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Antimalarial drug resistance has emerged as a major threat to global malaria control
efforts, particularly in the Greater Mekong Subregion (GMS). In this study, we analyzed the
polymorphism and prevalence of molecular markers associated with resistance to first-line
antimalarial drugs, such as artemisinin, chloroquine, and pyrimethamine, using blood
samples collected from malaria patients in the China—Myanmar border region of the GMS
from 2008 to 2017, including 225 cases of Plasmodium falciparum and 194 cases of
Plasmodium vivax. In artemisinin resistance, only the C580Y mutation with low frequency
was detected in pfk13, and no highly frequent stable mutation was found in pvk72. In
chloroquine resistance, the frequency of K76T mutation in pfert was always high, and the
frequency of double mutations in pvmdr1 of P. vivax has been steadily increasing every
year. In pyrimidine resistance, pfdhfr and pvadhfr had relatively more complex mutant types
associated with drug resistance sites, and the overall mutation rate was still high.
Therefore, artemisinin-based combination therapies are still suitable for use as the first
choice of antimalarial strategy in the China—Myanmar border region in the future.

Keywords: anti-malaria, drug-resistance, artemisinin, SNP mutation, China-Myanmar border

INTRODUCTION

Malaria is one of the major life-threatening infectious diseases in humans and is particularly
prevalent in tropical and subtropical regions worldwide. Humans can be infected by five species of
Plasmodium, including Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale,
Plasmodium malariae, and P. knowlesi (Singh and Daneshvar, 2013). P. falciparum and P. vivax
have the highest incidences, followed by P. ovale and P. malariae, while some patients are also
infected by P. knowlesi. Almost all malaria deaths occurring in Southeast Asia have been caused by
P. falciparum. Globally, approximately 1.5 billion people were infected and 7.6 million patients died
from malaria between 2000 and 2019. The majority of infections (82%) and deaths (94%) occurred
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in the WHO African Region, followed by the WHO South-East
Asia Region (10% of infections, 3% of deaths) (WHO, 2020).

The effectiveness and longevity of antimalarial drugs in
malaria control are largely dependent on in-depth studies of
the determined markers in vitro and monitoring programs in
vivo. In addition, it is critical to identify molecular markers that
can predict resistance or reduce susceptibility to malaria to
actively monitor the temporal trend of parasite susceptibility
(Haldar et al, 2018). However, the emergence and spread of
multidrug resistance have caused a permanent obstacle to the
extinction of malaria. Malaria therapeutics have been plagued by
recurring problems for more than 60 years. As first-line therapy,
artemisinin-based combination therapies (ACT's) have been used
for uncomplicated malaria infections in the Greater Mekong
Subregion (GMS). However, the confirmed occurrence of
artemisinin resistance in western Cambodia is a major threat
to malaria control and elimination (Dondorp et al., 2009; Ashley
et al.,, 2014). Both chloroquine (CQ) and sulfadoxine-
pyrimethamine (SP) resistance have emerged in other areas of
mainland Southeast Asia (Wellems and Plowe, 2001; Roper
et al., 2004).

Mutations in the pfk13 (artemisinin resistance-related gene)
propeller domain are recommended for conducting molecular
surveillance as an assistant tool for monitoring local resistance to
artemisinin. At present, the mutations P441L, F4461, S449A,
N458Y, P553L, V568G, P574L, and L675V in pfk13 have been
associated with delayed parasite clearance. In addition, the five
mutations Y493H, 1543T, R539T, R561H, and C580Y have been
validated as artemisinin resistance mutations in vitro and in vivo
(WHO, 2015) Pvk12 was identified as a homolog of pfk13 in P.
vivax (Deng et al., 2016). Currently, there is no molecular
evidence of high frequency mutations in pvkI2, even in
Southeast Asia (Deng et al., 2016; Deida et al.,, 2018;
Tantiamornkul et al.,, 2018). The mutation V5521 (Hassett
et al., 2017) was subsequently observed in a P. vivax isolate
from Cambodia and examined in this study.

The CQ resistance transporter gene of P. falciparum (pfcrt) is
located on chromosome 7; it encodes a structural protein of the
food vesicular membrane of P. falciparum, which functions as a
CQ transporter. When the wild-type K76 of the carrier protein
was mutated to threonine (T), the efficiency of CQ diffusion into
the food vesicles of Plasmodium was decreased, and the
Plasmodium showed resistance to CQ. Therefore, K76T can be
used for clinical drug resistance monitoring of CQ (Nair et al.,
2008; Dondorp et al., 2010; Lubell et al., 2011). The insertion of a
lysine residue behind the tenth amino acid was observed in the
homologous gene pvcrt of P. vivax, which may be related to CQ
resistance (Basco and Ringwald, 1998); therefore, this site was
also identified.

Field studies have shown that point mutations in pfmdrl in
different geographical regions have different predictive values for
CQ resistance and amino acid changes (Foote et al, 1990;
Duraisingh et al., 1997). Five mutation sites in Pfmdrl (N86Y,
Y184F, S1034C, N1042D, and D1246Y) have been reported to be
associated with susceptibility to CQ (Antony and Parija, 2016). A
polymorphism of P. vivax pvmdrl, which is homologous to that

in P. falciparum, has been associated with CQ resistance in many
studies (Brega et al., 2005; Villena et al., 2020). Whole-genome
sequencing and microarray analysis of a single isolate of P. vivax
from Pu’er revealed a selective pressure on putative drug resistance
genes and found the previously reported T958M mutation to be
associated with drug resistance (Orjuela-Sanchez et al., 2009;
Dharia et al, 2010). The Y976F and F1076L mutations of
pvmdrl are present in all malaria endemic areas where CQ is
used as a first-line antimalarial drug (Suwanarusk et al., 2007; Kim
et al,, 2011; Lu et al,, 2011; Rungsihirunrat et al., 2015). Isolates
carrying only the F1076L mutation are not associated with CQ
resistance (Barnadas et al., 2008; Orjuela-Sanchez et al., 2010).
This observation supports the fact that resistance of P. vivax to CQ
requires the presence of two mutations. F1076L is a prerequisite
for the secondary product of Y976F, which is responsible for the
reduction in CQ sensitivity (Barnadas et al., 2008). However, no
other studies have found an association between Y976F mutations
and resistance phenotypes (Fernandez-Becerra et al., 2009; Gama
et al, 2009). Some studies have found an increase in the copy
number of pvmdrl, which seems to be associated with increased
susceptibility to CQ (Suwanarusk et al., 2007; Imwong et al., 2008;
Lu et al,, 2011; Melo et al.,, 2014). Recently, it has been shown that
CQ resistance and clinical severity of P. vivax are associated with
increased expression of pvmdrl and pvcrt-o (Sa et al.,, 2019), and
the CQ resistance ortholog gene in P. vivax (also called pvcrt or
pvegl0) (Sa et al,, 2006).

