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Abstract

Background: Emergence of artemisinin-resistant malaria in Southeast Asian countries threatens the global control
of malaria. Although K13 kelch propeller has been assessed for artemisinin resistance molecular marker, most of the
mutations need to be validated. In this study, artemisinin resistance was assessed by clinical and molecular analysis,

samples.

including k713 and recently reported markers, pfarps10, pffd and pfmdr2.

Methods: A prospective cohort study in 1160 uncomplicated falciparum patients was conducted after treatment
with artemisinin-based combination therapy (ACT), in 6 sentinel sites in Myanmar from 2009 to 2013. Therapeutic
efficacy of ACT was assessed by longitudinal follow ups. Molecular markers analysis was done on all available day O

Results: True recrudescence treatment failures cases and day 3 parasite positivity were detected at only the south-
ern Myanmar sites. Day 3 positive and k13 mutants with higher prevalence of underlying genetic foci predisposing
to become k13 mutant were detected only in southern Myanmar since 2009 and comparatively fewer mutations of
pfarps10, pffd, and pfmdr2 were observed in western Myanmar. K13 mutations, V127M of pfarps10, D193Y of pffd, and
T448| of pfmdr2 were significantly associated with day 3 positivity (OR: 6.48, 3.88, 2.88, and 2.52, respectively).

Conclusions: Apart from k13, pfarps10, pffd and pfmdr2 are also useful for molecular surveillance of artemisinin resist-
ance especially where k73 mutation has not been reported. Appropriate action to eliminate the resistant parasites and
surveillance on artemisinin resistance should be strengthened in Myanmar.

Trial registration This study was registered with ClinicalTrials.gov, identifier NCT02792816.
Keywords: Drug resistance, Falciparum, Malaria, Myanmar, Kelch 13, Artemisinin

Background

Artemisinin-based combination therapy (ACT) is the
only recommended mainstream treatment for falci-
parum malaria in almost all endemic countries [1].
Decreased susceptibility of artemisinin was first reported
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in Cambodia [2], followed by Thailand [3] and Myanmar
[4]. As of 2015, artemisinin-resistant falciparum malaria
has been documented in 5 of the Greater Mekong coun-
tries: Cambodia, Laos People’s Democratic Republic,
Myanmar, Thailand, and Vietnam [5]. As drug-resistant
malaria has emerged, therapeutic efficacy studies have
been conducted in almost all the endemic countries, ini-
tiated by the World Health Organization (WHO) [6].

In Myanmar, artemether—lumefantrine, artesunate—
mefloquine or dihydroartemisinin—piperaquine has been
deployed for treatment of falciparum malaria since 2002
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[7] and delayed parasite clearance after treatment with
ACT has been observed since 2009 [5]. Although the trend
of malaria morbidity and mortality has been decreasing in
Myanmar, malaria is still one of the top priority diseases
and endemic in 284 out of 330 townships, as of 2014 [8].

After discovery of K13 kelch propeller artemisinin
resistance molecular marker, many studies showed the
prevalence of kI3 mutations in falciparum-endemic
countries, including Myanmar [9-11]. Although inde-
pendent emergence of the k13 mutation was suggested
[12], artemisinin resistance-associated k13 mutations
were detected only in Southeast Asian countries [13] but
most of the k13 mutations have not yet validated. Evi-
dence of independent emergence of artemisinin resist-
ance in several areas in the Greater Mekong Sub-region
led to a change in strategy from containment to elimi-
nation of multi-drug resistant falciparum in the region
[14]. Previous cross-sectional k13 surveys in Myanmar
covered most of the country, except southern Myanmar,
and indicated widespread k13 mutations across the coun-
try with high prevalence of k13 mutants in northwestern
Myanmar near the border areas with India [10]. Another
independent cohort study in Myanmar [9] showed a lack
of day 3 parasite positivity and no artemisinin resistance-
associated k13 mutations in Chin State, next to the bor-
der with Bangladesh. At the same time, no k13 mutation
was reported in Bangladesh [15] and India [16].

