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The Journal of Infectious Diseases i

Changing Prevalence of Potential Mediators of
Aminoquinoline, Antifolate, and Artemisinin Resistance
Across Uganda

Victor Asua,"” Melissa D. Conrad,? O0zkan Aydemir,® Marvin Duvalsaint, Jennifer Legac,’ Elias Duarte,” Patrick Tumwebaze,' Deborah M. Chin,®
Roland A. Cooper,’ Adoke Yeka,' Moses R. Kamya,' Grant Dorsey,” Sam L. Nsobya,' Jeffrey Bailey,® and Philip J. Rosenthal®

'Infectious Diseases Research Collaboration, Kampala, Uganda, “University of California, San Francisco, San Francisco, California, USA, *Brown University, Providence, Rhode Island, USA, and
*Dominican University of California, San Rafael, California, USA

(See the Editorial Commentary by Sibley, on pages 927-9.)

Background. In Uganda, artemether-lumefantrine is reccommended for malaria treatment and sulfadoxine-pyrimethamine for
chemoprevention during pregnancy, but drug resistance may limit efficacies.

Methods. Genetic polymorphisms associated with sensitivities to key drugs were characterized in samples collected from 16
sites across Uganda in 2018 and 2019 by ligase detection reaction fluorescent microsphere, molecular inversion probe, dideoxy
sequencing, and quantitative polymerase chain reaction assays.

Results. Considering transporter polymorphisms associated with resistance to aminoquinolines, the prevalence of Plasmodium fal-
ciparum chloroquine resistance transporter (PfCRT) 76T decreased, but varied markedly between sites (0-46% in 2018; 0-23% in 2019);
additional PfCRT polymorphisms and plasmepsin-2/3 amplifications associated elsewhere with resistance to piperaquine were not seen.
For P, falciparum multidrug resistance protein 1, in 2019 the 86Y mutation was absent at all sites, the 1246Y mutation had prevalence <20%
at 14 of 16 sites, and gene amplification was not seen. Considering mutations associated with high-level sulfadoxine-pyrimethamine resist-
ance, prevalences of P, falciparum dihydrofolate reductase 164L (up to 80%) and dihydropteroate synthase 581G (up to 67%) were high at
multiple sites. Considering P. falciparum kelch protein propeller domain mutations associated with artemisinin delayed clearance, preva-

lence of the 469Y and 675V mutations has increased at multiple sites in northern Uganda (up to 23% and 41%, respectively).

Conclusions.
Keywords.

We demonstrate concerning spread of mutations that may limit efficacies of key antimalarial drugs.
Plasmodium falciparum; drug resistance; PfCRT; PEIMDR1; PEDHER; PfDHPS; PfK13; Uganda.

Progress in malaria control has stalled in much of Africa and
could further be challenged by the persistence, spread, or emer-
gence of Plasmodium falciparum resistance to aminoquinolines,
which are key partners in artemisinin-based combination
therapies (ACTs); the antifolate sulfadoxine-pyrimethamine
(SP), which remains a standard of care for chemoprevention;
and artemisinins, which are the backbones of all ACTs [1,
2]. In Uganda and most other African countries, the ACT
artemether-lumefantrine (AL) has been first-line therapy
for uncomplicated malaria for about 15 years. Another ACT,
artesunate-amodiaquine, is first-line therapy for uncompli-
cated malaria in a number of African countries. Considering
chemoprevention, intermittent preventive treatment during
pregnancy (IPTp) with SP is recommended in malaria-endemic
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regions across Africa, and seasonal malaria chemoprevention
with amodiaquine-SP is recommended in areas of the Sahel sub-
region with seasonal transmission [3, 4]. Dihydroartemisinin-
piperaquine isanalternative treatment and is under investigation
as an alternative to SP for chemoprevention [5].