The role of dihydrofolate reductase (pfdhfr) mutations in the
mechanism of SP resistance has been well described
(Wernsdorfer and Noedl, 2003). Pyrimidine resistance can be
produced by a single point mutation (S108N) in pfdhfr, but the
reductase reactivity to cyclochloroguanidine is only slightly
reduced. A previous in vitro assay showed that the IC5, values
of the single mutant (I1164L) isolates were 6-fold higher than
those of the wild-type and close to those usually reported for
simple mutants S108N (roughly10-fold higher than wild type)
(Andriantsoanirina et al., 2011). High resistance to pyrimidine
requires coexisting mutations at other sites, including N51I or
C59R. The mutation associated with cyclochloroguanidine
resistance was S108N with A16V in pfdhfr. At the same time,
the susceptibility of the resistant strain to pyrimidine did not
vary significantly. Similarly, polymorphisms in pvdhfr and
pvdhps are associated with antifolate drug resistance in P.
vivax. The S58R and S117N polymorphisms in pvdhfr were
highly correlated with pyrimidine resistance. Additional
mutations, including P33L, N50I, F57L, T61M, V64L, and
I173L, increased the degree of drug resistance and showed
significantly high ICs, values for pyrimethamine (de Pecoulas
et al., 1998; Hastings et al., 2004; Sinclair et al., 2011).

In this study, the polymorphism and prevalence of molecular
markers associated with resistance to first-line antimalarial
drugs, such as artemisinin, CQ, and pyrimethamine, were
analyzed using blood samples collected from malaria patients
in the China—-Myanmar border region of the GMS over a 10-year
duration. The results of this study will help develop novel
treatment strategies for malaria patients with antimalarial
drug resistance.
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MATERIALS AND METHODS

Ethics Statement

These studies were approved by the Yunnan Institute of Parasitic
Diseases (No.: 202009) and performed according to the Ethical
Committee guidelines. Genetic testing was performed on stored
blood samples obtained as part of routine diagnostic work-up for
patients with symptoms of malaria. Although there is an absence
of risk and anonymous data processing, informed consent was
obtained for the collection of samples from persons suspected
of malaria.

Subjects and Malarial Blood

Sample Collection

From 2008 to 2017, a total of 419 venous blood samples on filter
paper, including 225 cases of P. falciparum malaria and 194 cases
of P. vivax malaria, were smeared and observed under an optical
microscope to confirm the presence of the corresponding type of
pathogen. No other clinical symptom was recorded. The samples
were collected from malaria parasite-infected patients in the
China-Myanmar border region of the GMS. Subjects who
agreed to participate in the study took blood from their
fingertips and dropped it on a filter paper with a diameter of
approximately 5 mm. After drying in air, the samples were
placed in a sealed plastic bag and stored at 4°C for a long time.
All the samples were provided by the Yunnan Institute of
Parasitic Diseases.

Preparation of DNA Template

From Blood Samples

Blood membranes with a diameter of 5 mm were taken from
each sample, and the Blood DNA Kit (Omega D3392-02) was
used for Plasmodium genome extraction. The procedure was
modified slightly based on the manufacturer’s instructions:
samples were heated with proteinase K at 56°C for 1 h to
improve the extraction rate. Finally, 30 ul of polymerase chain
reaction (PCR)-grade H,O was used to elute the DNA into the
QSP EP tube. The DNA template was then concentrated to 10 ul
at 45°C using a Thermo concentrator. The concentrated DNA
sample (3 pl) was used as the PCR template, and the remaining
DNA samples were stored in a refrigerator at —20°C.

Ampilification of Drug-Resistance Gene

Nested PCR amplification using 2xTaq PCR Mix (Tiangen,
KT201) was performed to amplify the resistance genes in each
DNA sample from patients infected with P. falciparum (the kelch
domain of pfki3, pfcrt, pfmdrl, and pfdhfr) or P. vivax (pvkl2,
pvert-o, pvimdrl, and pvdhfr). The primer sequences and reaction
product fragment sizes for the two rounds of PCR are listed in
Supplementary Table S1. The total volume for the first round of
the nested PCR reaction was 10 pl containing 3 pul DNA
template, 5 ul 2xTaq PCR mix, and 1 pl each of Primer-PF
and Primer-PR (10 mmol/L). The first round PCR conditions
were as follows: denaturation at 94°C for 3 min; 35 cycles of
denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and
extension at 62°C 3 min; and final extension at 62°C for 7 min.

The total volume of the second round PCR was 50 pl containing
2 ul amplified product from the first round as the DNA template
for the second round of PCR, 25 pl 2xTaq mix, 2 pl each of
Primer-NF and Primer-NR (10 mmol/L), and then sterile ddH,O
to make up the reaction system to 50 pl. The conditions of the
second round of PCR were denaturation at 94°C for 3 min;
35 cycles of denaturation at 94°C for 30 s, annealing at 50°C for
30 s, and extension at 62°C for 60 s; and final extension at 62°C for
7 min. One microliter of the second-round amplification products
and positive amplification products was used for electrophoresis
detection using 1% and 2% agarose gels, respectively. Positive
bands were selected, and DNA was extracted using a Gel
Extraction Kit (Omega D2500-02). DNA marker was purchased
from Sangon Biotech (Shanghai, China). DNA fragments were
sequenced by Parsons Biotech (Shanghai, China).