In this study, the efficacy of first-line anti-malarials
in 6 sentinel sites was assessed by clinical follow-up
and molecular marker analysis to confirm and validate
the observed k13 mutations for delayed parasite clear-
ance. Moreover, newly identified molecular markers
from genome-wide association study (GWAS), such as
pfarps10 (Plasmodium falciparum apicoplast ribosomal
protein S10), pffd (P. falciparum ferredoxin), and pfimdr2
(P, falciparum multidrug resistance protein 2) [17] were
assessed as to whether they were also useful molecular
markers for surveillance of artemisinin resistance.

Methods

Study area

The 6 sentinel sites were selected for surveillance of
malaria based on the criteria described by WHO [6]
which include the following considerations: population
density, an area with local transmission of malaria, near
the border area or direly related with border area, area
with high mobile/migrant population, feasibility to con-
duct the study. The study area covered southern Myan-
mar (Kawthaung) where reduced susceptibility was first
reported [4], southeast (Thanbyuzayat and Myawaddy),
southern part of central Myanmar (Shwegyin), western
part of central Myanmar (Magway) and western border
area (Rakhine).
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Study design and recruitment

For this prospective cohort study, uncomplicated falcipa-
rum malaria patients were recruited according to WHO
standardized protocol [6] in 6 sentinel sites in Myanmar
from 2009 to 2013 to assess the therapeutic efficacy and
safety of ACT. Patients were eligible if they were aged
between 2 and 65 years (except in Magway where only
children under 15 years of age were recruited as the pre-
vious hospital data indicated that recurrent fever after
ACT in children were not uncommon), uncomplicated
falciparum mono-infection by microscopy, parasite den-
sity no more than 250,000 parasites per uL, and fever
(axillary temperature >37.5 °C) or history of fever in pre-
vious 24 h. Exclusion criteria included severe malaria,
mixed species infection, non-falciparum infections, pres-
ence of other febrile diseases, regular medications that
interfere with anti-malarial pharmacokinetics, history of
hypersensitivity to tested anti-malarials, pregnant or lac-
tating mothers, or unable to follow up after treatment.

Procedures

The method for surveillance of anti-malarial drug effi-
cacy provided by WHO [6] was followed in this study.
Briefly, active and passive case detection was done in the
sentinel sites and if patients met the inclusion criteria,
direct observed treatment with ACT was carried out. If a
recruited patient vomited within 30 min after treatment,
second dose was administered. A patient is enrolled
and given initial treatment of ACT, then scheduled with
28 days follow-up for artemether—lumefantrine and with
42 days follow-up for dihydroartemisinin—piperaquine or
artesunate—mefloquine. Peripheral blood smears and a
dried blood spot sample from finger prick were taken at
each of the follow ups. Clinical and blood film examina-
tion was carried out at days 0, 1, 2, 3, 7, 14, 21, 28, 35, and
42. If fever or any signs of malaria appeared within the
observation period, blood film examination was carried
out to exclude treatment failure. If treatment failure was
observed within the observation period, an alternative
ACT was prescribed.

Microscopic examination

Thick and thin blood films for parasite count were
obtained and examined at screening on day 0 to confirm
inclusion/exclusion criteria. Thick blood films were also
examined on each follow-up visit or on any other day if
the patient spontaneously returned and parasitological
re-assessment was required. Parasite density was calcu-
lated by counting the number of asexual parasites against
a set number of white blood cells (WBCs), typically
200-300, in thick blood film, using a hand tally coun-
ter. Parasite density, expressed as the number of asexual
parasites per pL of blood, was calculated by dividing the
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number of asexual parasites by the number of WBCs and
then multiplying by an assumed WBC density (typically
6000 WBCs/uL). A blood slide was considered negative
when the examination of 1000 WBCs did not reveal any
asexual parasites.

Genotyping of malaria parasite

All treatment failure cases were genotyped as described
previously [18] to differentiate a recrudescence (same
parasite strain) from a newly acquired infection (different
parasite strain) by analysis of the mspl, msp2 and glurp
genes from the samples collected on day 0 and day of
failure. Genotypic profiles of the pre- and post-parasite
strains were compared.

