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SUMMARY

Malaria, mainly caused by Plasmodium falciparum (P. falciparum), is a major global
health concern. In Vietnam, resistance to artemisinin-based combination therapies
(ACTs) is rising, jeopardizing malaria control efforts. This study focuses on mutations
in the pfK13 and pfEXO genes, particularly the E415G mutation in the pfEXO gene, in
southern Vietnam. The study encompassed 421 patients distributed across two cohorts.
The first cohort, comprising 63 patients from Binh Phuoc and Dak Nong, had
uncomplicated P. falciparum malaria and constituted a segment of the Therapeutic
Efficacy Studies (TES). These individuals received treatment in accordance with the
2009 World Health Organization (WHO) guidelines. The second cohort, comprising 358
patients from the Central Highlands, was established to evaluate the frequency of
mutations in genes associated with artemisinin resistance. Molecular marker analysis,
including Sanger sequencing for pfK/3 and ARMS-PCR for E415G in pfEXO, was
conducted. The study also examined the association of these mutations with Day 3
parasitemia and treatment outcomes using Dihydroartemisinin-Piperaquine (DHA-
PPQ). Most cases showed mutations in pfK3, linked to delayed parasite clearance and
higher treatment failure, indicating pfK13 as a key marker for artemisinin resistance. The
E415G mutation in pfEXO was common but not significantly associated with resistance
or treatment outcomes, though there was a tendency towards increased treatment failure
among these patients. Our study implied the critical role of the C580Y mutation in the
pfK13 gene in artemisinin resistance and its impact on the efficacy of ACTs in Vietnam.
The findings highlight the necessity of monitoring these mutations as molecular markers
for drug resistance and call for the exploration of alternative treatment strategies in the
face of evolving antimalarial drug resistance. This study contributes valuable insights to
the molecular epidemiology of malaria in the southern provinces of Vietnam and

393



Tran Thi Thu Huyen et al.

emphasizes the urgency of addressing artemisinin resistance in the global fight against

malaria.
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INTRODUCTION

Malaria, a potentially fatal disease caused
by parasites transmitted via Anopheles
mosquitoes, poses a significant global health
risk (Cowman et al., 2016). Almost half the
world's population is at risk, according to the
World Malaria Report 2021 (WHO 2021).
While malaria cases in the Greater Mekong
Subregion (GMS) have decreased, the spread
of antimalarial drug resistance, particularly
in Vietnam, remains a concern (WHO 2021).

Since 2005, artemisinin-based
combination therapies (ACTs) have been the
standard treatment for uncomplicated
falciparum  malaria. These therapies
effectively reduce parasite loads but are
increasingly facing resistance challenges,
jeopardizing global malaria control efforts.

Resistance to dihydroartemisinin-
piperaquine (DHA-PPQ), the primary
treatment in Vietnam, is particularly

alarming in the GMS (Ashley et al., 2014).
In Vietnam, the efficacy of DHA-PPQ has
notably declined, with resistance emerging
in various provinces (Thanh et al., 2017).

Molecular markers, such as the pfKi3
kelch propeller and the E415G mutation, are
key in assessing drug resistance (Ariey et al.,
2014;Boonyalai et al, 2020). The pfKi13
gene, part of the kelch superfamily, plays a
role in protein degradation and stress
responses (Ariey et al., 2014). Its mutations,
associated with artemisinin resistance, have
predominantly been found in Southeast Asia
(Ashley et al, 2014). The emergence of
these mutations indicates independent
development of resistance in various GMS
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areas, necessitating a shift from reduction to
elimination strategies for multi-drug-
resistant falciparum malaria (Ashley et al.,
2014). Another important marker, the E415G
mutation in the Plasmodium falciparum
Exonuclease (pfEXO) gene, is gaining
attention as a potential indicator of
antimalarial drug resistance (Amato et al.,
2017). This mutation, linked to treatment
failures in Cambodia, has been identified in
significant proportions in Vietnam's Central
Highlands (Boonyalai et al., 2020;Quang
and Chavchich 2021).

This study aims to assess the prevalence
of pfKi3 and E415G in pfEXO gene
mutations in Southern Vietnam and evaluate
their role as indicators of artemisinin
resistance, vital for future malaria treatment
strategies.