SNP Statistics and Sequence Analysis

Sequencing results, together with resistance-related gene
sequences of the P. falciparum wild-type standard strain 3D7
(ID No. for pfk13: PF3D7_1343700, pfcrt: PF3D7_0709000,
pfmdrl: PF3D7_0523000, pfdhfr: PF3D7_0417200), P. vivax
strain PO1 (ID no. for pvkI2: PVP01_1211100), and P. vivax
standard strain (pvcrt:PVX_087980, pvmdrl: PVX_080100
pvdhfr: PVX_089950) were aligned on the PlasmoDB website,
using MEGAS5.04 software to translate the DNA sequences into
corresponding amino acid sequences, count SNPs, and analyze
correlations with their drug resistance sites (Matlani et al., 2021).

RESULTS

The Geographical Origin of the

Study Samples

Blood samples were collected from Gambati and Laiza in Kachin
State of Myanmar and Tengchong, Yingjiang, Ruili, and Mengla
in the Yunnan Province of China (Figure 1A). A total of 419
blood samples, including 225 cases of P. falciparum and 194
cases of P. vivax (Figure 1B), were collected during the 10-year
period from 2008 to 2017. The blood sample was taken from the
fingertips, placed on a 5-mm filter paper, dried in air, and stored
in a sealed plastic bag at —20°C for a prolonged duration.

Artemisinin Resistance-Related Genes,
Pfk13 and Pvk12

The P. vivax K12 gene, which is homologous to pfkI3 in P.
falciparum, was studied based on the mutation sites of molecular
markers of artemisinin-associated resistance genes. As shown in
Table 1, one mutant C580Y was identified in P. falciparum in
2014 and 2015. In 2016 and 2017, this point mutation did not
appear and it was speculated to have disappeared; however, there
were still chances of unknown vulnerabilities. Mutation P574L
was reported in 2011 and 2013. This study also included some
mutations at a higher frequency, such as R528K, E556K, R575K,
and E620K, whose mutant frequencies were greater than 5%, and
it can be intuitively observed that there was an increasing trend
from 2013 to 2016 (Figure 2A). It is reasonable to assume that
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FIGURE 1 | Information about blood samples. (A) Geographic locations of
blood samples. The red star represents the region of Yunnan, China, and the
blue triangles represent the region of Myanmar. The map was produced using
Photoshop. (B) The number of P. falciparum- and P. vivax-infected malaria
patient samples in 10 years from 2008 to 2017.

these point mutants were associated with the development of
artemisinin resistance, but they should be specifically validated in
insect strains in vitro. There was no locus of V5521 as reported in
P. vivax, but the presence of mutation codons S452R, K465K,
R501K, and E553K was observed, which then disappeared in
2010 and 2011. Until 2017, V541A, C566G, and N57I showed
slightly higher mutation frequencies of 5%, 10%, and 10%,
respectively, in the collected samples. Further studies are
needed to verify whether these point mutations lead to
artemisinin resistance. In general, there were no stable high-
frequency mutant loci in P. vivax samples (Figure 2B).

CQ Resistance-Related Genes, Pfcrt,
Pvcrt-o, Pfmdr1, and Pvmdr1
K76T is the CQ-resistant marker of pfcrt in P. falciparum, and
K10 insertion is the CQ-resistant marker of pvcrt-o in P. vivax.
These markers showed a general decreasing trend in mutant
frequency over the 10-year period (Figures 3A, B). However,
K76T in pfert still had a high mutation frequency (>40%) in 2017
(Figure 3A), which may have led to the poor therapeutic effect of
CQ against P. falciparum malaria. As the frequency of K10
insertion in pvcrt-o decreased to 10% in 2017 (Figure 3B),
reusing CQ may be considered for P. vivax malaria treatment
in this region.

Another factor affecting CQ resistance is the polymorphism
of Pfmdrl. Only N86Y and Y184F of pfindr] were detected in P.
falciparum samples, of which only one N86Y mutant locus was
found in 2014. The frequency of Y184F locus dropped to 4% in
2014, but subsequently reached 52% in 2017 (Figure 3C).
Overall, the main factor for CQ resistance in this region was

the widespread prevalence of K76T in pfcrt. In the samples of P.
vivax, three mutations were detected in pvmdrl, including
Y976F, F1067L, and T958M; there may be simultaneous
mutations in each mutant strain, possibly yielding multiple
combinations. T958M is a secondary product of mutation
formation and was observed in all mutant strains. The
combination type of M958F976L1067 showed the highest
resistance rate to CQ. Fortunately, its frequency remained low.
However, the double mutant frequency of M958F976F1067 and
M958Y976L1067 showed a steady increasing trend with each
passing year, reaching 60% in 2017 (Figure 3D).

Pyrimidine Resistance-Related Genes,
Pfdhfr and Pvdhfr

N511, C59R, S108N, and I164L were detected in pfdhfr of P.
falciparum, and there were several combinations in the same
mutant strain (Figures 4A, B). The four-fold mutant form
I51R59N108I1164 was highly resistant to pyrimethamine,
followed by the triple mutant form containing S108N. Quadruple
mutations were dominant and maintained a high mutant frequency
until 2012, which began to decrease sharply from 77.3% in 2012 and
remained at approximately 20% in the next few years (Figure 4A).
The frequency of triple mutations increased to 56.5% in 2017, which
may indicate that resistance to pyrimethamine was reduced. F57I/L,
S58R, T61M, and S117N/T were detected in pvdhfr of P. vivax,
along with multiple mutant types (Figures 4C, D), in which
multiple mutant forms containing S58R or S117N were highly
resistant to pyrimethamine. pvdhfr has always been dominated by
quadruple mutations, but the polymorphism F57I/L may have
changed from F57L to F571 in 2011, which may be related to the
control of medication.

DISCUSSION

In this study, we successfully performed a molecular surveillance
of the mutation loci of the genes responsible for resistance to
several first-line antimalarial drugs, such as artemisinin, CQ, and
pyrimethamine, by analyzing their resistance-related gene
polymorphisms in samples collected from the China-Myanmar
border region from 2008 to 2017. Overall, for both P. falciparum
and P. vivax, mutations of artemisinin resistance genes are
becoming more and more complex and diverse, but the CQ
and pyrimethamine drug resistance marker gene mutation rate
has declined. For artemisinin resistance, only C580Y at low
frequency was detected in pfk13, and no stable mutation with
high frequency was found in pvkI2. For CQ resistance, K76T in
pfert has shown an overall declining trend since 2008, while
keeping a high mutation frequency. The frequency of K10
insertion in pvcrt-o of P. vivax was almost 100% in 2008 and
2009, and decreased gradually each year, to about 10% in recent
years. These indicated the unreliability of this marker for CQ
resistance in P. vivax. As the CQ resistance in P. vivax has been
linked to pvert (pvert-o) transcription level, a genetic-cross study
supported an upregulated pvcrt expression as a mechanism of
CQ resistance (Sa et al., 2019); this was also supported by a recent
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TABLE 1 | Statistical analysis of the mutation sites and their frequency in pfk13 and pvk12.