Artemisinin resistance molecular markers analysis

The molecular marker analysis on the available 550
samples of day 0 from 6 different sentinel sites was con-
ducted. DNA was extracted from dried blood spots by
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA)
according to manufacturer’s recommendation. Amplifi-
cation of artemisinin resistance molecular markers, k13
(PF3D7_1343700) and other genetic foci such as pfarps10
(PF3D7_1460900.1), pffd (PF3D7_1318100) and pfmdr2
(PF3D7_1447900) were carried out according to the pro-
cedure described previously [19, 20]. The sequences were
aligned with that of 3D7 retrieved from Plasmodium
database and deposited in GenBank (Accession Num-
bers: KX280647-KX280707).

Statistical analysis

Sample size required in each therapeutic efficacy study
site was calculated based on the estimated anticipated
population proportion of clinical failure rate, 15%, and
precision 10% with 95% confidence level; at least 49
cases per site would be needed for analysis. For clinical
follow-up data, the proportions of treatment failure and
adequate clinical and parasitological response (ACPR) on
day 28 or day 42, and day 3 parasite positivity after ACT,
were calculated. Chi square test or Fisher’s exact tests
were used to analyse the categorical data and Mann—
Whitney’s U test for quantitative data. The proportion
of patients who showed day 3 parasite positivity and
mutations of each target genes was compared, and odds
ratios (OR) were calculated. Correlation was calculated
between wild type alleles for target genes and day 3 par-
asite positivity in each of the study sites. A significance
level of 0.05 was used for all statistical tests.

Results

Therapeutic efficacy of ACT

The therapeutic efficacy study of the first-line anti-malar-
ial in different sentinel sites (Table 1; Fig. 1) was done.
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A total of 1160 from 6 sentinel sites were recruited with
longitudinal follow-up according to WHO standardized
protocol [6] to understand the clinical and parasitological
response to anti-malarials. Overall, ACPR was 1116/1152
(96.87%) and lowest rate was noted in Kawthaung, south-
ern Myanmar site 79/84 (94.0%) in 2010 after treatment
with artemether—lumefantrine. Four out of 16 studies
showed 100% ACPR, which included Kawthaung (south-
ern Myanmar) after treatment with artemether—lumefan-
trine in 2012, artesunate-mefloquine in 2013, Shwegyin
(southern part of central Myanmar) after treatment with
dihydroartemisinin—piperaquine in 2009, and Magway
(western part of central Myanmar) after treatment with
artemether—lumefantrine in 2013. Day 3 parasite positiv-
ity rate was 8.0% with geometric mean of 260 parasites/
pL (median: 225 parasites/pL, range 11-13,205 para-
sites/uL,) and highest in Thanbyuzayat after treatment
with dihydroartemisinin—piperaquine in 2010 (24.4%)
(Table 1; Fig. 2). There was no day 3 parasite positivity
in Magway and Rakhine, western border to Bangladesh.
Except two cases of early treatment failure (fever with
day 3 parasite positivity) in Shwegyin, all others were late
treatment failures.

Parasite genotyping

All treatment failure cases were genotyped using msp-1,
msp-2 and glurp gene analysis from the paired samples
collected on day 0 and day of failure (Table 1). There was
no recrudescence case in Rakhine, although four cases
of treatment failure were observed during the follow-up
period in the 2010 study. However, 10 out of 13 treatment
failures cases in Kawthaung, 6 out of 9 in Myawaddy,
1 out of 2 in Thanbyuzayat and 1 out of 6 in Shwegyin
showed true recrudescence within 2009-2013 (Table 1).

Molecular markers analysis

All of the available isolates collected on day 0 from the
therapeutic efficacy studies were included for molecular
analysis and a total of 550 from 6 sentinel sites were ana-
lysed for artemisinin resistance molecular marker, k13
gene, and underlying genetic foci predisposing to become
k13 mutants, which included pfarps10, pffd, and pfmdr2.