MATERIALS AND METHODS
Study sites and patients

A total of 421 uncomplicated falciparum
malaria samples were collected from four
provinces (Binh Phuoc, Gia Lai, Dak Nong,
and Dak Lak) in southern Vietnam. These
samples were categorized into two groups.
The first cohort comprised 63 patients from
Dak Nong (n = 19, August 2018 to May
2019) and Binh Phuoc (n = 44, August 2018
to May 2019). These patients participated in
therapeutic efficacy studies (TES) following
the WHO guidelines (WHO 2009). The
inclusion criteria specified patients with an
axillary temperature of > 37.5 °C or a history
of fever in the 24 hours before consultation.
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Eligibility was also determined by a lack of
prior antimalarial drug intake and a positive
test for P. falciparum with a parasite density
between 1,000 and 200,000 parasites/puL.
Eligible patients received a three-day
treatment of DHA (40 mg) combined with
PPQ (320 mg) under the brand name
Artenakin.  Following  administration,
patients were monitored continuously for 60
minutes. The criteria for Adequate Clinical
and Parasitological Response (ACPR) and
treatment failure (Early Treatment Failure
[ETF], Late Clinical Failure [LCF], and Late
Parasitological Failure [LPF]) were based on
the 2009 WHO guidelines (WHO 2009).
These guidelines define outcomes for
therapeutic efficacy studies with a 42-day
follow-up. Informed consent was given by
the patient or by a parent or guardian for
children.

The second cohort was sampled from
three P. falciparum endemic regions in the

Central Highlands: Gia Lai (n =215, August
2018 to May 2019), Dak Nong (n = 41,
August 2018 to May 2019), and Dak Lak (n
=102, August 2018 to May 2019). The study
included patients who were older than 16
years and younger than 70 years and who did
not have any chronic diseases.

Genomic DNA extraction

Dried blood spots were collected, and
then genomic DNA was extracted using
Gene JET Whole Blood Genomic DNA
Purification (Thermo Fisher Scientific,
USA) according to the manufacturer's
instructions. Extracted DNA was stored at —
20 °C until amplified by PCR.

Detection of pfK13 mutations

The pfK 13 gene was amplified using a nested
PCR approach, with the sequences of the
primer pairs listed in Table 1.

Table 1. Primer sequences used for amplification of the pfK713 gene.

Primer name

Primer sequence (5’-3’)

pfK13- 1F
pfK13- 1R
pfK13- 2F
pfK13- 2R

GGGAATCTGGTGGTAACAGC
CGGAGTGACCAAATCTGGGA
GCCTTGTTGAAAGAAGCAGA
GCCAAGCTGCCATTCATTTG

Two pL of genomic DNA were used as a
template to amplify target genes. The
amplification process involved 10 pL of
DreamTaq Master Mix (2X) and 0.5 pL of
each primer at a concentration of 10 pmol/uL
for both the primary and secondary reactions.
For the primary reaction, the following
cycling parameters were used: 5 min at 94
°C, 25 cycles at 94 °C for 30 sec, 51 °C for
60 sec, 72 °C for 1 min 25 sec, and final
extension for 5 min at 72 °C. For the nested

PCR, 1 pL of 1/5 diluted primary PCR
product was used as a template. Thermal
cycling for the secondary PCR reaction
included 5 min at 95 °C, 30 cycles at 94 °C
for 45 sec, 50 °C for 45 sec, 72 °C for 45 sec,
and a final extension for 5 min at 72 °C. The
PCR products were visualized after
electrophoresis on a 2% agarose gel stained
with ethidium bromide. Secondary PCR
products were purified by the GeneJET PCR
Purification Kit (Thermo Scientific, USA)
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and sequenced (Macrogen Inc., Seoul,
Korea). The sequences were aligned with
those of 3D7 retrieved from the P.
falciparum database and deposited in
GenBank (Accession No. NC 004331.3).

Detection of an E415G mutation in the
PIEXO gene

A DNA fragment (749 bp) containing the
E415G mutation region was amplified by the
tetra-primer ARMS PCR technique. The
oligonucleotide ARMS primers for the
detection of the E415G mutation were
designed based on the sequences of the
exonuclease gene (PF3D7 1362500) via
primer blast software
(www.ncbi.nlm.nih.gov/tools/primer-blast/).

Table 2. Primers sequence to identify E415G.
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The sequences of four primers are listed in
Table 2. The total reaction mixture (25 pL)
contained 12.5 pL Gotaq Green Mastermix
(2X), 0.3 puL of E415G-Fc and E415G-Ras-
W primers, 1 pL of E415G-Fas-V and
E415G-Rc primers, and 2 pL of DNA
template. Thermal cycling steps were: 5 min
at 95 °C, 40 cycles at 95 °C for 30 sec, 54 °C
for 45 sec, 72 °C for 35 sec, and final
extension for 5 min at 72 °C. The PCR
products were visualized after
electrophoresis on a 2% agarose gel stained
with ethidium bromide. Samples from
homozygous mutant alleles now produce two
bands (749 bp and 474 bp), while those from
wild-type alleles yield two bands (749 bp and
316 bp).