Resistance of P. falciparum to the aminoquinolines chloro-
quine and amodiaquine has been widespread and is mediated
by polymorphisms in the P. falciparum chloroquine resistance
transporter (PfCRT) and P. falciparum multidrug resistance
protein 1 (PMDR1) proteins [6]. PfCRT 76T is the principal
resistance mediator, and the PEIMDRI1 86Y and 1246Y muta-
tions modulate resistance in Africa [1]. Interestingly, wild-type
PfCRT K76 and PIMDRI1 N86 are associated with decreased
sensitivity to lumefantrine [7] and are enriched in patients previ-
ously treated with AL [8, 9]. Although true failures after therapy
with AL have been uncommon in Africa, in a pooled analysis,
PfMDR1 N86 was independently associated with recrudes-
cence following therapy [1, 10]. Consistent with decreased use
of chloroquine and establishment of AL as a first-line therapy,
PfCRT K76 and PIMDR1 N86 and D1246 wild-type prevalences
have increased in many African countries [11-14].
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Plasmodium falciparum resistance to SP is mediated by muta-
tions in the target enzymes dihydrofolate reductase (PfDHFR) and
dihydropteroate synthase (PfDHPS). A combination of 5 muta-
tions (PfDHFR 511, 59R, and 108N and PfDHPS 437G and 540E)
mediates moderate SP resistance and is highly prevalent in much
of Africa, except that PEDHPS 540E is uncommon in Central and
West Africa [1, 15, 16]. Additional mutations in PfDHFR (164L)
or PIDHPS (581G and 613S) mediate higher-level SP resistance
and have been shown to be selected by IPTp with SP [16, 17].
Mutations that mediate higher-level SP resistance have been un-
common in Africa, but modest prevalence has been identified for
PfDHFR 164L in southwestern Uganda and for PfDHPS 581G
in northern Tanzania, eastern Democratic Republic of Congo
(DRC), and southwestern Uganda [12, 14, 18, 19].

Plasmodium falciparum resistance to artemisinin derivatives,
manifested as delayed clearance after therapy, is associated with
any of a number of propeller domain mutations in the P. fal-
ciparum kelch protein (PfK13), and key propeller domain mu-
tations are now widespread in the Greater Mekong subregion
of southeast Asia [20-22]. In Africa, PfK13 propeller domain
mutations have been uncommon, mutations shown to be as-
sociated with artemisinin resistance in Asia have been rare,
and clinical artemisinin resistance is not confirmed [1, 20, 23].
However, recent reports suggest emergence of parasites in East
Africa with mutations that may mediate artemisinin resistance.
First, the 561H mutation, which was previously associated with
artemisinin resistance in southeast Asia [20, 24], was identified
in 7% of isolates collected in Rwanda [25], and in another study,
in 17%-20% of isolates from 2 sites in Rwanda, including 50%
of parasites persisting 3 days after initiation of therapy [26].
The 561H mutation has also been detected in parasites from
DRC and Tanzania [1, 27]. Second, the 675V mutation, also as-
sociated with delayed clearance after artemisinin therapy [20,
24], was identified in an isolate collected in Rwanda in 2015,
an isolate with delayed in vitro parasite clearance collected in
northern Uganda in 2016, and 6% of isolates collected from 3
sites in northern Uganda in 2017 [12, 28, 29]. Third, the 469Y
mutation, also associated with artemisinin delayed clearance
[24], was seen in parasites collected from 4 different sites in
Uganda in 2017 [12]. Another mutation at the same locus,
469F, was seen in parasites from Equatorial Guinea [1]. Of
note, sequencing of 1183 samples collected from 7 sites across
Uganda from 1999 to 2015 did not identify any isolates with
PfK13 469F/Y, 561H, or 675V mutations [30].

Additional polymorphisms mediate P. falciparum resistance to
ACT partner drugs. Pfmdrl gene amplification mediates P, falcip-
arum resistance to mefloquine and was seen in Southeast Asia after
use of that drug [31]. In pooled analyses, pfmdr1 amplification was
found to be associated with uncommon AL treatment failures in
Africa and Asia [10, 32]. Amplification of plasmepsin-2/3 and
novel mutations in PfCRT have been associated with piperaquine
resistance and dihydroartemisinin-piperaquine treatment failure

in southeast Asia [33-35]. To date, these polymorphisms have
been rare in African parasites [1, 7, 12, 36, 37].

