13 The purified
PCRproductswere sequencedusing theBigDyeTerminator kit
(Applied Biosystems, Foster City, CA), version 3.1, and an Ap-
plied Biosystems 3130XL capillary sequencer (Foster City, CA).
Sequence analysis was performed using Geneious 7.1.7 soft-
ware (Biomatters, Auckland, New Zealand). Pfmdr1 Copy
number variation (CNV) was determined using TaqMan real-
time PCR (Stratagene MX3005P; Agilent Technologies, Santa
Clara, CA) as previously described.9

A total of 751 specimens were collected between March
2016 and November 2017: In all, 354 (47.1%) were obtained
from Pacaraima, 340 (45.3%) from Boa Vista, and 57 (7.6%)
from Rorainapolis. Of these, 275 (36.6%) were P. falciparum
positive (age range, 16–89 years), 96 (34.9%) from Boa vista,

* Address correspondence to Naomi W. Lucchi, Malaria Branch and
Division of Parasitic Diseases and Malaria, Centers for Disease
Control and Prevention, 1600 Clifton Rd. NE, Atlanta, GA 30329.
E-mail: nlucchi@cdc.gov

310

mailto:nlucchi@cdc.gov


178 (64.7%) from Pacaraima, and 1 (0.4%) from Rorainapolis.
We did not observe any mutations (associated with artemisi-
nin resistance or otherwise) in the pfk13 gene in the 239
(86.9%) successfully sequenced isolates, Table 1. A total of
224 samples were successfully sequenced for pfmdr1 gene;
all the 224 samples had mutations at codons 184F, 1042D,
and 1246Y. Of these, 45 (20.1%) also had mutation at codon
1034. Nomutationswere observed at pfmdr1codon 86. Of the
240 samples successfully investigated for pfmdr1 CNV, 6
(2.5%), all from Pacaraima, were shown to have two copies,
Table 1.
Differences in the proportions of quadruple and triple

pfmdr1 mutants in Boa Vista and Pacaraima were analyzed
using chi-squared test for proportions. We observed a sig-
nificantly higher proportion of quadruple pfmdr1 mutants in
Pacaraima than Boa vista, X2 (1,N = 223) = 28.1709, P < 0.05,
Figure 2.
Results from our study show no evidence that pfk13 poly-

morphisms, associated with resistance to artemisinin, have
spread to Roraima state of Brazil. Our findings corroborate
recent studies conducted in this region of Brazil, which

revealed no pfk13 polymorphisms in the parasites investi-
gated.14 In a recent study, none of the tested samples collected
in the Brazilian Amazon basin before ACT introduction
(1984–2006) and after ACT introduction (2006–2011) and be-
tween 2010 and 2017 were found to harbor any pfk13 poly-
morphisms.14 A search for pfk13 polymorphisms outside the
GMS that included testing of 14,037 parasite samples col-
lected in 59 malaria endemic countries, including Brazil,
revealed no evidence for the existence of thesepolymorphisms
in countries outside the GMS.15 Recent TES carried out in the
Amazon basin in northern Brazil, the region that accounts for
99.8% of cases in the country, demonstrated adequate treat-
ment outcomes using artemether–lumefantrine16 and artesunate–
mefloquine.17 Neither studies identified any pfk13 polymorphisms
associated with artemisinin resistance, thus supporting the
continued use of these ACTs for treatment of malaria in Brazil.
Monitoring all relevant partner drug resistance markers is

equally important. In Brazil, artemether–lumefantrine is the
first-line antimalarial treatment, commonly used in the
Amazon region, and artesunate–mefloquine is used in
the other regions. As previously observed, every successfully

FIGURE 1. Study sites used for samples collection.

TABLE 1
Observed polymorphisms in selected genes of P. falciparum

Gene/codons assayed Number tested successfully Mutations observed

pfk13 239 (86.9%) No mutations
Codons: F446I, N458Y, M476H, Y493H,
R539T, I543T, P553L, R561H, and
C580Y

pfmdr1 224 (81.5%) 86Y (0; 0.0%)
Codons: 86, 184, 1034, 1042, and 1246 184F (224; 100%)

1034C (45; 20.1%)
1042D (224; 100.0%)
1246Y (224; 100.0%)

pfmdr1 240 (87.3%) With two copies (6; 2.5%)
Copy number variation
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sequenced parasite harbored the 184F, 1042D, and 1246Y
mutations in the pfmdr1 gene, suggesting fixation of these
resistance alleles. Some isolates had the additional 1034C
polymorphism (20.1%). The presence of mutant pfmdr1 alleles,
especially the mutant 184F, that have been associated with tol-
erance to lumefantrine,18 suggests the vulnerability of partner
drugs to resistance pressure in this region. The increase in the
copy number of the pfmdr1 gene is associated with mefloquine
resistance. Several studies conducted in the Americas reported
an absence or limited pfmdr1 gene duplication in P. falciparum–

isolated studies (reviewed in ref. 19). In keeping with these
findings, we observed only six isolates (2.5%) with two copies
of this gene. This contrasts with results obtained in South East
Asia inwhichmajority ofP. falciparum isolatesharbormore than
one copy of the pfmdr1 gene.
Overall, we found no evidence of pfk13 C580Y, which

supports the continued use of ACTs in this area. However,
continued monitoring for potential emergence of resistance
parasites is essential.
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FIGURE 2. Distribution of Pfmdr1 triple and quadruple mutations in
the study sites.
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