Primer name

Sequence (5’ > 3’)

E415G-Fc
E415G-Fas-V
E415G-Rc
E415G-Ras-W

GGAATG TGC TTT AAC GAATGG
TAT GGT TAT AAC GAT AAAAC'G
GGT GTTCCTTCCTCTTTTCTT G
CCC AAT GATTGTTTACTT CGT

Statistical analysis

Data management was conducted using
Excel 2016. The frequency of mutations and
the occurrence of samples with gene mutants
were determined through simple counting
methods. Mutation frequencies were then
calculated and presented as frequencies and
percentages. For clinical follow-up data, we
considered the proportions of treatment
failure, adequate clinical and parasitological
response (ACPR), and day 3 parasite
positivity following DHA-PPQ regimen.
Categorical data were analyzed using the
Chi-square test or Fisher’s exact test. We
compared the proportion of patients
exhibiting day 3 parasite positivity with
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mutations in each target gene. The
association between molecular markers and
treatment failure of DHA-PPQ was
examined using an unconditional logistic
regression model, with a significance
threshold set at a < 0.05.

RESULTS
Demographic of study participants

The general characteristics of the study
population are presented in Table 2. The first
cohort, with patients from Binh Phuoc (44)
and Dak Nong (19), had an average age of
30.75 + 9.21 years, with a male to female
ratio of 60:3. All had fever (axillary
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temperature > 37.5 °C), and parasitemia
averaged 18,231 parasites/uL (range 560 to
154 666 parasites/pL). The second cohort,
from Gia Lai, Dak Nong, and Dak Lak, was
also predominantly male (91%, 326/358).

Their average age was 32.89 + 9.9 years,
with a mean axillary temperature of 38.6 +
0.6°C. Parasitemia here averaged 12 076
parasites/uL, with a range of 168 to 104 976
parasites/uL (Table 3).

Table 3. General characteristics of the study population.

Parameters First cohort (n=63) Second Cohort (n=358)
Mean Age 30.75 £9.21 32.89+9.9
Gender ratio (male/female) 60/3 326/358
Body temperature 38,6 +£0,58 38.6 0.6
Mean of parasitemia (range) 18 231 12 076

(parasites/pL blood)

(560 — 154 666)

(168- 104 976)

Molecular markers analysis

Prevalance of mutations in P. falciparum
parasites in Vietnam

The initial cohort revealed the C580Y
mutation in the pfK/3 gene in 80.3% of
investigated samples. This mutation was
more prevalent in Binh Phuoc (86%)
compared to Dak Nong (67%), and this
difference wasn't statistically significant
(P>0.05). The subsequent cohort confirmed
the C580Y mutation as the predominant
variant in the Central Highlands, found in
93.3% of isolates. Within this group,
mutation frequencies in Dak Nong, Gia Lai,
and Dak Lak were 91.9%, 92.5%, and
95.70%, respectively, with no significant
variance across these areas (P>0.05). For the
E415G mutation, the first cohort showed an
81.3% prevalence, with 84.4% in Binh
Phuoc and 75% in Dak Nong, a
nonsignificant variation (P>0.05). In the
second cohort, 75.4% of isolates had the
E415G mutation. Here, its prevalence was
highest in Dak Lak (85.9%) and Dak Nong
(80%), but significantly lower in Gia Lai

(70%) (P<0.05). The combined
C580Y/E415G genotype was common in
both cohorts, ranging from 67.5 % to 77.3%.

Association between gene mutant and
artemisinin resistance

The therapeutic efficacy of DHA-PPQ
for treating uncomplicated P. falciparum
malaria is currently evaluated over 42-day
periods according to WHO guidelines.
Monitoring parasite positivity after 72 hours
(day 3) of treatment is crucial for
determining resistance to ART.

In the first cohort study, 53 out of 63
patients treated with DHA-PPQ regimens
completed the 42-day follow-up. Seven
patients were lost to follow-up, and three
patients were withdrawn due to the
reinfection. By day 3 of treatment, 23.8%
(15/63) of patients still had residual
parasites. Twenty-one cases exhibited
recurrent infection on days 14, 22, 28, 32,
and 42 and were classified as either LCF or
LPF. Overall, the ACPR efficacy of DHA-
PPQ for treating P. falciparum was 50.8%,
while the treatment failure rate was 49.2%.
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Table 4. Prevalence of mutation from two cohort study.

Provinces n (%)

Mutation/genotype P?::c Dak Nong Dak Lak Gia Lai Total
The first cohort study
C580Y 37/43 12/18 NA NA 49/61
(86) (67) (80.3)
E415G 27/32 12/16 NA NA 39/48
(84.4) (75) (81.3)
C580Y/E415G 25/31 09/15 NA NA 34/44
(81) (60) (77.3)
The second cohort study
C580Y NA 34//37 89/93 184/199 307/329
(91.9) (95.7) (92.5) (93.3)
E415G NA 32/40 79/92 149/213 260/345
(80) (85.9) (70) (75.4)
C580Y/E415G NA 26/37 69/84 121/199 216/320
(70.3) (82) (60.8) (67.5)

Note: NA: not applicable; Bolded numbers in total coloumn indicate high prevalence rates of
mutations.

Table 5. Mutations and the occurrence of P. falciparum parasites on day 3 of treatment.