Clearly, it is important to maintain surveillance for changes
in antimalarial drug sensitivity in Africa. Characterization of
the ex vivo sensitivity of parasites is valuable, but in Uganda
has been limited to a few locations [7, 29, 38]. Surveillance for
P falciparum genetic polymorphisms associated with resist-
ance is simpler, and presents an opportunity for broad charac-
terization of parasite genotypes at greater spatiotemporal scale
[12, 14]. Here we report on surveillance in 2018 and 2019 of
key polymorphisms associated with drug sensitivity at 16 sites
across Uganda with varied malaria epidemiology.

MATERIALS AND METHODS

Collection of Samples

Building on a prior 10-site study [11], we expanded to 16
sites to represent varied malaria epidemiology across Uganda
(Figure 1), where we set out to collect 50 samples per site per
year in both 2018 and 2019. At each site, as part of routine
care, healthcare personnel evaluated individuals >6 months of
age (up to age 10 years for 2018; all ages for 2019) with clinical
syndromes suggestive of malaria using either Giemsa-stained
blood smears or histidine-rich protein 2 (HRP2)-based rapid
diagnostic tests, following national guidelines and depending
on local test availability. Subjects or their parents or guardians
were approached for enrollment, and if consent was obtained,
blood was collected as blood spots dried on Whatman 3MM
filter paper. Filter paper samples were stored in zip-lock storage
bags with desiccant at room temperature and transported to
laboratories in Kampala and the United States for processing
and evaluation. Samples were collected in April-June of each
year, except in Kabale, where sample collection was extended
to August 2019. This study was approved by the Makerere
University Research and Ethics Committee, the Uganda
National Council of Science and Technology, and the University
of California, San Francisco Committee on Human Research.

Sample Preparation

Genomic DNA was extracted from blood spots using Chelex
100 as previously described [38], except that later isolations
for molecular inversion probe (MIP) capture and dideoxy
sequencing replaced saponin lysis buffer with 0.01% Tween 20.

Ligase Detection Reaction Fluorescent Microsphere Assay

Samples collected in 2018 were characterized for pfmdrl, pfcrt,
pfdhfr, and pfdhps polymorphisms of interest by a ligase detec-
tion reaction fluorescent microsphere (LDR-FM) assay, as pre-
viously described [39], with minor modifications to incorporate
nested polymerase chain reaction (PCR).

MIP Capture and Next-Generation Sequencing
All samples were characterized by MIP capture and next-
generation sequencing. We designed a MIP panel consisting
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Figure 1.

Map of Uganda. The districts where samples were collected are shown.

of probes targeting P. falciparum genes associated with anti-
malarial drug resistance (Supplementary Table 1) using
MIPTools software (version 0.19.12.13; https://github.
com/bailey-lab/MIPTools). The panel covered 43 known
polymorphisms in the pfcrt, pfmdrl, pfdhfr, and pfdhps
genes; the full sequence of PfK13; and consideration of
copy number of the plasmepsin-2/3 and pfmdrl genes
(Supplementary Table 2). MIP capture, library prepara-
tion, and sequencing were carried out as published previ-
ously [19] and are detailed in the Supplementary Methods.
Sequencing reads are available in the National Center
for Biotechnology Information (NCBI) under accession
number PRJNA655702. Individual sample genpotypes are
provided in Supplementary Table 3.

Dideoxy Sequencing

For 2019 samples, the gene encoding the PfK13 propeller
domain was PCR amplified and sequenced as previously de-
scribed [12]. Sequences were evaluated using CodonCode
9.0.1 (CodonCode
and are available in NCBI under accession numbers
MT857288-MT857721.

Aligner  version Corporation)

Gene Copy Number Determination

Copy numbers for pfmdrl and plasmepsin-2/3 were determined
from MIP data based on the depth of coverage, as detailed in
the Supplementary Methods. Plasmepsin-2/3 gene copy number
was also measured using quantitative PCR (qPCR) for a subset
of samples collected in 2019, as previously described [7].