P. falciparum (Pfk13)

P. vivax (Pfk12)

Years Amino acid and genetic changes® Proportion (%) Amino acid and genetic changes?® Proportion (%)
(Mutants/n) (Mutants/n)
2008 ND (0/22) ND (0/22) ND (0/18) ND (0/18)
2009 ND (0/20) ND (0/20) ND (0/21) ND (0/21)
2010 R575K(AGA—AAA) 5.6 (1/18) S452R°(AGC—CGC) 5.6 (1/18)
E620KP(GAA—AAA) 11.1 (2/18)
2011 P574L (CCT—CTT) 4.8 (1/21) K465KP (AAG—AAA) 6.25 (1/16)
E620K°(GAA—AAA) 9.5 (2/21) R501K® (AGA—AAA) 6.25 (1/16)
E553KP (GAA—AAA) 6.25 (1/16)
2012 ND (0/23) ND (0/23) ND (0/18) ND (0/18)
2013 P574L(CCT—CTT) 3.7 (1/27) ND (0/18) ND (0/18)
R528K° (AGA—AAA) 11.1 (3/27)
EB20K® (GAA—AAA) 22.2 (6/27)
2014 C580Y (TGT—TAT) 3.6 (1/28) ND (0/17) ND (0/17)
R528K° (AGA—AAA) 7.1 (2/28)
E556K° (GAA—AAA) 7.1 (2/28)
E620K® (GAA—AAA) 7.1 (2/28)
R575K (AGA—AAA) 7.1 (2/28)
2015 C580Y (TGT—TAT) 4.3 (1/23) ND (0/19) ND (0/19)
R528K° (AGA—AAA) 17.4 (4/23)
E556K° (GAA—AAA) 8.7 (2/23)
R575K (AGA—AAA) 17.4 (4/23)
E620KP(GAA—AAA) 39.1 (9/23)
2016 Y493F (TAC—AAQC) 6.25 (1/16) ND (0/18) ND (0/18)
R528K° (AGA—AAA) 25 (4/16)
E556K° (GAA—AAA) 25 (4/16)
R575K (AGA—AAA) 25 (4/16)
E620KP(GAA—AAA) 31.25 (5/16)
2017 E620K°(GAA—AAA) 8 (2/25) V541A°P(GTG—GCG) 5 (1/20)
C566G(TGT—GGT) 10 (2/20)
N571F°(AAC—TTO) 10 (2/20)

“Mutation sites detected, the mutant amino acid in bold.

PNone reported mutation spots detected in China—Myanmar border before 2020; n, the total number of samples under year; ND no mutations were detected in this studly.

field study (Rovira-Vallbona et al., 2021). Herein, we observed
that the frequency of double mutants in pvmdrI has been steadily
increasing each year. In general, CQ may not be suitable as a
first-line treatment for a long time in this region. For pyrimidine
resistance, there were complex types of genotypes in drug
resistance-related loci in both pfdhfr and pvdhfr, and the
overall mutation frequency was high. In summary, artemisinin
is still available as a first-line drug in this region.

>
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the loci associated with artemisinin resistance.

In terms of artemisinin resistance, our study not only clarified
the mutation history of pfkI3 in the China-Myanmar border
region over the past ten years, but also detected some PfK13
amino acid non-synonymous mutation trends. In pfk13, in
addition to the locus C580Y, which has been confirmed to be
related to drug resistance in previous reports, four other loci
were detected: the non-validated mutation locus R575K,
which has been reported with a high mutation rate along the
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FIGURE 2 | Mutant locus frequency and distribution of pfk13 and pvk12. (A, B) Histogram analysis for pfk13 and pvk12 in Table 1, respectively. The star indicates
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Thai-Myanmar border as early as 2007 and with low mutation
frequency in other GMS regions (Nyunt et al., 2015; Talundzic
et al., 2015), and the three mutant loci, R528K (Laminou et al.,
2018), E556K (Guerra et al., 2017), and E620K (de Laurent et al.,
2018), which have been reported with a low mutant frequency in
the Africa regions recently, but with a high steady mutant
frequency in the China-Myanmar border in this study. Some
mutation sites (P574L and C580Y) detected in this study were
similar to those reported by other studies conducted in Myanmar

or the China-Myanmar border region using parasites collected
from the China-Myanmar border region from 2007 to 2012
(Wang et al, 2015) and to those detected in Myanmar and
relevant border regions of Thailand and Bangladesh between
2013 and 2014 (Tun et al., 2015). The F4461 mutation is the most
prevalent mutation at the China-Myanmar border and north of
Myanmar, and introduction of F4461 mutation into PfK13 leads
to increased ring survival rates in P. falciparum isolates in vitro,
but no mutation was detected in our study (Wang et al., 2018).
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These results indicated that the artemisinin resistance marker
Pfk13 mutations are very complex and exhibited an increasing
trend. Our study provides a strong theoretical basis for
subsequent ACTs, but new mutant loci that are directly related
to developing resistance by in vitro parasites require to be studied
further using allelic exchange genetic modification methods,
such as CRISPR/Cas9 genomic editing, combined with in vitro
drug screening tests (Xiao et al., 2019; Huang et al., 2020). The
mechanism of action of artemisinin remains controversial, and
our study provides some evidence of artemisinin drug resistance.
In vivo artemisinin resistance has been proposed (Noedl, 2005)
and identified by the presence of significantly decreased parasite
reduction rates, manifested clinically by markedly longer parasite
clearance times from the body (Noedl et al., 2008; Noedl et al.,
2010). A recent study suggested that interconnected mechanisms
might poise K13 mutant parasites to survive dihydroartemisinin
treatment and increase the proteostatic capacity of the parasite.
These mechanisms include an enhanced ability to eliminate
damaged proteins through the unfolded protein response and
ubiquitin-proteasomal machinery, and remodeling of secretory
and vesicular transport processes that impact hemoglobin
endocytosis and protein and lipid trafficking (Mok et al., 2021).