Occurrence of P. falciparum parasite

Mutation on day 3 P
Negative, n(%) Positive, n(%)
Non mutation
11(100 0(0
C580Y (n=11) (100) ©) 0.05
Mutation (n = 46) 33(71.7) 13(28.3)
Non mutation
8(100 0(0
E415G (n=8) (100) ©) 0.083
Mutation (n = 37) 24(64.9) 13(35.1)
Mutation (n = 32) 19(59.4) 13(40.6)
C580/E415G Non mution 0.019

(= 11) 11(100) 0(0)

Note: Bolder number in P column indicate significant mutation effects on P. falciparum presence by
day 3.
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Between the C580Y mutation in the
pfK13 gene and slower parasite clearance,
gene mutation analysis revealed a significant
correlation with a 100% positivity rate on
day 3 in patients with this mutation,
compared to none in those with the wild-type
gene. The E415G mutation was not
statistically significant (P > 0.05), but all
patients with this mutation had parasites on
day 3. The combined C580Y/E415G
genotype showed a higher parasite presence
(40.6%) than those without the mutations
(0%, p=0.019) (Table 5).

Moving on to the role of mutations in
candidate genes and their impact on the
effectiveness of DHA-PPQ, we analyzed the
association of mutations with the ACPR on

day 42. The C580Ymutation was found to be
significantly associated with a 50%
treatment failure rate by day 42. In contrast,
no significant correlation was found between
the E415G mutation and treatment failure in
patients treated with DHA-PPQ, despite
patients with this mutation having a
significantly higher rate of treatment failure
(41.9%) compared to those with the wild-
type gene (25%). Additionally, combined
genotypes  C580Y/E415G  showed a
noticeable but non-significant trend, with a
50% treatment failure rate (P = 0.141)
compared to 18.2% in the non-mutated
group. Finally, our result highlights the
critical role of the C580Y mutation in both
parasite persistence post-treatment and in
treatment failure rates (Table 6).

Table 6. Association between mutation and treatment outcome of DHA-PPQ.

Treatment effectiveness

Mutation Treatment ACPR, P
failure, n(%) n(%)

C580Y Non rr.wutation (n=10) 0(0) 10(100) 0.003
Mutation (n = 40) 20(50) 20(50)

E415G Non rr.wutation (n=28) 2(25) 6(75) 0.369
Mutation (n = 31) 13(41.9) 18(58.1)
N tai =11 2(18.2 9(81.8

cssoEarsg  on mutaion (n =11) (18.2) (81.8) 0.141
Mutation (n = 26) 13(50) 13(50)

Note: Bolded number in P column indicate statistically significant associations between mutations

and treatment outcomes.

DISCUSSION
Artemisinin, a compound derived from
the  Artemisia  annua  plant,  has

revolutionized the treatment of malaria,
particularly P. falciparum malaria, the most
dangerous form. It's a core component of
artemisinin-based combination therapies
(ACTs), which are the first-line treatment for

uncomplicated malaria. However, the
emergence of ART resistance threatens
global efforts to control and eventually
eliminate malaria.

Our study offers crucial information
regarding the molecular epidemiology of P.
falciparum in the southern provinces of
Vietnam, with a specific focus on the
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prevalence of the C580Y mutation in the
pfK13 gene and the E415G mutation in the
PfEXO gene. We observed a high prevalence
of the C580Y mutation across various
regions, notably in the Central Highlands.
Despite the absence of statistically
significant ~ differences in  mutation
frequencies among the sampled localities,
the consistently high prevalence noted in two
cohort studies indicates the widespread
nature of this mutation. Although the E415G
mutation was prevalent, it did not show a
statistically significant association with ART
resistance or treatment outcomes. However,
there was a trend toward increased treatment
failure in patients with this mutation. The
continued presence of parasites post-
treatment, particularly in patients with the
C580Y mutation, underscores the urgent
need for alternative treatment strategies.
Furthermore, the observed treatment failures
associated with these mutations, especially
the C580Y mutation, highlight the critical
need to address this resistance.

The combined genotype of
C580Y/E415G shows higher treatment
failure rates, further complicating the