Data Analysis

The raw MIP sequencing data were analyzed using MIPTools
(https://github.com/bailey-lab/MIPTools) as previously de-
scribed [39], and detailed in the Supplementary Methods.
Downstream analysis was performed using R version 3.6.2.
Prevalence data for different polymorphisms were summarized
using ggplot2 and tmap packages in R version 3.6.2 software.
Kappa analyses were done in rstudio using the kappa command
in the ved package (version 1.4-7 Meyer, 2020).

RESULTS

Study Population and Samples

Our goal was to collect 50 samples per site each year, but fewer
samples were available at some sites due to technical challenges,
and at the Kabale and Kapchorwa sites due to low malaria
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incidence (Supplementary Table 4). Samples were character-
ized for genetic polymorphisms associated with drug resistance
using LDR-FM, MIP, dideoxy sequencing, and qPCR assays.
The results presented are based on MIP capture next-generation
sequencing, with mixed and mutant results combined for each
locus, and available data from the other assays are provided for
validation.

Prevalence of Polymorphisms That Mediate Aminoquinoline Resistance

The prevalence of polymorphisms in PfCRT and PIMDR1 as-
sociated with aminoquinoline resistance varied between sites
and over time (Figure 2). PfCRT 76T, the principal mediator
of resistance to chloroquine and amodiaquine, had prevalences
<10% at most sites (prevalence 0% at 9 of 16 sites in 2019),
but considerably higher (up to 45.8% in 2018 and 22.7% in
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Figure 2. Prevalence of mutations associated with aminoquinoline resistance. Gray, no samples obtained. Abbreviations: PfCRT, Plasmodium falciparum chloroquine resist-

ance transporter; PIMDR1, Plasmodium falciparum multidrug resistance protein 1.
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2019) at a few sites. Consistent with prior results [11, 14], prev-
alence of previously common mutations in PIMDRI was low,
with the 86Y mutation completely absent in 2019, and preva-
lence of the 1246Y mutation <20% at all except 2 sites in 2019
(Supplementary Table 5). As seen previously, prevalence of the
184F mutation, which does not clearly impact on drug sen-
sitivity, was >50% at most sites. Increased gene copy number
was not seen by MIP analysis in any of 520 isolates evaluated
for pfimdr1 or 462 isolates evaluated for plasmepsin-2/3. PfICRT
mutations linked to piperaquine resistance in southeast Asia
(938, 97Y, 1451, 218F, 343L, 353V) [35, 40] were absent among
the 695 isolates assessed. Analysis of samples from 2018 by
LDR-FM and 2019 for plasmepsin-2/3 gene copy number by
qPCR yielded similar results (Supplementary Table 6).

Prevalence of Polymorphisms in Folate Pathway Enzymes That Mediate
Antifolate Resistance

Similar to what we previously reported for earlier surveys
[12, 14], 5 antifolate mutations (PfDHFR 511, 59R, 108N;
PfDHPS 437G, 540E) were very common across Uganda, with
prevalences of each mutation >80% at all sites (Supplementary
Figure 1). Two additional mutations associated with high-level
SP resistance (PfDHFR 164L, PfDHPS 581G)
increasing prevalence compared with earlier reports (Figure 3

showed

and Supplementary Table 5) [12, 14]. Prevalence of these 2 mu-
tations varied greatly across the country. As seen previously in
samples from 2016-2017 [12], the highest prevalence for both
mutations was in central and western Uganda, but the muta-
tions were more broadly distributed than in the prior surveys.
The PIDHPS 613S mutation was not identified in any samples.
Analysis of samples from 2018 by LDR-FM yielded similar re-
sults (Supplementary Table 6).

