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Abstract.

Drug-resistant Plasmodium falciparum is a major threat to global malaria control and elimination efforts. In

Botswana, a southern African country approaching malaria elimination, P. falciparum molecular data are not available.
Parasites were assessed through pollymerase chain reaction (PCR) for confirmation of positive rapid diagnostic tests,
multiplicity of infection (MOI), and drug resistance markers among isolates from clinical uncomplicated malaria cases
collected at health facilities. Of 211 dried blood spot samples selected for the study, 186 (88.2%) were PCR positive for
P. falciparum. The mean MOI based on MSP1 genotyping was 2.3 and was not associated with age. A high prevalence of wild-
type parasites for pfcrt and pfmdr1 was found, with a haplotype frequency (K76/N86) of 88.8% and 17.7% of the isolates
having two copies of the pfmdr1 gene. For pfATPase6, all the parasites carried the wild-type S769 allele. Sequencing showed
no evidence of non-synonymous mutations associated with reduced artemisinin derivative sensitivity in the P. falciparum k13
gene. In conclusion, we found that P. falciparum parasites in Botswana were mostly wild type for the drug resistance markers
evaluated. Yet, there was a high rate of a molecular marker associated to reduced sensitivity to lumefantrine. Our results
indicate the need for systematic drug efficacy surveillance to complement malaria elimination efforts.

INTRODUCTION

Malaria is a major public health problem in sub-Saharan
Africa, although there is evidence of declining morbidity and
mortality. In Botswana, where a considerable decline in the
parasite prevalence has occurred over the last 50 years, ' there
is impetus for not only reducing the burden of malaria across
the country, but also optimizing efforts toward elimination.
This drive has emphasized the need for molecular data on
current parasite population and the risk assessments of hu-
man populations in areas that are prone to endemic or epi-
demic Plasmodium falciparum circulation.

Botswana is a semiarid to arid country with few permanent
bodies of water and two seasons, summer and winter, with
rainfall in the summer season occurring between October and
April. The mean annual temperatures are between 18 and
23°C; however, in summer and winter, temperatures can be
above 35°C or below 0°C, respectively. The population is
sparse, with current figures standing at 2.250 million over a
land area of 581,730 km?.

Malaria due to P. falciparum is highest in the northern part of
the country, which has an annual rainfall of 650 mm between
the months of November and April. In the southwestern part,
which consists of the mostly arid Kalahari desert, an average
of 250 mm of rainfall is estimated. The rainfall pattern varies
from year to year and occasionally there is drought, which
affects malaria disease patterns. Recently, Plasmodium vivax
has been detected in Botswana in parts of the Eastern,
Southern, and Central districts,?® with a national prevalence
of 4.7% among asymptomatic children. However, most
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clinical malaria is due to P. falciparum infection, the focus of
this report.

Chloroquine was the first-line treatment for uncomplicated
P. falciparum malaria in Botswana until 1997, when it was
replaced with sulfadoxine/pyrimethamine.” In 2007, sulfadoxine/
pyrimethamine was discontinued and currently combination
therapy with artemether/lumefantrine is recommended as the
first-line treatment.! Molecular data on P. falciparum drug re-
sistance from prior time points are not available for Botswana,
apart from anecdotal reports of an apparent increase in chloro-
quine treatment failures in the nineties;! however, neither data on
sensitivity nor molecular and review studies have been published
in peer-reviewed journals.

In general, antimalarial drugs act principally to eliminate the
erythrocytic stages of malaria parasites that are responsible
for human illness. Unfortunately, P. falciparum has developed
resistance to most classes of antimalarials. The genetic basis
of drug resistance is because of well-known polymorphisms in
P. falciparum genes. For example, mutations in the pfcrt and
pfmdr1 genes are known to confer resistance against chlo-
roquine.* However, the pfcrt gene has also been associated
with artemisinin resistance,® whereas parasite pfmdri poly-
morphisms also confer reduced susceptibility to other antima-
larial drugs, including mefloquine, lumefantrine, and quinine.®
Several P. falciparum candidate genes have been associated
with artemisinin resistance. The endoplasmic and sarcoplasmic
reticulum Ca2*-ATPase ortholog of P. falciparum (ofATPase6)
has been postulated to be the target of artemisinin, although
evidence varies.” Finally, genome-wide analysis of artemisinin
resistance in P. falciparum has demonstrated that mutations in
the propeller domain of the gene encoding the Kelch 13 protein
(pfK13) are associated with delayed parasite clearance in vitro
and in vivo in SE Asia.®
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With this in mind, we analyzed P. falciparum isolates from
uncomplicated clinically identified malaria cases diagnosed at
health facilities in Botswana. In particular, we assessed the
following: 1) parasite PCR confirmation of rapid diagnostic
test (RDT)-positive detection, 2) multiplicity of infection (MOI),
and 3) drug-resistance marker polymorphisms.