treatment landscape. The pfk/3 gene, which
encodes the Kelch protein in P. falciparum,
has been at the center of research on ART
resistance. Mutations in this gene are key
indicators of resistance, as they can lead to
delayed clearance of the parasite after
treatment with ART. The World Health
Organization (WHO) has reported over 200
mutations in the pfk/3 gene, with each
potentially contributing to varying degrees of
resistance (WHO 2014;WHO 2019). Each
mutation may be associated with varying
degrees of delayed parasite clearance
following ART  treatment, a key
characteristic of ART resistance (WHO
2014;WHO  2019). Regionally, the
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prevalence of specific pfk/3 mutations
varies. In Cambodia, Vietnam, and Lao
PDR, mutations such as Y493H, R539T,
1543T, P553L, and C580Y are commonly
observed (Zaw et al., 2020). In contrast, in
western Thailand, Myanmar, and China,
mutations like F446L, P553L, N458Y,
R561H, P574L, and C580Y are more
frequent (Ye et al.,, 2016;Zaw et al., 2020).
Across Southeast Asia (SEA), P553L and
C580Y mutations are prevalent, with the
latter being more widespread in eastern
Thailand (Zaw et al., 2020). Clinical reports
of ART resistance first surfaced in Binh
Phuoc, Vietnam, in 2008 (WHO 2014). A
molecular analysis of pfK73 mutations in this
province from 2009 to 2016 shows a
significant increase in the proportion of the
C580Y mutation, from 1.7% in 2009 -2010
to 79.1% in 2015 -2016 (Thuy-Nhien et al.,
2017). Conversely, the incidence of other
mutations, such as I1543T, Y493H, and
R539T,  decreased and  eventually
disappeared. This trend is mirrored in the
Central Highlands of Vietnam, where there
has been a steady increase in the prevalence
of the C580Y mutation over the years (Thuy-
Nhien et al., 2017). Since 2017, the C580Y
mutation has been the only mutation detected
in malaria-endemic areas of Vietnam,
including Binh Phuoc, Ninh Thuan, and Gia
Lai (Thuy-Nhien et al, 2017). More
importantly, the study showed that the rapid
increase of the pfK/3 mutation in these
endemic areas has been accompanied by a
significant change in the ACPR rates to
DHA-PPQ treatment. Tthe ACPR rate was
93% in 2010 (Hien et al., 2012), but it further
dropped to 78% in 2015 (Thanh et al., 2017).
These findings indicate that the genetic
changes have greatly impacted clinical
outcomes, specifically affecting the efficacy
of DHA-PPQ treatment for malaria in
Vietnam. The C580Y mutation in the pfk/3
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gene has also emerged as a dominant marker
in Cambodia, Myanmar, Thailand, and Laos.
For instance, in Pailin, a regiob in western
Cambodia where ART resistance was first
described, the prevalence of parasites with
the C580Y mutation increased significantly
from 2008 to 2015, replacing other pfK13
mutations (Hamilton ef al., 2019). Similarly,
in Laos and Thailand, the prevalence of the
C580Y mutation has been notably high in
certain provinces (Hamilton et al., 2019).
The prevalence of pfKI3 mutations is
dynamic, reflecting the changing nature of
malaria and the parasite's adaptation to
antimalarial drugs. The lack of diversity in
detected mutations indicates a selective
pressure favoring the C580Y variant,
possibly contributing to its dominance in the
parasite population (Hamilton et al,
2019;Nair et al., 2018).

The origin of the C580Y mutation has
been a subject of extensive study in GMS
(Amato et al., 2018). This mutation, while
not necessarily conferring a higher level of
ART resistance compared to other pfKI3
mutations, seems to display enhanced fitness
and transmissibility, as evidenced by its
predominance over other mutations (Nair ef
al., 2018). In contrast to Southeast Asia,
Africa has reported a high occurrence of
nonsynonymous mutations linked to delayed
parasite clearance, albeit at a low frequency
(Chenet et al., 2016;Mita et al., 2016). Many
of these mutations have not proliferated
within the local parasite populations. It's
suggested that in Africa, ART resistance may
be associated with other genetic factors, such
as pfert, pfmdrl, pfap2mu, pfubpl, and dhfr,
rather than pfK/3 mutations (Mita et al,
2011). In South America, the pfkl3 C580Y
mutant parasites have been identified in
Guyana, with their genetic profiles differing
from those in Southeast Asia, indicating an

independent origin.

In our study, we observed a significant
prevalence of parasites having the E415G
mutation in the pfEXO gene across various
locations. Similar to the C580Y mutation in
the pfK13 gene, the E415G mutation is
predominantly found in eastern mainland
Southeast Asia, a region that employs DHA-
PPQ as an antimalarial combination therapy
(Amato et al, 2017). Intriguingly, the
E415G mutation is completely absent in
regions where this specific antimalarial
therapy is not in use (Amato et al., 2017). In
Cambodia, the pfK73 C580Y and E415G
mutations, along with plasmepsin 2/3 gene
amplification, have been strongly correlated
with DHA-PPQ treatment ineffectiveness
(Amato et al., 2017; Boonyalai et al., 2020).
These genetic factors are associated with
high survival rates of the malaria parasite in
piperaquine survival assays. The colineage,
known as KELI1/PLAI1, containing the
p/K13 C580Y allele and amplified
plasmepsin 2/3 genes, initially emerged in
western  Cambodia in 2008  and
subsequently spread to neighboring regions
(Amato et al, 2018;Hamilton et al,
2019;Imwong et al., 2020;Imwong et al.,
2017). As a consequence, the DHA-PPQ
cure rate in these areas has also experienced
a rapid decline (Hamilton et al, 2019).
Moreover, the E415G mutation, along with
specific pfcrt mutations, namely TO93S,
HO97Y, F1451, 1218F, M343L, C350R, and
G353V, can confer resistance to
piperaquine, an antimalarial drug used in
combination with DHA in Cambodia
(Boonyalai et al., 2020).