Prevalence of PfK13 Polymorphisms Associated With Artemisinin
Resistance

Among the 796 samples for which PfK13 sequences were
obtained by MIP assays, mutations were detected at 16 loci,
including 8 in the propeller domain, detected in 93 samples
(Supplementary Table 7). Polymorphisms at 5 of these propeller
domain loci (442L, 469Y/F, 539K/I/T, 578S/T/D, and 675V)
were previously reported in Africa [1]. Two polymorphisms,
each associated with delayed clearance after artemisinin
therapy in Asia [20, 24], and identified previously in Uganda in
samples from 2016-2017 [12], had overall prevalence 23.9% in
2019 (469Y, 3.9%; 675V, 6.0%), each with prevalence >15% at 3
sites in northern Uganda (Figure 4 and Supplementary Table 8).
The 561H mutation, which was recently identified in Rwanda
[25, 26], was detected in a single isolate from Jinja. Only a small
number of samples was available from Kabale, the site near
the Rwandan border, due to low malaria incidence. Dideoxy
sequencing of PfK13 yielded similar results, but generally with
lower prevalences compared to MIP sequencing, presumably

due to lower sensitivity for minority alleles (Supplementary
Table 6).

DISCUSSION

We offer a comprehensive evaluation of the prevalence of P, fal-
ciparum genetic polymorphisms associated with altered anti-
malarial drug sensitivity in 2018-2019 at 16 sites of varied
malaria transmission intensity across Uganda. We found a con-
tinuation of trends described earlier, with decreased prevalence
of polymorphisms associated with aminoquinoline resistance
(PfCRT 76T; PIMDR1 86Y and 1246Y), increased prevalence of
polymorphisms that mediate high-level SP resistance (PfDHFR
164L and PfDHPS 581G), and emergence of PfK13 propeller
domain mutations (469Y and 675V) associated with delayed
clearance after artemisinin-based therapy in southeast Asia.
These polymorphisms demonstrated marked geographic vari-
ation across Uganda, with varied prevalence of the PfCRT 76T
mutation, highest prevalence of PfFDHFR 164L and PfDHPS
581G in western Uganda, and highest prevalence of the PfK13
469Y and 675V mutations in northern Uganda. These results
raise concerns regarding the activity of artemisinins and treat-
ment efficacy of ACTs, and regarding the preventive efficacy of
SP, the only recommended regimen for IPT.

The decreasing prevalence of polymorphisms associated
with aminoquinoline resistance is not a new observation. In
the 1990s, the replacement of chloroquine to treat uncompli-
cated malaria in Malawi led to reversion to P. falciparum with
the wild-type PfCRT K76 sequence [41]. With more recent re-
placement of chloroquine with ACTs to treat malaria across
Africa, loss of the PfCRT 76T and PfMDRI1 86Y and 1246Y
mutations has been documented in many countries, including
Uganda, where prevalence of parasites with the PfCRT 76T al-
lele decreased markedly over the last decade [11, 12, 14, 42, 43].
However, unlike the situation documented in Malawi, mutant
parasites have persisted in Uganda over a decade after replace-
ment of chloroquine. Our survey of 16 sites identified PfCRT
76T mutant parasites at 11 sites in 2018 and 7 sites in 2019,
albeit with decreased prevalence of this mutation at 12 of 14
evaluable sites between 2018 and 2019. Changes have been more
marked for PEMDRI resistance markers, with the PAIMDRI1 86Y
mutation rare in 2018 and absent in 2019, and prevalence of
the 1246Y mutation also decreased in recent years. In contrast,
the PIMDR1 184F mutation, which has an uncertain impact on
drug sensitivity, has remained common in Ugandan parasites,
with prevalence >50% at most sites. Amplification of pfimdrl,
which is associated with decreased sensitivity to lumefantrine
and mefloquine [10, 31, 32], was not seen, consistent with
older studies [12, 14, 36, 37]. Amplification of plasmepsin-2/3
genes and novel PfCRT mutations associated with resistance
to piperaquine and dihydroartemisinin-piperaquine failures
in southeast Asia [33-35] were not seen in Ugandan samples.
Taken together, our results suggest P. falciparum sensitivity to

Aminoquinoline, Antifolate, and Artemisinin Resistance Across Uganda « JID 2021:223 (15 March) « 989