Artemisinin resistance molecular marker, K13 analysis

Fifteen mutations in k13 were observed, which accounted
for 185 (33.64%) of all isolates, of which 3 mutations,
E556D, F6731 and M476V, were not previously reported
in Myanmar. Only kI3 wild type alleles were observed
in Magway and Rakhine. As shown in Fig. 3, C580Y was
the predominant mutation in Kawthaung and Myawaddy
while diversity of the mutations was noted in Than-
byuzayat where day 3 parasite positivity was also high-
est among all study sites. Moreover, both overall k13



Page 4 of 11

Nyunt et al. Malar J (2017) 16:333

ain|ie} |ed1bojolisesed

91€| /47 ‘In|ie} [eD1UI]D d)e| 4D7 ‘2iNn|Ie) JUBWIea} AJed {17 ‘9suodsal [edibojoliseied pue [ediuld d1enbape Y4V ‘dn-mojjoj 01 sSO| 47 ‘DuliIuejRWN|-IdYIdWLIE Ty ‘Duinbesadid-uluisiwalieoipAyip 4g ‘yeAeznAquey] 791

0 L € L L | 0 L 0 0 4 0 0 14 0 L UoRdjuIRY

0 0 0 0 L 0 0 l € 4 L 0 0 4 9 [4 92UD59PNISIY

(ool SLL (£86)6L (€96)8L (/6)8E (OV6) Ly (L16)¥8 (000L) L (¥L6)9L (956) SO (996) LS (9%6) 0L (000L)8F (000L)8S (0¥6)6L (ST6)¥L (0°S6) 9L (% 'U) ¥dDV
(% ')

(oo (00 (00 (8cl)s (09¢€ (c6)8 (cr) e (500 L1 ©Ir  ©@es  Uve oS (LTs (€84 (€96 (£81)SL  Anamsod sysesed ¢ Ae@
(% 'u)

010 L1 (8¢ € (s (Cran ov)c (ere)oc (00 SL W99y (S€)9l (WSO SL (L60)cT  BLv)eC  (£0D)TL (TSh)8E (5£€)0E (5£9) ¥S sod asesed 7 AeQ

(Fos) 18 (88v)6e (€8€) 1€ (8D LL  (08L)6 (£€8)CL (804 LS (#/6)9L (S94)TS (1'99)6€ (F78) 19 (c€8)or (0'18) Ly (€68)SL (0°99) TS

0 0 0 0 L 0 0 S 0 0 L 0 0 L 0 0 N4

0 L € L € 4 0 4 € [4 ¥ 0 0 S 9 ¥ ainjiejusuiesi]

SLl 08 18 6¢ LS 98 14 €8 89 65 SL 8t 85 S8 08 08 S9SeD Painioay

v dd v dd v 4 dd dd dd v v WV v 4 v dd bnig

(4N 14 0L0¢ oLoc €10¢C [4N114 600¢C 600C 0L0¢ €10¢C (4N 14 oLoz €10¢C [4N114 oLoc 600¢C 600¢C BN

Kembepy aulyyey ulkbamys z41 Appemefpyy Buneyimey uondudsaqg

(£L0Z-600T) 1ewueApy ui says [punuas xis ul Apnis £>edyys >pnadesayy jo ynsal lewwns | ajqel



Nyunt et al. Malar J (2017) 16:333 Page 5 of 11
Recruited patients (All total = 1160)
1
| 1 1 1 | 1
Kawthaung Myawaddy Thanbyuzayat Shwegyin Magway Rakhine
2009, DP, 80 2010, AL, 75 2010, DP, 83 2009, DP, 72 2013, AL, 115 2010, AL, 81
2009, AL, 80 2012, AL, 59 (Sub-total =83) 2009, AL, 86 (Sub-total = 115) 2010, DP, 80
2010, AL, 85 2013, DP, 68 2012, AL, 51 (Sub-total = 161)
2012, AL, 58 (Sub-total = 202) 2013, DP, 39
2013, AM, 48 (Sub-total = 248)

(Sub-total = 351)

l

Clinical outcome
ACPR =335 (95.71%)
D3 pos. = 39 (11.14%)
LFU= 1
TF =15

Clinical outcome
ACPR =192 (95.52%)
D3 pos. = 15 (7.85%)

Clinical outcome
ACPR =76 (97.44%)
D3 pos. = 19 (24.36%)