The C580Y mutation in pfK/3 and the
E415G mutation in the pfEXO gene of P.
falciparum are both significant in the context
of ART resistance, a critical issue in the
treatment of malaria (Boonyalai et al,
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2022;Zaw et al., 2020). These mutations,
while potentially differing in their specific
impacts on the protein's function, share a
common narrative in the broader scenario of
malaria treatment and drug resistance
(Boonyalai et al., 2020;Xie et al., 2020).
Firstly, both the C580Y and E415G
mutations likely originated through random
genetic variation, which is a standard part of
the evolutionary process of any organism,
including P. falciparum (White 2014). These
mutations are not directly caused by the
presence of ART; instead, they occur
spontaneously due to errors in DNA
replication or repair mechanisms (Coppée et
al., 2019;White 2014). However, the
presence of ART in the treatment landscape
creates a selective pressure that influences
which mutations persist and spread in the
parasite population (Noreen et al, 2021).
Additionally, the C580Y mutation is one of
the most documented mutations associated
with ART resistance, found in various
regions and closely linked to a reduction in
the parasite's susceptibility to artemisinin
(Mairet-Khedim et al., 2021;Pau et al,
2019;Zaw et al, 2020). The E415G
mutation, while less thoroughly researched,
may also contribute to resistance, though its
specific role and prevalence require more
investigation.

In summary, both the C580Y and E415G
mutations likely appeared randomly, but
their spread and prevalence in certain
geographical regions were driven by the
selective pressure of ART use. This pattern
illustrates how drug resistance can emerge
and propagate in response to the
environmental  pressures exerted by
widespread drug use, a critical factor in
planning strategies for malaria treatment and
prevention.
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CONCLUSION

Our study implies the critical role of the
C580Y mutation in the pfK/3 gene in ART
resistance and its impact on the efficacy of
ACTs in several southern provinces of
Vietnam. The findings highlight the
necessity of monitoring these mutations as
molecular markers for drug resistance and
call for the exploration of alternative
treatment strategies in the face of evolving
antimalarial drug resistance. This study
contributes  valuable insights to the
molecular epidemiology of malaria in
Vietnam and emphasizes the urgency of
addressing ART resistance in the global fight
against malaria.

REFERENCES

Amato R, Lim P, Miotto O, Amaratunga C, Dek
D, Pearson RD, Almagro-Garcia J, Neal AT,
Sreng S, Suon S, Drury E, Jyothi D, Stalker J,
Kwiatkowski DP, Fairhurst RM (2017) Genetic
markers associated with dihydroartemisinin-
piperaquine failure in Plasmodium falciparum
malaria in Cambodia: a genotype-phenotype
association study. Lancet Infect Dis 17(2): 164-
173.

Amato R, Pearson RD, Almagro-Garcia J,
Amaratunga C, Lim P, Suon S, Sreng S, Drury E,
Stalker J, Miotto O, Fairhurst RM, Kwiatkowski
DP (2018) Origins of the current outbreak of
multidrug-resistant malaria in southeast Asia: a
retrospective genetic study. Lancet Infect Dis
18(3): 337-345.

Ariey F, Witkowski B, Amaratunga C, Beghain
J, Langlois AC, Khim N, Kim S, Duru V,
Bouchier C, Ma L, Lim P, Leang R, Duong S,
Sreng S, Suon S, Chuor CM, Bout DM, Ménard
S, Rogers WO, Genton B, Fandeur T, Miotto O,
Ringwald P, Le Bras J, Berry A, Barale JC,
Fairhurst RM, Benoit-Vical F, Mercereau-
Puijalon O, Ménard D (2014) A molecular



Vietnam Journal of Biotechnology 21(3): 393-405, 2023

marker of artemisinin-resistant Plasmodium
falciparum malaria. Nature 505(7481): 50-5.

Ashley EA, Dhorda M, Fairhurst RM,
Amaratunga C, Lim P, Suon S, Sreng S,
Anderson JM, Mao S, Sam B, Sopha C, Chuor
CM, Nguon C, Sovannaroth S, Pukrittayakamee
S, Jittamala P, Chotivanich K, Chutasmit K,
Suchatsoonthorn C, Runcharoen R, Hien TT,
Thuy-Nhien NT, Thanh NV, Phu NH, Htut Y,
Han KT, Aye KH, Mokuolu OA, Olaosebikan
RR, Folaranmi OO, Mayxay M, Khanthavong
M, Hongvanthong B, Newton PN, Onyamboko
MA, Fanello CI, Tshefu AK, Mishra N, Valecha
N, Phyo AP, Nosten F, Yi P, Tripura R,
Borrmann S, Bashraheil M, Peshu J, Faiz MA,
Ghose A, Hossain MA, Samad R, Rahman MR,
Hasan MM, Islam A, Miotto O, Amato R,
Maclnnis B, Stalker J, Kwiatkowski DP,
Bozdech Z, Jeeyapant A, Cheah PY, Sakulthaew
T, Chalk J, Intharabut B, Silamut K, Lee SJ,
Vihokhern B, Kunasol C, Imwong M, Tarning J,
Taylor WJ, Yeung S, Woodrow CJ, Flegg JA,
Das D, Smith J, Venkatesan M, Plowe CV,
Stepniewska K, Guerin PJ, Dondorp AM, Day
NP, White NJ (2014) Spread of artemisinin
resistance in Plasmodium falciparum malaria. N
EnglJ Med 371(5): 411-23.