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa687#supplementary-data

A PfDHFR 164L

%Lﬂbﬂh_ﬂﬂ_h;_ﬂcﬂg

PfDHPS 581G

0.8
0.6
0.4 -

(] N > @ ] N Q 2 \ O W@ o
q"’q o\@@ & & © ~o°°q(b‘0® R \'SS o © & & <&
S S {g‘b N F @ F N ‘@0 A

Prevalence

_'-:I___.:i:l-_

& {_Q,Q"

Sampling sites

B Prevalence PfDHFR 164L (2018)

I 2018 12019

Prevalence PfDHFR 164L (2019)

Prevalence
b % Q
| ¢
N
q
-

ocoooo
ovroO®

@@ P

£
&

<

o
3

Prevalence PIDHPS 581G (2018)

Prevalence PfDHPS 581G (2019)

Prevalence j

N::
)
DQ
>

coooo=
[=1\CF-Ne Yo}

£
<

33,@ o

<

F»

$5
e s
P

o
v

Figure 3. Prevalence of Plasmodium falciparum dihydrofolate reductase (PfDHFR) 164L and Plasmodium falciparum dihydropteroate synthase (PfDHPS) 581G mutations.

Gray, no samples obtained.

aminoquinolines, without the worrisome polymorphisms sug-
gestive of resistance to ACT partner drugs in Uganda. These
results and recent evidence of continued excellent ex vivo ac-
tivity of amodiaquine, piperaquine, and lumefantrine against
cultured fresh isolates of P. falciparum [7] suggest that partner
drugs for ACTs commonly used in Uganda remain active
against malaria parasites currently circulating in the country.
Resistance of P. falciparum to SP has been widespread in
Uganda for many years, with near-fixation of 5 PfDHFR/

PfDHPS mutations that mediate an intermediate level of re-
sistance [12, 14, 16]. SP is no longer recommended to treat
malaria, but remains the World Health Organization-re-
commended regimen for IPTp. Of concern has been se-
lection of additional PfDHFR/PfDHPS mutations that
mediate high-level resistance [16]. Our results show high
prevalence of the PfDHFR 164L and PfDHPS 581G muta-
tions in western and central Uganda, possibly due to the
selective pressures of SP used for IPTp and the antifolate
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Figure 4.

Prevalence of Plasmodium falciparum kelch protein (PfK13) 469Y and 675V mutations. Gray, no samples obtained.

trimethoprim-sulfamethoxazole used for bacterial infections
and prophylaxis in human immunodeficiency virus-infected
individuals. Maintenance of the PfDHFR 164L mutation
might be associated with amplification of the gene encoding
another folate enzyme, GTP cyclohydrolase-1 [44]; studies
of GTP cyclohydrolase amplification in these samples are
planned. Prevalence of these mutations, especially PfDHPS
581G, was previously noted to be high near the DRC border
[12], adjacent to areas of DRC with high prevalence of 581G
[19], but by 2019 both the PIDHFR 164L and PfDHPS 581G

mutations were at quite high prevalence in southwestern and
central Uganda. Thus, it can be anticipated that the antimal-
arial protective efficacy of SP is now poor in much of Uganda.
However, despite its limitations as an antimalarial, IPTp with
SP offered similar protective efficacy against low birth weight
to that of dihydroartemisinin-piperaquine, which offers far
superior antimalarial preventive efficacy, presumably due to
nonmalarial benefits of SP [45]. Thus, though use of SP to pre-
vent malaria in Uganda should be discouraged, it remains the
standard of care for IPTp. Studies of the efficacy of SP for IPTp
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in the setting of the newly emerged PDHFR/PfDHPS muta-
tions are a high priority.