However, there are still some limitations in this study. We
only collected about 20 samples of P. falciparum and P. vivax
from 2007 to 2018 in the China-Myanmar border, and thus, the
expansion of the sample size to make a more representative
conclusion and further experimental validations to the new
mutation pattern of the artemisinin resistance gene PfKI3 are
urgently needed. Overall, the new mutations reported in our
study may provide a basis for further research on novel
molecular mechanisms of antimalarial drugs as well as on
malaria patient treatment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

This study was approved by the Yunnan Institute of Parasitic
Diseases and according to Ethical Committee. Genetic testing

REFERENCES

Andriantsoanirina, V., Durand, R., Pradines, B., Baret, E., Bouchier, C.,
Ratsimbasoa, A., et al. (2011). In Vitro Susceptibility to Pyrimethamine of
DHEFR 1164L Single Mutant Plasmodium Falciparum. Malar. J. 10, 283.
doi: 10.1186/1475-2875-10-283

Antony, H. A, and Parija, S. C. (2016). Antimalarial Drug Resistance: An
Overview. Trop. Parasitol. 6, 30-41. doi: 10.4103/2229-5070.175081

Ashley, E. A, Dhorda, M., Fairhurst, R. M., Amaratunga, C., Lim, P., Suon, S., etal.
(2014). Spread of Artemisinin Resistance in Plasmodium Falciparum Malaria.
New Engl. ]. Med. 371, 411-423. doi: 10.1056/NEJMoal314981

was performed on stored blood samples obtained as part of
routine diagnostic work-up patients with symptoms of malaria.
Despite the absence of risk and the anonymous data processing,
the informed consent form has been signed when collecting
samples of suspected malaria patients.

AUTHOR CONTRIBUTIONS

TT, YX, PT, and JS performed the experiments. TT, LC, and BX
participated in data analysis. TT, LC, and BX wrote and revised
the manuscript. YD and HZ provided the samples and revised
the manuscript. TT and BX conceived the study and participated
in the study design. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by the National Natural Science
Foundation of China (31900428), the Key Collaborative
Research Program of the Alliance of International Science
Organizations (ANSO-CR-KP-2020-06), China Postdoctoral
Science Foundation (2019M651597), Shanghai Post-doctoral
Excellence Program (2019260), Special Research Assistant
Project of Chinese Academy of Sciences, Pu’er Municipal
Expert Workstation of L. J., and the innovation Capacity
Building Project of Jiangsu province (BM2020019).

ACKNOWLEDGMENTS

The authors appreciate the participants in the Yunnan Institute
of Parasitic Diseases for the malarial patient blood sample
collection; we thank Prof. Lubin Jiang at Institut Pasteur of
Shanghai, CAS for critical suggestions on the manuscript and
Mr. Weilong Zhao for manuscript grammar revision.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.
733788/full#supplementary-material

Barnadas, C., Ratsimbasoa, A., Tichit, M., Bouchier, C., Jahevitra, M., Picot, S.,
et al. (2008). Plasmodium Vivax Resistance to Chloroquine in Madagascar:
Clinical Efficacy and Polymorphisms in Pvmdrl and Pvcrt-O Genes.
Antimicrob. Agents Chemother. 52, 4233-4240. doi: 10.1128/Aac.00578-08

Basco, L. K., and Ringwald, P. (1998). Molecular Epidemiology of Malaria in
Yaounde, Cameroon. III. Analysis of Chloroquine Resistance and Point
Mutations in the Multidrug Resistance 1 (Pfmdr 1) Gene of Plasmodium
Falciparum. Am. J. Trop. Med. Hyg. 59, 577-581. doi: 10.4269/
ajtmh.1998.59.577

Brega, S., Meslin, B., de Monbrison, F., Severini, C., Gradoni, L., Udomsangpetch,
R., et al. (2005). Identification of the Plasmodium Vivax Mdr-Like Gene

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2021 | Volume 11 | Article 733788


https://www.frontiersin.org/articles/10.3389/fcimb.2021.733788/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2021.733788/full#supplementary-material
https://doi.org/10.1186/1475-2875-10-283
https://doi.org/10.4103/2229-5070.175081
https://doi.org/10.1056/NEJMoa1314981
https://doi.org/10.1128/Aac.00578-08
https://doi.org/10.4269/ajtmh.1998.59.577
https://doi.org/10.4269/ajtmh.1998.59.577
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Tang et al.

Trends of Malaria Drug Resistance

(Pvmdrl) and Analysis of Single-Nucleotide Polymorphisms Among Isolates
From Different Areas of Endemicity. J. Infect. Dis. 191, 272-277. doi: 10.1086/
426830

Deida, J. M., Khalef, Y. O., Semane, E. M., Salem, M. S. O. A., Bogreau, H., Basco,
L., etal. (2018). Assessment of Drug Resistance Associated Genetic Diversity in
Mauritanian Isolates of Plasmodium Vivax Reveals Limited Polymorphism.
Malaria J. 17, 416. doi: 10.1186/512936-018-2548-2

de Laurent, Z. R., Chebon, L. J., Ingasia, L. A., Akala, H. M., Andagalu, B., Ochola-
Oyier, L. I, et al. (2018). Polymorphisms in the K13 Gene in Plasmodium
Falciparum From Different Malaria Transmission Areas of Kenya. Am. J. Trop.
Med. Hyg. 98, 1360-1366. doi: 10.4269/ajtmh.17-0505

Deng, S., Ruan, Y., Bai, Y., Hu, Y., Deng, Z., He, Y., et al. (2016). Genetic Diversity
of the Pvkl2 Gene in Plasmodium Vivax From the China-Myanmar Border
Area. Malar. J. 15, 528. doi: 10.1186/s12936-016-1592-z

de Pecoulas, P. E., Tahar, R., Ouatas, T., Mazabraud, A., and Basco, L. K. (1998).
Sequence Variations in the Plasmodium Vivax Dihydrofolate Reductase-
Thymidylate Synthase Gene and Their Relationship With Pyrimethamine
Resistance. Mol. Biochem. Parasitol. 92, 265-273. doi: 10.1016/S0166-6851
(97)00247-8