Boonyalai N, Vesely BA, Thamnurak C,
Praditpol C, Fagnark W, Kirativanich K,
Saingam P, Chaisatit C, Lertsethtakarn P, Gosi P,
Kuntawunginn W, Vanachayangkul P, Spring
MD, Fukuda MM, Lon C, Smith PL, Waters NC,
Saunders DL, Wojnarski M (2020) Piperaquine
resistant Cambodian Plasmodium falciparum
clinical isolates: in vitro genotypic and
phenotypic characterization. Malar J 19(1): 269.

Boonyalai N, Kirativanich K, Thamnurak C,
Praditpol C, Vesely BA, Wojnarski M,
Griesenbeck JS, Waters NC (2022) A single
point mutation in the Plasmodium falciparum 3’
5" exonuclease does not alter piperaquine
susceptibility. Malar J 21(1): 130.

Chenet SM, Akinyi Okoth S, Huber CS,
Chandrabose J, Lucchi NW, Talundzic E,
Krishnalall K, Ceron N, Musset L, Macedo de
Oliveira A, Venkatesan M, Rahman R, Barnwell

JW, Udhayakumar V (2016) Independent
Emergence of the Plasmodium falciparum Kelch
Propeller Domain Mutant Allele C580Y in
Guyana. J Infect Dis 213(9): 1472-5.

Coppée R, Jeffares DC, Miteva MA, Sabbagh A,
Clain J (2019) Comparative structural and
evolutionary analyses predict functional sites in
the artemisinin resistance malaria protein K13.
Sci Rep 9(1): 10675.

Cowman AF, Healer J, Marapana D, Marsh K
(2016) Malaria: Biology and Disease. Cell
167(3): 610-624.

Hamilton WL, Amato R, van der Pluijm RW,
Jacob CG, Quang HH, Thuy-Nhien NT, Hien
TT, Hongvanthong B, Chindavongsa K, Mayxay
M, Huy R, Leang R, Huch C, Dysoley L,
Amaratunga C, Suon S, Fairhurst RM, Tripura R,
Peto  TJ, Sovann Y, Jittamala P,
Hanboonkunupakarn B, Pukrittayakamee S,
Chau NH, Imwong M, Dhorda M, Vongpromek
R, Chan XHS, Maude RJ, Pearson RD, Nguyen
T, Rockett K, Drury E, Gongalves S, White NJ,
Day NP, Kwiatkowski DP, Dondorp AM, Miotto
O (2019) Evolution and expansion of multidrug-
resistant malaria in southeast Asia: a genomic
epidemiology study. Lancet Infect Dis 19(9):
943-951.

Hien TT, Thuy-Nhien NT, Phu NH, Boni MF,
Thanh NV, Nha-Ca NT, Thai le H, Thai CQ, Toi
PV, Thuan PD, Long le T, Dong le T, Merson L,
Dolecek C, Stepniewska K, Ringwald P, White
NJ, Farrar J, Wolbers M (2012) In vivo
susceptibility of Plasmodium falciparum to
artesunate in Binh Phuoc Province, Vietnam.
Malar J 11: 355.

Imwong M, Dhorda M, Myo Tun K, Thu AM,
Phyo AP, Proux S, Suwannasin K, Kunasol C,
Srisutham S, Duanguppama J, Vongpromek R,
Promnarate C, Saejeng A, Khantikul N, Sugaram
R, Thanapongpichat S, Sawangjaroen N,
Sutawong K, Han KT, Htut Y, Linn K, Win AA,
Hlaing TM, van der Pluijm RW, Mayxay M,
Pongvongsa T, Phommasone K, Tripura R, Peto
TJ, von Seidlein L, Nguon C, Lek D, Chan XHS,
Rekol H, Leang R, Huch C, Kwiatkowski DP,

403



Miotto O, Ashley EA, Kyaw MP,
Pukrittayakamee S, Day NPJ, Dondorp AM,
Smithuis FM, Nosten FH, White NJ (2020)
Molecular epidemiology of resistance to
antimalarial drugs in the Greater Mekong

subregion: an observational study. Lancet Infect
Dis 20(12): 1470-1480.

Imwong M, Hien TT, Thuy-Nhien NT, Dondorp
AM, White NJ (2017) Spread of a single
multidrug resistant malaria parasite lineage
(PfPailin) to Vietnam. Lancet Infect Dis 17(10):
1022-1023.