METHODS

Study area. The study was primarily conducted in Ngami-
land (North-West) and Central districts where P. falciparum
malaria prevalence is the highest. However, samples were
also collected in other parts of Botswana where malaria is
present. Samples were collected from patients with febrile
illness, seeking health care in the public sector between No-
vember 2012 and April 2016. Permission was granted by the
National Malaria Programme at the Botswana Ministry of
Health and Wellness to analyze dry blood spots (DBS) from
those testing positive for P. falciparum using RDT. Two hun-
dred and eleven subjects with uncomplicated malaria symp-
toms who tested positive on the RDT at day 0 were selected for
the study. Sample sizes differ slightly between analyses be-
cause of different efficiencies of molecular tests.

DNA extraction and MSP1 genotyping. Total genomic
DNA was extracted from DBS using the EasyMag (Biomerieux,
Lyons, France) automated platform. Allelic families (K1, MAD20,
and RO33) of parasite MSP1 gene were analyzed using nested-
PCR.8 Appropriate controls for all three allelic families (3D7, HB3,
and RO33) were run with the field samples. The detection of a
single PCR fragment of an allelic family was considered as an
infection with one genotype. Length variations of PCR fragments
were detected by gel electrophoresis and analyzed through
Image Lab software (version 4.1; Bio-Rad, Hercules, CA). Alleles
with closely similar sizes were grouped around an average size.
Multiple infections of P. falciparum were defined as the presence
of more than one genotype of MSP1 in a single isolate. The MOI
or number of genotypes per infection was calculated by dividing
the total number of fragments detected in one antigenic marker
by the number of samples positive for the same marker.

Assessment of P. falciparum drug-resistant poly-
morphisms. DNA samples were amplified by PCR-restriction
fragment length polymorphism technique to identify K76T
polymorphism in pfcrt and N86Y in pfmdr1 gene, according to
existing protocols.®~2 Appropriate P. falciparum controls (3D7
and Dd2, wild-type and mutant strains, respectively) were used
for each analysis. Copy number of pfmdr1 gene was determined
by comparing the ratio of pfmdr1/B-tubulin on the LightCycler
480 V1.5.0 software (Roche Diagnostic, Basel, Switzerland),
taking into account the efficiency of each PCR. The primers
were obtained from Price et al.'® The reaction was carried outin
a final volume of 20 pL (10 pL of LightCycler 480 Probe master
mix [Roche Diagnostics], 300 nM each forward and reverse
primer, 100 nM each probe, and 2-3 pL of template DNA). The
amplification program was as follows: 10 minutes at 95°C; and
45 cycles, with one cycle consisting of 10 seconds at 95°C, 20
seconds at 55°C, and 5 seconds at 72°C. In each experiment,
DNA from the laboratory strains 3D7 (one copy of pfmdr1) and
Dd2 (three copies of pfmdr1) were used as controls. The effi-
ciency of each PCR (pfmdr1 and B-tubulin) was determined
using a scale dilution of the 3D7 DNA. Each sample was ana-
lyzed three times (three replicate assays). The PCR results of all
the samples considered in this study could be localized to the

linear portion of the efficiency curve in terms of C,, (crossing
point = Cy, threshold cycle). The copy number was calculated
with the comparative AACt method.'® Assays were repeated if
any of the following results were obtained: C, value was > 35;
AAC; (cycle threshold) spread was > 1.5; and the 95% confidence
interval around the estimation was > 0.4.'® The cutoff value of a
multicopy was considered to be > 1.6.

For pfATPase6 polymorphism S769N, we designed a
nested-PCR using different combinations of primers from
Ferreiraetal.' and Menegon et al."® Briefly, parasite DNA was
amplified using the following primers: first, outer forward 5'-
TCACCAAGGGGTATCAACAA-3'15 and outer reverse 5'-
AATTATCCTTTTCATCATCTCC-3'14 to amplify an 808-base
pair (op) fragment; and then by applying nested-PCR using
primers: nested forward 5'-ACTTAGCTTTGCTTATAAAAA
AcTTAA-3'14 and nested reverse 5'-ACGTGGTGGATCA
ATAATACCT-3'15 to amplify a 125-bp fragment. An artificial
mismatch (nucleotide c) was introduced in the nested forward
sequence to generate a restriction site (Aflll) for the wild-type
form.™ Substitutions at position S769N were subsequently dis-
tinguished through enzyme digestion with Aflll. Undigested PCR
product was used to illustrate the behavior of a mutant genotype,
as control samples of mutant genotype were unavailable.