Dharia, N. V., Bright, A. T., Westenberger, S. J., Barnes, S. W., Batalov, S., Kuhen,
K., et al. (2010). Whole-Genome Sequencing and Microarray Analysis of Ex
Vivo Plasmodium Vivax Reveal Selective Pressure on Putative Drug Resistance
Genes. Proc. Natl. Acad. Sci. U.S.A. 107, 20045-20050. doi: 10.1073/
pnas.1003776107

Dondorp, A. M., Fanello, C. 1., Hendriksen, I. C. E., Gomes, E., Seni, A.,
Chhaganlal, K. D., et al. (2010). Artesunate Versus Quinine in the
Treatment of Severe Falciparum Malaria in African Children (AQUAMAT):
An Open-Label, Randomised Trial. Lancet 376, 1647-1657. doi: 10.1016/
S0140-6736(10)61924-1

Dondorp, A. M., Nosten, F., Yi, P., Das, D., Phyo, A. P., Tarning, J., et al. (2009).
Artemisinin Resistance in Plasmodium Falciparum Malaria. New Engl. J. Med.
361, 455-467. doi: 10.1056/NEJM0a0808859

Duraisingh, M. T., Drakeley, C. J., Muller, O., Bailey, R, Snounou, G., Targett,
G. A. T, et al. (1997). Evidence for Selection for the Tyrosine-86 Allele of the
Pfmdr 1 Gene of Plasmodium Falciparum by Chloroquine and Amodiaquine.
Parasitology 114, 205-211. doi: 10.1017/S0031182096008487

Fernandez-Becerra, C., Pinazo, M. J., Gonzalez, A., Alonso, P. L., del Portillo,
H. A., and Gascon, J. (2009). Increased Expression Levels of the Pvcrt-O and
Pvmdr] Genes in a Patient With Severe Plasmodium Vivax Malaria. Malaria J.
8:55. doi: 10.1186/1475-2875-8-55

Foote, S. J., Kyle, D. E., Martin, R. K., Oduola, A. M. J., Forsyth, K., Kemp, D. J.,
et al. (1990). Several Alleles of the Multidrug-Resistance Gene Are Closely
Linked to Chloroquine Resistance in Plasmodium-Falciparum. Nature 345,
255-258. doi: 10.1038/345255a0

Gama, B. E., de Oliveira, N. K. A., de Souza, J. M., Daniel-Ribeiro, C. T., and
Ferreira-da-Cruz, M. D. (2009). Characterisation of Pvmdrl and Pvdhfr Genes
Associated With Chemoresistance in Brazilian Plasmodium Vivax Isolates.
Memorias. Do. Inst. Oswaldo. Cruz. 104, 1009-1011. doi: 10.1590/S0074-
02762009000700012

Guerra, M., Neres, R, Salgueiro, P., Mendes, C., Ndong-Mabale, N., Berzosa, P.,
et al. (2017). Plasmodium Falciparum Genetic Diversity in Continental
Equatorial Guinea Before and After Introduction of Artemisinin-Based
Combination Therapy. Antimicrob. Agents Chemother. 61, €02556-02515.
doi: 10.1128/AAC.02556-15

Haldar, K., Bhattacharjee, S., and Safeukui, I. (2018). Drug Resistance in
Plasmodium. Nat. Rev. Microbiol. 16, 156-170. doi: 10.1038/nrmicro.2017.161

Hassett, M. R,, Riegel, A.o. P. v. C. R. T. P. M. I. E, Callaghan, P. S., Roepe, P. D.
(2017). Analysis of Plasmodium Vivax Chloroquine Resistance Transporter
Mutant Isoforms. Biochemistry 56, 5615-5622. doi: 10.1021/acs.
biochem.7b00749

Hastings, M. D., Porter, K. M., Maguire, J. D., Susanti, I., Kania, W., Bangs, M. J.,
et al. (2004). Dihydrofolate Reductase Mutations in Plasmodium Vivax From
Indonesia and Therapeutic Response to Sulfadoxine Plus Pyrimethamine.
J. Infect. Dis. 189, 744-750. doi: 10.1086/381397

Huang, Z., Li, R, Tang, T., Ling, D., Wang, M., Xu, D., et al. (2020). A Novel
Multistage Antiplasmodial Inhibitor Targeting Plasmodium Falciparum
Histone Deacetylase 1. Cell Discovery 6, 93. doi: 10.1038/s41421-020-00215-4

Imwong, M., Pukrittayakamee, S., Pongtavornpinyo, W., Nakeesathit, S., Nair, S.,
Newton, P., et al. (2008). Gene Amplification of the Multidrug Resistance 1
Gene of Plasmodium Vivax Isolates From Thailand, Laos, and Myanmar.
Antimicrob. Agents Chemother. 52, 2657-2659. doi: 10.1128/Aac.01459-07

Kim, Y. K., Kim, C., Park, 1., Kim, H. Y., Choi, J. Y., and Kim, J. M. (2011). Short
Report: Therapeutic Efficacy of Chloroquine in Plasmodium Vivax and the
Pvmdrl Polymorphisms in the Republic of Korea Under Mass
Chemoprophylaxis. Am. J. Trop. Med. Hyg. 84, 532-534. doi: 10.4269/
ajtmh.2011.10-0486

Laminou, I, Lamine, M., Arzika, I, Mahamadou, B., Gora, D., and Dieye, A.
(2018). Detection of Plasmodium Falciparum K13 Propeller A569G Mutation
After Artesunate-Amodiaquine Treatment Failure in Niger. J. Adv. Biol.
Biotechnol. 18, 1-8. doi: 10.9734/jabb/2018/42872

Lubell, Y., Riewpaiboon, A., Dondorp, A. M., von Seidlein, L., Mokuolu, O. A,
Nansumba, M., et al. (2011). Cost-Effectiveness of Parenteral Artesunate for
Treating Children With Severe Malaria in Sub-Saharan Africa. Bull. World
Health Organ. 89, 504-512. doi: 10.2471/BIt.11.085878