Clinical outcome
ACPR = 241 (97.57%)
D3 pos. = 19 (7.69%)

Clinical outcome
ACPR = 115 (100.0%)
D3 pos. = 0 (0.00%)

Clinical outcome
ACPR = 157 (97.52%)
D3 pos. =0 (0.00%)
LFU=0
TF=4

LFU= 1

LFU= 6

LFU=1

LFU=0

Molecular analysis
2009, DP, 66
2012, AL, 58
2013, AM, 48

TF=9

Molecular analysis
2012, AL, 54

2013, DP, 68
(Sub-total = 122)

TF=2

Molecular analysis
2010, DP, 82
(Sub-total = 82)

(Sub-total = 172)

TF =6

Molecular analysis
2012, AL, 50
(Sub-total = 50)

TF=0
Molecular lysi:

2013, AL, 64
(Sub-total = 64)

2010, AL, 60
(Sub-total = 60)

Fig. 1 Summary of samples involved for clinical and molecular analysis. Year of the study, anti-malarial, and number of the samples collected are
shown. DP dihydroartemisinin—piperaquine, AL artemether-lumefantrine, AM artesunate-mefloquine, LFU lost to follow-up, TF treatment failure,
ACPR adequate clinical and parasitological response, D3 pos. day 3 parasite positivity

mutant rate and proportion of the C580Y mutation
increased significantly from 2009 to 2013 in Kawthaung
(p < 0.0001) (Fig. 3). When the association of individual
k13 mutants with day 3 positivity was assessed, C469F
(p = 0.004), N5371 (p = 0.004), R561H (p < 0.0001),
C580Y (p < 0.004), and F673I (p = 0.01) were signifi-
cantly higher in day 3 positivity (Table 2).

Other molecular markers

Apart from k13, the sequences of pfarpsl0, pffd and
pfmdr2 that have been reported as underlying molecu-
lar markers predisposing to become k13 mutant associ-
ated with delayed parasite clearance after artemisinin
treatment, were also amplified and analysed: the muta-
tion rate of these markers was found as pfarpsi0 (270,
49.09%), pffd (322, 58.55%) and pfmdr2 (271, 49.27%).
Geographical distribution of the previously well-known
artemisinin resistance molecular markers k13 and newly
reported markers, pfarpsi0, pffd and pfimdr2 were simi-
lar in geographical distribution to that of day 3 parasite
positivity after ACT in 6 different sentinel sites (Fig. 2).
On the other hand, wild type prevalence of k13, pfarps10,
plfd, and pfimdr2 was highest in the areas where there was
no day 3 parasite positivity, such as Magway and Rakhine.

Association of molecular markers with day 3 positivity
after treatment

The association of each target gene and combination
of 2, 3 or 4 mutant alleles with day 3 parasite positiv-
ity was analysed (Table 3). Although k13 mutant alone
showed the highest odds ratio (6.48), all of the individual

or combination of 2, 3 or 4 mutations were significantly
associated with day 3 positivity (range of OR from
1.98 to 5.35). Regardless of k13, mutation in pfarpsi0
alone was the highest association with day 3 positivity
(OR = 3.88) followed by both mutation of pfarpsi0 and
pffd (OR = 3.28). Furthermore, when the frequency of
day 3 parasite positivity is plotted against the frequency
of wild type alleles of target genes, higher mutations in
the targets, k13 (r = —0.9590); pfarps10 (r = —0.8840);
pifd (r = —0.6704); and, pfimdr2 (r = —0.7679) showed
lower frequency of the wild type alleles (Fig. 4).

Discussion
In this prospective cohort study, day 3 parasite positiv-
ity after ACT and k13 mutants were identified in Shw-
egyin (southern part of central Myanmar), Kawthaung
(southern Myanmar), Thanbyuzayat, and Myawaddy
(southeastern Myanmar). These findings provide strong
evidence that there is a high rate of k13 mutants associ-
ated with day 3 parasite positivity after ACT had been
distributed in Kawthaung, southern Myanmar, as early
as 2009. Moreover, distribution of k13 mutants and day
3 parasite positivity was similar in distribution, indicat-
ing artemisinin resistance was highest in southern and
southeast Myanmar. This finding reports the usefulness
of newly identified genetic markers such as pffd, pfarps10
and pfmdr2 for surveillance of artemisinin resistance,
correlating with clinical follow-up data.