Polymorphism analysis of the propeller domain of the pfK13
gene was performed by PCR amplification and sequencing,
with PCR conditions described by Taylor et al.'® All PCR
products were subsequently sequenced. The obtained se-
quences were compiled and analyzed by Discovery Studio
Gene software (Accelrys Inc., San Diego, CA). PlasmoDB gene
identification no. PF3D7_1343700 (P. falciparum 3D7 strain)
was used as reference in the numbering of nucleotide and
amino acid positions.

All stated activities are prescribed by the Revised Guide-
lines for the Diagnosis and Treatment of Malaria in Botswana
1, and permission was granted by the Ministry of Health and
Wellness research ethics board.

RESULTS

Rapid diagnostic test accuracy and patient characteristics.
Of the 211 DBS samples selected for the study, 186 (88.2%)
were PCR positive for P. falciparum by at least one molecular
assay. Age of the participants ranged from 7 months to 80
years, median age was 24.2 years, and 52.9% were male. The
most represented age groups were 16-50 years (38.0%), fol-
lowed by 5-15 years (32.8%), with children < 5 years old
representing only 15% of the sample, and adults > 50 years
being 14.2%. The more represented district of Botswana was
Ngamiland (50.7%) with others as follows: Central, 37.7%;
South-East, 6.5%; Ghanzi, 2.2%; Kgalagadi, 1.5%; Kgatleng,
0.7%; and North-East, 0.7%.

MSP1 genotyping and MOI. MSP1 gene amplification was
performed on a subset of 59 samples in which all three MSP1
allelic families (K1, MAD20, and RO33) were detected. The K1
allelic family was found most frequently (88.1%), whereas
RO33 and MAD20 were observed in 55.9% and 35.6% of the
samples, respectively. Among the analyzed isolates, 49.2%
(29/59) harbored mixed genotypes belonging to two different
allelic families. In addition, nine samples (15.2%) harbored all
three MSP1 allelic families (Figure 1). Most samples (43/59)
showed multiple size variants from the same allelic family: 21
samples harbored two size variants, 10 samples harbored
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Ficure 1.  Size variant allele frequency for each allelic family observed in the analyzed samples and number of samples harboring each MSP1
allelic family. For K1, the mean size + SE of PCR fragments was 247 base pairs (bp) + 4 bp, K-S D statistic=0.18, P =n.s.; for MAD20, the mean size +
SE was 222 bp + 5 bp, K-S D statistic =0.22, P = n.s.; and for RO33, the mean size + SE was 165 bp + 3 bp, K-S D statistic = 0.23, P = n.s. This figure

appears in color at www.ajtmh.org.

three variants, 10 samples harbored four variants, and five and six
size variants were identified in the two different isolates, for a total
of 139 size alleles detected in 59 samples (Figure 1). The overall
mean MOl was 2.3. There was no significant association between
age and MOI (Spearman rank coefficient = 0.02; P = 0.8).

Pfcrt and pfmdr1 polymorphisms. Of 186 P. falciparum—
positive isolates, wild-type pfcrt K76T and pfmdr1 N86Y
polymorphisms were amplified in 167 and 166 samples, re-
spectively. The mutant allele pfcrt 76 T was identified in only 10
(6.0%) isolates, six (3.6%) of which were pure mutants and
four (2.4%) mixed with both Kand T alleles. In pfmdr1, mutant
86Y allele was identified in only 13 (7.8%) isolates, seven
(4.2%) being pure form and six (3.6%) associated with codon
N86 as mixed infections. Most examined isolates were found
to carry K76 and N86 alleles in pfcrt and pfmdr1 genes, re-
spectively (Table 1). The combination of pfcrt and pfmdr1
genotypes (total number of successfully genotyped isolates
for both genes being 152) showed seven distinct haplotypes
(Table 1). In addition, pfmdr1 gene copy number was de-
termined in 96 isolates. Of these, 79 (82.3%) had one and 17
(17.7%) had two copies of the gene.

pfATPase6 and pfK13 polymorphisms. The pfATPase6
S769N polymorphism was investigated in 152 samples. All
examined isolates were found to carry the wild-type allele
S769. The pfK13 gene was amplified and sequenced from 127
samples. Compared with the pfK13 wild-type reference se-
quence PF3D7_1343700, the synonymous mutations R513R
and V555V were detected in two and one P. falciparum iso-
lates, respectively. All the other samples were classified as
wild type when compared to the PF3D7_1343700 sequence.