Mairet-Khedim M, Leang R, Marmai C, Khim N,
Kim S, Ke S, Kauy C, Kloeung N, Eam R, Chy
S, Izac B, Mey Bouth D, Dorina Bustos M,
Ringwald P, Ariey F, Witkowski B (2021)
Clinical and In Vitro Resistance of Plasmodium
falciparum to Artesunate-Amodiaquine in
Cambodia. Clin Infect Dis 73(3): 406-413.

Mita T, Culleton R, Takahashi N, Nakamura M,
Tsukahara T, Hunja CW, Win ZZ, Htike WW,
Marma AS, Dysoley L, Ndounga M,
Dzodzomenyo M, Akhwale WS, Kobayashi J,
Uemura H, Kaneko A, Hombhanje F, Ferreira
MU, Bjorkman A, Endo H, Ohashi J (2016)
Little Polymorphism at the K13 Propeller Locus
in  Worldwide  Plasmodium  falciparum
Populations Prior to the Introduction of
Artemisinin Combination Therapies. Antimicrob
Agents Chemother 60(6): 3340-7.

Mita T, Venkatesan M, Ohashi J, Culleton R,
Takahashi N, Tsukahara T, Ndounga M, Dysoley
L, Endo H, Hombhanje F, Ferreira MU, Plowe
CV, Tanabe K (2011) Limited geographical
origin and global spread of sulfadoxine-resistant
dhps alleles in Plasmodium falciparum
populations. J Infect Dis 204(12): 1980-8.

Nair S, Li X, Arya GA, McDew-White M,
Ferrari M, Nosten F, Anderson TJC (2018)
Fitness Costs and the Rapid Spread of kelch13-
C580Y Substitutions Conferring Artemisinin
Resistance. Antimicrob Agents Chemother
62(9).

Noreen N, Ullah A, Salman SM, Mabkhot Y,
Alsayari A, Badshah SL (2021) New insights

404

Tran Thi Thu Huyen et al.

into the spread of resistance to artemisinin and its
analogues. J Glob Antimicrob Resist 27: 142-
149.

Pau MC, Pantaleo A, Tsamesidis I, Hoang H,
Tuan Tran A, Hanh Nguyen TL, Giang Phan TH,
Ton Nu PA, Chau Ngo TM, Marchetti G,
Schwarzer E, Fiori PL, Low PS, Dinh Huynh C,
Turrini FM (2019) Clinical impact of the two
ART resistance markers, K13 gene mutations
and DPC3 in Vietnam. PLoS One 14(4):
€0214667.

Quang HH ,Chavchich M (2021) Multidrug-
Resistant Plasmodium falciparum Parasites in
the Central Highlands of Vietnam Jeopardize
Malaria Control and Elimination Strategies.

65(4).

Thanh NV, Thuy-Nhien N, Tuyen NT, Tong NT,
Nha-Ca NT, Dong LT, Quang HH, Farrar J,
Thwaites G, White NJ, Wolbers M, Hien TT
(2017) Rapid decline in the susceptibility of
Plasmodium falciparum to dihydroartemisinin-
piperaquine in the south of Vietnam. Malar J
16(1): 27.

Thuy-Nhien N, Tuyen NK, Tong NT, Vy NT,
Thanh NV, Van HT, Huong-Thu P, Quang HH,
Boni MF, Dolecek C, Farrar J, Thwaites GE,
Miotto O, White NJ, Hien TT (2017) K13
Propeller Mutations in Plasmodium falciparum
Populations in Regions of Malaria Endemicity in
Vietnam from 2009 to 2016. Antimicrob Agents
Chemother 61(4).

White NJ, 43 - Malaria, in Manson's Tropical
Infectious Diseases (Twenty-third Edition), J.
Farrar, et al., Editors. 2014, W.B. Saunders:
London. p. 532-600.el.

WHO (2021) World Malaria Report.

WHO (2009) Methods for surveillance of
antimalarial drug efficacy.

WHO (2014) Status report on artemisinin
resistance

WHO (2019) Report on antimalarial drug
efficacy, resistance and response: 10 years of
surveillance (2010-2019).



Vietnam Journal of Biotechnology 21(3): 393-405, 2023

Xie SC, Ralph SA, Tilley L (2020) K13, the
Cytostome, and Artemisinin Resistance. Trends
Parasitol 36(6): 533-544.

Ye R, HuD, Zhang Y, Huang Y, Sun X, Wang J,
Chen X, Zhou H, Zhang D, Mungthin M, Pan W
(2016) Distinctive origin of artemisinin-resistant
Plasmodium falciparum on the China-Myanmar

border. Sci Rep 6:20100.

Zaw MT, Lin Z, Emran NA (2020)
Importance of kelch 13 C580Y mutation in
the studies of artemisinin resistance in
Plasmodium falciparum in Greater Mekong
Subregion. J Microb Immunol Infect 53(5):
676-681.

405