Emergence and spread of artemisinin-resistant falci-
parum malaria has been threatening the global control
of malaria [14, 21]. To know anti-malarial drug efficacy
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Fig. 2 Distribution of day 3 positivity after treatment with artemisinin-based combination therapy (ACT) and molecular markers (k13, pfarps 10, pffd
and pfmdr2) in six sentinel sites. Day 3 prevalence and high mutant rate of molecular markers were observed in southern Myanmar sites, Myanmar

Artemisinin Resistance Containment (MARC) Tier | areas

and drug resistance, four main methods were available,
composed of therapeutic efficacy study with longitudinal
follow-up, in vitro drug sensitivity assay, molecular mark-
ers analysis, and anti-malarial drug concentration meas-
urement [7].

Monitoring the efficacy of first-line or second-line ACT
every 2 years in all falciparum-endemic countries was
initiated by WHO to understand the proportion of day

3 parasite positivity after treatment and proportion of
treatment failure by 28-day or 42-day follow-up [5]. If a
treatment failure rate becomes more than 10%, it is time
to review national anti-malarial treatment policy [22].
Day 3 parasite positivity after ACT treatment is of great
concern as it exposes more parasites to the partner drug,
potentially increasing the development of resistance to
partner drugs [5]. In Myanmar, artemisinin-resistant
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Fig. 3 Frequency of K13 propeller alleles in 550 samples isolates in six sentinel sites in Myanmar. All mutant type isolates carry a single non-synony-
mous mutation. Significant decreased of wile type alleles and increasing of C580Y alleles were noted in Kawthaung, southern Myanmar site

Table 2 Association between K13 mutations and day 3
parasite positivity

K13 mutation  Number of isolates Total P

Day 3 negative Day 3 positive
T474 2 0 2 1.000
M476v 1 0 1 1.000
C469F 2 4 6 0.004*
N490T 2 1 3 0.365
Y511H 1 0 1 1.000
G533A 4 1 5 0.531
G538V 5 1 6 0.597
N5371 4 5 9 0.004*
P553L 0 1 1 0.140
E556D 1 0 1 1.000
R561H 3 10 13 <0.0001*
P574L 14 5 19 0.166
C580Y 81 24 105 0.004"*
F673I 1 3 4 0.010*
A675V 9 0 9 0.621
Total 130 55 185 <0.0001™

* Significantly associated K13 mutation with day 3 parasite positivity after
treatment with ACT

* Calculated by Chi square test and all other were calculated by Fisher’s exacted
test with 95% Cls

falciparum malaria was recognized in 2009 and delayed
parasite clearance was observed in all first-line anti-
malarials [5, 7]. The overall efficacy of anti-malarials
was 96.87% with day 3 parasite positivity of 8.0%. Inter-
estingly, there was no case of day 3 persistence of para-
sitaemia after ACT in Magway (western part of central
Myanmar) and Rakhine (western Myanmar).
Importantly, all recrudescence cases were detected
in southern, southeast and the southern part of cen-
tral Myanmar. All treatment failure cases reported from
Rakhine, western Myanmar were re-infection. Moreover,
ACPR was more than 90% in all sentinel sites (Table 1),
and there was no evidence of decreasing ACPR. Unlike
the Thai-Cambodia border areas where a study showed
multi-drug-resistant falciparum malaria [23], there was
low resistance of partner drugs such as mefloquine, pipe-
raquine or lumefantrine in Myanmar [5]. Among the
ACT, day 3 parasite positivity was highest in dihydroarte-
misinin—piperaquine group in Kawthaung, up to 18.75%
in 2009. Similarly, dihydroartemisinin—piperaquine
showed day 3 parasite positivity of 20.5% in Thanbyu-
zayat and 5.9% in Myawaddy site, while there was no day
3 parasite positivity in western Myanmar site. Further-
more, day 3 parasite positivity after dihydroartemisinin—
piperaquine treatment in Shwegyin was 4.2% in 2009 and
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Table 3 Association between single nucleotide polymorphism in target genes and day 3 parasite positivity after arte-