Lu, F., Lim, C. S., Nam, D. H,, Kim, K., Lin, K., Kim, T. S,, et al. (2011). Genetic
Polymorphism in Pvmdrl and Pvcrt-O Genes in Relation to In Vitro Drug
Susceptibility of Plasmodium Vivax Isolates From Malaria-Endemic Countries.
Acta Tropic. 117, 69-75. doi: 10.1016/j.actatropica.2010.08.011

Matlani, M., Kumar, A., and Singh, V. (2021). Assessing the In Vitro Sensitivity
With Associated Drug Resistance Polymorphisms in Plasmodium Vivax
Clinical Isolates From Delhi, India. Exp. Parasitol. 220, 108047. doi: 10.1016/
j.exppara.2020.108047

Melo, G. C., Monteiro, W. M., Siqueira, A. M., Silva, S. R., Magalhaes, B. M. L.,
Alencar, A. C. C,, et al. (2014). Expression Levels of Pvcrt-O and Pvmdr-1 Are
Associated With Chloroquine Resistance and Severe Plasmodium Vivax
Malaria in Patients of the Brazilian Amazon. PloS One 9, €105922.
doi: 10.1371/journal.pone.0105922

Mok, S., Stokes, B. H., Gnadig, N. F,, Ross, L. S., Yeo, T., Amaratunga, C,, et al.
(2021). Artemisinin-Resistant K13 Mutations Rewire Plasmodium
Falciparum’s Intra-Erythrocytic Metabolic Program to Enhance Survival.
Nat. Commun. 12, 250. doi: 10.1038/s41467-020-20805-w

Nair, S., Miller, B., Barends, M., Jaidee, A., Patel, J., Mayxay, M., et al. (2008).
Adaptive Copy Number Evolution in Malaria Parasites. PloS Genet. 4,
€1000243. doi: 10.1371/journal.pgen.1000243

Noedl, H. (2005). Artemisinin Resistance: How can We Find it? Trends Parasitol.
21, 404-405. doi: 10.1016/j.pt.2005.06.012

Noedl, H,, Se, Y., Schaecher, K., Smith, B. L., Socheat, D., Fukuda, M. M., et al.
(2008). Evidence of Artemisinin-Resistant Malaria in Western Cambodia. New
Engl. J. Med. 359, 2619-2620. doi: 10.1056/NEJMc0805011

Noedl, H,, Se, Y., Sriwichai, S., Schaecher, K., Teja-Isavadharm, P., Smith, B., et al.
(2010). Artemisinin Resistance in Cambodia: A Clinical Trial Designed to
Address an Emerging Problem in Southeast Asia. Clin. Infect. Dis. 51, E82-E89.
doi: 10.1086/657120

Nyunt, M. H,, Hlaing, T., Oo, H. W,, Tin-Oo, L. L., Phway, H. P., Wang, B., et al.
(2015). Molecular Assessment of Artemisinin Resistance Markers,
Polymorphisms in the K13 Propeller, and a Multidrug-Resistance Gene in
the Eastern and Western Border Areas of Myanmar. Clin. Infect. Dis. 60, 1208
1215. doi: 10.1093/cid/ciul160

Orjuela-Sanchez, P., de Santana Filho, F. S., Machado-Lima, A., Chehuan, Y. F.,
Costa, M. R., Alecrim, M., et al. (2009). Analysis of Single-Nucleotide
Polymorphisms in the Crt-O and Mdr1 Genes of Plasmodium Vivax Among
Chloroquine-Resistant Isolates From the Brazilian Amazon Region.
Antimicrob. Agents Chemother. 53, 3561-3564. doi: 10.1128/AAC.00004-09

Orjuela-Sanchez, P., Karunaweera, N. D., da Silva-Nunes, M., da Silva, N. S,,
Scopel, K. K. G., Goncalves, R. M., et al. (2010). Single-Nucleotide
Polymorphism, Linkage Disequilibrium and Geographic Structure in the
Malaria Parasite Plasmodium Vivax: Prospects for Genome-Wide
Association Studies. BMC Genet. 11, 65. doi: 10.1186/1471-2156-11-65

Roper, C., Pearce, R, Nair, S., Sharp, B., Nosten, F., and Anderson, T. (2004).
Intercontinental Spread of Pyrimethamine-Resistant Malaria. Science 305,
1124. doi: 10.1126/science.1098876

Rovira-Vallbona, E., Van Hong, N., Kattenberg, J. H., Huan, R. M., Binh, N. T. H,,
Ngoc, N. T. H,, et al. (2021). High Proportion of Genome-Wide Homology and
Increased Pretreatment Pvcrt Levels in Plasmodium Vivax Late Recurrences: A

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2021 | Volume 11 | Article 733788


https://doi.org/10.1086/426830
https://doi.org/10.1086/426830
https://doi.org/10.1186/s12936-018-2548-2
https://doi.org/10.4269/ajtmh.17-0505
https://doi.org/10.1186/s12936-016-1592-z
https://doi.org/10.1016/S0166-6851(97)00247-8
https://doi.org/10.1016/S0166-6851(97)00247-8
https://doi.org/10.1073/pnas.1003776107
https://doi.org/10.1073/pnas.1003776107
https://doi.org/10.1016/S0140-6736(10)61924-1
https://doi.org/10.1016/S0140-6736(10)61924-1
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1017/S0031182096008487
https://doi.org/10.1186/1475-2875-8-55
https://doi.org/10.1038/345255a0
https://doi.org/10.1590/S0074-02762009000700012
https://doi.org/10.1590/S0074-02762009000700012
https://doi.org/10.1128/AAC.02556-15
https://doi.org/10.1038/nrmicro.2017.161
https://doi.org/10.1021/acs.biochem.7b00749
https://doi.org/10.1021/acs.biochem.7b00749
https://doi.org/10.1086/381397
https://doi.org/10.1038/s41421-020-00215-4
https://doi.org/10.1128/Aac.01459-07
https://doi.org/10.4269/ajtmh.2011.10-0486
https://doi.org/10.4269/ajtmh.2011.10-0486
https://doi.org/10.9734/jabb/2018/42872
https://doi.org/10.2471/Blt.11.085878
https://doi.org/10.1016/j.actatropica.2010.08.011
https://doi.org/10.1016/j.exppara.2020.108047
https://doi.org/10.1016/j.exppara.2020.108047
https://doi.org/10.1371/journal.pone.0105922
https://doi.org/10.1038/s41467-020-20805-w
https://doi.org/10.1371/journal.pgen.1000243
https://doi.org/10.1016/j.pt.2005.06.012
https://doi.org/10.1056/NEJMc0805011
https://doi.org/10.1086/657120
https://doi.org/10.1093/cid/ciu1160
https://doi.org/10.1128/AAC.00004-09
https://doi.org/10.1186/1471-2156-11-65
https://doi.org/10.1126/science.1098876
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Tang et al.