ACTs rely on artemisinin activity for rapid parasite clear-
ance. Delayed clearance after therapy with ACTs has been
associated with treatment failure when there is resistance to
partner drugs, notably mefloquine and piperaquine [46, 47].
More than 100 PfK13 propeller domain mutations have been
identified in P. falciparum, and approximately 20 of them have
been associated with clinical delayed clearance [20, 24]. Many
PfK13 mutations have been identified in Africa [1], but gen-
erally at low prevalence, with mutations confirmed to be as-
sociated with delayed clearance very uncommon. However,
recent findings challenge the longstanding impression that
artemisinin resistance is absent in Africa. First, in Rwanda, a
PfK13 mutation previously associated with artemisinin resist-
ance in Southeast Asia, 561H, was recently identified [25, 26];
we identified this mutation in a single isolate. Second, we and
others have seen emergence in northern Uganda of another
PfK13 mutation, 675V, that was also associated with delayed
clearance after artemisinin therapy in southeast Asia [12, 20,
29]. This mutation was first identified in northern Uganda,
when 1 of 194 isolates collected in 2016 had the mutation and
delayed in vitro clearance in a dihydroartemisinin ring sur-
vival assay [29]. Subsequently, we identified 675V in 5.5% of
isolates causing uncomplicated malaria at 3 sites in northern
Uganda in 2017 [12]. Third, another PfK13 mutation, 469Y,
which was also associated with delayed artemisinin clearance,
was seen at 4 sites in northern Uganda in 2017 [12]. Our cur-
rent results show apparent spread of the 469Y and 675V mu-
tations in northern Uganda over 2018-2019, with prevalence
of both mutations at >15% at 3 northern sites in 2019. Despite
limited data to date on the biological significance of PfK13
mutations in Africa, the recent increases in prevalence and ge-
ographical spread suggest selection of PfK13 polymorphisms
that may endanger the antimalarial activity of artemisinins.
With some decrease in antimalarial activity of lumefantrine
due to disappearance of the PfCRT 76T and PIMDRI1 86Y mu-
tations [7], the emergence of artemisinin resistance in Uganda
may threaten the antimalarial efficacy of AL, the first-line
treatment regimen.

Our studies allowed us to compare different modalities
for testing genotypes of P. falciparum field isolates. Dideoxy
sequencing of gene fragments of interest, a well-established
LDR-FM assay, and a multiplex MIP capture next-generation
sequencing assay yielded similar, but not identical data.
Differences between assays is not surprising, as many study
samples were expected to be polyclonal, as is typical for
high-transmission African sites, and assays with different
sensitivities for identification of low abundance strains
would be expected to differ in prevalence results. Most com-
monly, MIP analyses yielded higher prevalences for muta-
tions, suggesting greater sensitivity for minority clones in

parasite mixtures. However, MIP assays were less often suc-
cessful, presumably due to the need for greater quantities of
DNA compared to the other assays. Overall, our results offer
support for any of these 3 methods for surveillance for P. fal-
ciparum genetic polymorphisms of interest. In addition, the
MIP analysis afforded high-throughput data on gene copy
number, with results consistent with prior and concurrent
data using qPCR.

Our study had some limitations. First, limited capacity al-
lowed us to study only 50 isolates per site each year. Second,
assay performance limited capture of data for different
polymorphisms. Together these concerns led to limited ability
to identify uncommon polymorphisms. Third, clinical and ex
vivo drug sensitivity data were not available from this limited
surveillance study, although recent studies in Uganda have
shown continued excellent clinical efficacy of the major ACTs
[48, 49] and good ex vivo efficacy of artemisinins and leading
ACT partner drugs [7, 38]. Fourth, our sequencing strategy did
not consider sequences of a number of additional P. falciparum
genes whose products have been suggested as potential medi-
ators of artemisinin resistance [50]. Despite these limitations,
the overall sample size and temporal and geographic framework
of this study allowed a comprehensive assessment of P. falcip-
arum genetic polymorphisms associated with drug resistance
recently circulating in Uganda.

In summary, we found decreasing prevalence of trans-
porter mutations associated with aminoquinoline resistance,
increasing prevalence of PfDHFR/PfDHPS mutations associ-
ated with high-level resistance to SP, and increasing prevalence
of PfK13 propeller domain mutations that may mediate delayed
parasite clearance after artemisinin therapy. These results have
important implications for choosing appropriate drugs to treat
and prevent malaria in Uganda and suggest that continued
monitoring for evolution of antimalarial drug resistance in
Africa should be a high priority.
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