misinin combination therapy

Target gene SNP(s) Odd ratio 95% ClI P

k13 K13@ 64810 3.4095-12.3197 <0.0001
pfarps10 V127M 3.8841 1.9900-7.5808 <0.0001
pffd D193Y 28784 1.4456-5.7312 0.0018
pfmdr2 T484] 25181 1.3619-4.6559 0.0025
k13 + pfarps10 K13 4+ V127M 53470 2.919-9.7948 <0.0001
k13 + pffd K13+ D193Y 49164 2.7202-8.8855 <0.0001
k13 + pfmdr2 K13 4 T484l 44647 24812-8.0341 <0.0001
pfarps10 + pffd V127M 4 D193Y 3.2796 1.8004-5.9742 0.0001
pfarps10 + pfmdr2 V127 4+T4841 2.5541 1.4344-4.5478 0.0011
pffd + pfmdr2 D193Y + T484I 1.9758 1.1105-3.5152 0.0188
k13 + pfarps10 + pfmdr2 K13 +V127M + T484] 4.2245 2.3335-7.6479 <0.0001
k13 + pffd 4+ pfmdr2 K13 4 D193Y + T484| 34875 1.9084-6.3731 <0.0001
k13 + pfarps10 + pffd K13 +V127M 4+ D193Y 4.8354 2.6840-8.7113 <0.0001
pfarps10 + pffd + pfmdr2 V127M + D193Y + T484l 2.2926 1.2798-4.1069 0.0044
k13 + pfarps10 + pffd + pfmdr2 K13+ V127 M 4 D193Y + T484l 3.7588 2.0371-6.9356 <0.0001

SNP single nucleotide polymorphism, C/ confidence interval, ACT artemisinin-based combination therapy

2 For K13, any non-synonymous mutation in kelch propeller domain, after amino acid position 440 was analysed

it increased to 12.8% in 2013 suggesting potential pipe-
raquine resistance.

Globally, molecular marker analysis has been widely
used to assess the emergence and spread of drug-resist-
ant malaria [13, 24]. After discovery of the k13 molecu-
lar marker for artemisinin resistance [25], many studies
globally focused on the kI3 gene [13, 26, 27]. Delayed
parasite clearance, as well as kI3 mutations, were
reported in Cambodia [25, 28], Thailand [3, 29-31], Viet-
nam [32], Laos [33], southern China [34, 35], and Myan-
mar [9, 24]. However, more than 100 non-synonymous
mutations in kI3 genes of falciparum malaria parasite
were reported [5, 13, 27] and all of these non-synony-
mous mutations were not associated with artemisinin
resistance. To the best of knowledge, only Y493H, R539T,
R561H, 1543T, and C580Y were accepted as validated k13
mutations for artemisinin resistance and P441L, F446],
G449A, G538V, P553L, V568G, P574L and A675V as
candidates markers [5]. Moreover, most of the k13 muta-
tions were reported by cross-sectional study only. Vali-
dation of common k13 mutations by in vitro or in vivo
longitudinal follow-up study to correlate delayed para-
site clearance is crucial to understanding and interpret-
ing k13 mutations in endemic areas. In the study, C469F,
N5371, R561H, C580Y, and F673I were significantly asso-
ciated with day 3 parasite positivity. The mutation N5371
was previously observed in eastern Myanmar [9, 10],
close to the Thailand border, and also in Cambodia [25].
Similarly, C469F was previously reported in Myanmar [9,
10]. Interestingly, both of these mutations observed in