DISCUSSION

Antimalarial drugs are a key tool for the control and elimi-
nation of malaria. Resistance to most of the currently available
antimalarials, including the artemisinins, which have played a
central role in the global decreases in malaria burden since
2000, has already been confirmed in Southeast Asia (Greater
Mekong subregion).'”'® Currently, Botswana represents an
ecosystem similar to the Greater Mekong subregion, as it in-
cludes areas of low to very low malaria transmission. In such
low transmission areas advancing toward elimination, the in-
cidence of infection is too infrequent for the development
of partial malaria immunity needed to compensate for failing
treatments. In fact, it has been demonstrated that the ca-
pacity to clear P. falciparum drug-resistant infections is pro-
portional to the level of acquired immunity.'® In addition, the
low level of multiple infections increases inbreeding, which

TaBLE 1
Frequencies of the single nucleotide polymorphisms in the pfcrt and
pfmdr1 genes associated with drug resistance among samples
collected in Botswana

pfert K76T pfmdr1 N86Y No. of pfcrt/pfmdr1 haplotypes (%)
K N 135 (88.8)
K Y 3(2.0)
K N/Y 4(2.6)
T N 3(2.0)
T Y 3(2.0)
K/T N 2(1.3)
K/T N/Y 2(1.3)
Total 152 (100.0)
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may accelerate the rate of spread of resistance. Drug pressure is
often increased in areas of low transmission intensity because
most cases are symptomatic, although asymptomatic infections
occur. Thus, drug resistance is most likely to emerge, establish,
and spread in these areas. The high prevalence of human im-
munodeficiency virus in Botswana (18.5% for the general pop-
ulation), leading to a high coinfection rate, may further increase
the risk of antimalarial drug resistance selection and spread.?°
Our results showed that in Botswana, most of the
P. falciparum parasites carry wild-type genotypes for the
drug resistance markers evaluated. The most important find-
ing is that the pfK73 gene does not show evidence of non-
synonymous mutations associated with artemisinin derivative
sensitivity. The three samples with synonymous mutations are
all from Shakawe village near the Namibian border and were
collected between February and March 2016, at the peak of
the transmission season. All the other parasites analyzed in
this study showed the wild-type sequence of pfK13. More-
over, a high prevalence of 95.8% (pure and mixed infections)
of pfmdr1 N86 was found. This polymorphism is involved in
the development of reduced sensitivity to lumefantrine,* while
conferring sensitivity to 4-aminoquinolines (chloroquine and
amodiaquine),? both not actually used as antimalarials in
Botswana. Moreover, we observed a consistency between
wild-type pfcrt and pfmdr1 haplotypes in our samples, with
N86 and K76 alleles occurring together. Several studies re-
ported that in the absence of drug pressure, chloroquine-
resistant strains have been replaced by sensitive ones,?!%?
and that could be happening in Botswana, given the national
policy for malaria treatment and the widespread usage. The
switch to artemisinin-based antimalarial treatment has
been already shown to co-select these alleles in Uganda, 2324
where genotypes with decreased sensitivity to artemether/
lumefantrine components increased over time. Also, the
finding of 17.7% of isolates with amplification of pfmdr? (two
copies) is remarkable for Africa, where increased copy number
is uncommon. In general, amplification of pfmdr1 has been
associated not only to decreased susceptibility to artemisinin
derivatives and resistance to aryl amino alcohols, particularly
mefloquine, but also to Ilumefantrine, in the field and
in vitro. 32528 |n addition, the detection of multicopy pfmdr1 in
African parasites suggests a high potential for rapid selection
for resistance.?’” Nevertheless, copy number assays are
challenging, such that comparison of prevalence between
studies with varied methods may be problematic. For pfAT-
Pase6, we found all the parasites carrying S769 allele, con-
sidered the wild-type form. Moreover, the mean MOI (2.3
different parasite clones per isolate) demonstrates the circu-
lation of malaria parasites of different MSP1 genotypes among
endemic areas of Botswana. The relatively high diversity of the
parasite population was surprising, although it was consistent
with other studies from low-transmission areas.?®2° Such
diversity could be caused by circulation of genotypically di-
verse parasites due to population movement in the region,
mostly from Angola, northern Namibia, and Zambia.®**! An-
other possibility that we did not assess in this study is that
transmission is not homogeneous among all the sampled
areas with possible hotspots of higher entomological in-
oculation rate.®2 In this study, there was no association be-
tween MOI and age, likely because of low or absent
antimalarial immunity due to low malaria transmission.%34
Taken together, these results suggest that in Botswana,

P. falciparum parasites are molecularly sensitive to artemisinin
but with a high rate of a molecular marker associated to re-
duced suscepitibility to lumefatrine, also because of the absence
of selective pressure from 4-aminoquinolines. However, a limi-
tation to the study is the lack of historical data that could directly
illustrate changing allele frequencies, and thus positive selec-
tion. The results illustrate the need for systematic drug efficacy
surveillance to be performed in selected areas of Botswana to
sustain and complement the efforts for malaria elimination.
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