the Thanbyuzayat study site were geographically close to
the previously identified region, Kayin State [9, 10] sug-
gesting the mutation was contributing to artemisinin
resistance in this area. Well-known validated artemisinin
resistance mutation of k13, C580Y has been observed
predominantly in the Kawthaung study site since 2009.
The prevalence of C580Y in this study site has been
increasing year by year and occupied more than 60% of
isolates in 2013, indicating the increasing threat of arte-
misinin resistance in Kawthaung. The mutation C580Y
was also found predominantly in Southeast Asian coun-
tries, including Thailand, Cambodia and Vietnam [12,
30]. The mutation F446l, predominant k13 mutation in
southern China [36], northern and eastern Myanmar
[10] was not observed in this study. Similarly, the muta-
tion F673I, one of the mutations found in Southeast Asia
[26] was also significantly associated with delayed para-
site clearance. Evidence suggested that distinct alleles
originating from independent emergence were reported
rather than spread from one resistance hotspot [12], indi-
cating the reason for occurrence of some predominant
mutations in specific geographical region [27].

According to the genome-wide association study
(GWAS) [17], other artemisinin resistance molecu-
lar markers were reported. In this study, the pfarpsio,
pffd and pfimdr2 were studied and pfcrt gene was
excluded because previous GWAS showed all isolates
in Myanmar were mutant pfcrt alleles. Unlike k13, all of
these target genes have specific non-synonymous muta-
tions associated with delayed clearance of parasite after
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Fig.4 Correlation between frequencies of wile type of target genes. K13 propeller (a), pfarps10 (b), pffd (c), and pfmdr2 (d), and prevalence of day
3 parasite positivity after ACT treatment in six sentinel sites in Myanmar. The frequency of day 3 parasite positivity is plotted against the frequency
of wild type alleles of target genes. Spearman’s coefficient of rank correlation: K13 propeller (r = —0.9590, 95% confidence interval —0.665 to
—0.995); pfarps10 (r = —0.8840, 95% confidence interval —0.257 to 0.987); pffd (r = —0.6704, 95% confidence interval —0.309 to —0.959) and pfmdr2
(r=—0.7679, 95% confidence interval —0.115 to —0.970

treatment. V127M of pfarps, D193Y of pfimdr2 and T4841
of pfmdr2 were distributed in the same geographical
regions as k13 mutations [17]. In this study, prevalence
of these mutations was significantly associated with day
3 positivity after treatment with ACT. Relatively fewer
rates of these mutations were observed in western Myan-
mar where there was no case of day 3 positivity and no
k13 mutant. Moreover, individual mutations showed
the association of delayed parasite clearance in pfarps10
(OR: 3.8841, p < 0.0001), pffd (OR: 2.8784, p = 0.0018),
pfmdr2 (OR: 2.5181, p = 0.0025), indicating the suit-
ability of markers for surveillance of artemisinin resist-
ance. Similar findings of GWAS suggested pfarps10, pffd
and pfmdr2 polymorphism are useful markers of genetic
background on which k13 mutations are likely to appear.
K13, as well as these underlying genetic foci, were also
reported in asymptomatic falciparum infections [19]
and migrant workers [20] in Myanmar. Surveillance of

artemisinin resistance using pfarps10, pffd and pfmdr2
should be encouraged, especially for areas where no k13
mutant have been documented. Moreover, elimination
of drug-resistant falciparum malaria should be encour-
aged with strong international endeavour to prevent the
spread of drug-resistant malaria.

Conclusions

K13 kelch propeller mutations and higher rate of spe-
cific mutations on pfarps10 (V127M), pffd (D193Y) and
pfmdr2 (T4841) in Kawthaung (southern Myanmar),
Myawaddy and Thanbyuzayat (southeast Myanmar) and
Shwegyin (southern part of central Myanmar), where
day 3 positivity after ACT were observed. Meanwhile, a
lack of both day 3 parasite positivity and k13 mutant, and
low prevalence of specific mutation in pffd, pfarps10 and
pfmadr2, in western Myanmar indicated artemisinin resist-
ance has not spread or emerged in these areas. Among
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the observed 15 mutations in k13, C469F, N5371, R561H,
C580Y, and F673I were significantly associated with day
3 positivity after ACT. Taken together, urgent action to
eliminate artemisinin-resistant parasites is needed with
scaling up of regular in vivo and molecular surveillance of
drug resistance, especially in western Myanmar, targeting
not only k13, but also pfarps10, pffd and pfimdr2.
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