Trends of Malaria Drug Resistance

Chloroquine Therapeutic Efficacy Study. Antimicrob. Agents Chemother. 65,
€0009521. doi: 10.1128/AAC.00095-21

Rungsihirunrat, K., Muhamad, P., Chaijaroenkul, W., Kuesap, J., and Na-
Bangchang, K. (2015). Plasmodium Vivax Drug Resistance Genes; Pvmdrl
and Pvcrt-O Polymorphisms in Relation to Chloroquine Sensitivity From a
Malaria Endemic Area of Thailand. Korean. ]J. Parasitol. 53, 43-49.
doi: 10.3347/kjp.2015.53.1.43

Sa, J. M., Kaslow, S. R., Moraes Barros, R. R., Brazeau, N. F., Parobek, C. M., Tao,
D., et al. (2019). Plasmodium Vivax Chloroquine Resistance Links to Pvcrt
Transcription in a Genetic Cross. Nat. Commun. 10, 4300. doi: 10.1038/
541467-019-12256-9

Sa, J. M., Yamamoto, M. M., Fernandez-Becerra, C., de Azevedo, M. F.,
Papakrivos, J., Naude, B., et al. (2006). Expression and Function of Pvcrt-O,
a Plasmodium Vivax Ortholog of Pfert, in Plasmodium Falciparum and
Dictyostelium Discoideum. Mol. Biochem. Parasitol. 150, 219-228.
doi: 10.1016/j.molbiopara.2006.08.006

Sinclair, D., Gogtay, N., Brand, F., and Olliaro, P. (2011). Artemisinin-Based
Combination Therapy for Treating Uncomplicated Plasmodium Vivax
Malaria. Cochrane Database Syst. Rev. (7), CD008492. doi: 10.1002/
14651858.CD008492.pub2

Singh, B., and Daneshvar, C. (2013). Human Infections and Detection of
Plasmodium Knowlesi. Clin. Microbiol. Rev. 26, 165-184. doi: 10.1128/
CMR.00079-12

Suwanarusk, R., Russell, B., Chavchich, M., Chalfein, F., Kenangalem, E.,
Kosaisavee, V., et al. (2007). Chloroquine Resistant Plasmodium Vivax: In
Vitro Characterisation and Association With Molecular Polymorphisms. PloS
One 2, €1089. doi: 10.1371/journal.pone.0001089

Talundzic, E., Okoth, S. A., Congpuong, K., Plucinski, M. M., Morton, L.,
Goldman, I. F,, et al. (2015). Selection and Spread of Artemisinin-Resistant
Alleles in Thailand Prior to the Global Artemisinin Resistance Containment
Campaign. PloS Pathog. 11, €1004789. doi: 10.1371/journal.ppat.1004789

Tantiamornkul, K., Pumpaibool, T, Piriyapongsa, J., Culleton, R., and Lek-Uthai,
U. (2018). The Prevalence of Molecular Markers of Drug Resistance in
Plasmodium Vivax From the Border Regions of Thailand in 2008 and 2014.
Int. J. Parasitology-Drugs. Drug Resist. 8, 229-237. doi: 10.1016/j.ijpddr.
2018.04.003

Tun, K. M., Imwong, M., Lwin, K. M., Win, A. A, Hlaing, T. M., Hlaing, T., et al.
(2015). Spread of Artemisinin-Resistant Plasmodium Falciparum in Myanmar:
A Cross-Sectional Survey of the K13 Molecular Marker. Lancet Infect. Dis. 15,
415-421. doi: 10.1016/S1473-3099(15)70032-0

Villena, F. E., Maguina, J. L., Santolalla, M. L., Pozo, E., Salas, C. J., Ampuero, J. S.,
et al. (2020). Molecular Surveillance of the Plasmodium Vivax Multidrug
Resistance 1 Gene in Peru Between 2006 and 2015. Malar. ]. 19, 450.
doi: 10.1186/s12936-020-03519-8

Wang, J., Huang, Y., Zhao, Y., Ye, R,, Zhang, D., and Pan, W. (2018). Introduction
of F4461 Mutation in the K13 Propeller Gene Leads to Increased Ring Survival
Rates in Plasmodium Falciparum Isolates. Malar. J. 17, 248. doi: 10.1186/
$12936-018-2396-0

Wang, Z. L., Shrestha, S., Li, X. L., Miao, J., Yuan, L. L., Cabrera, M., et al. (2015).
Prevalence of K13-Propeller Polymorphisms in Plasmodium Falciparum From
China-Myanmar Border in 2007-2012. Malaria J. 14, 168. doi: 10.1186/s12936-
015-0672-9

Wellems, T. E., and Plowe, C. V. (2001). Chloroquine-Resistant Malaria. J. Infect.
Dis. 184, 770-776. doi: 10.1086/322858

Wernsdorfer, W. H., and Noedl, H. (2003). Molecular Markers for Drug
Resistance in Malaria: Use in Treatment, Diagnosis and Epidemiology. Curr.
Opin. Infect. Dis. 16, 553-558. doi: 10.1097/00001432-200312000-00007

WHO (2015). World Malaria Report 2015 (Geneva: World Health Organization).

WHO (2020). World Malaria Report 2020 (Geneva: World Health Organization).

Xiao, B., Yin, S., Hu, Y., Sun, M., Wei, J., Huang, Z., et al. (2019). Epigenetic
Editing by CRISPR/dCas9 in Plasmodium Falciparum. Proc. Natl. Acad. Sci.
U.S.A. 116, 255-260. doi: 10.1073/pnas.1813542116

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Tang, Xu, Cao, Tian, Shao, Deng, Zhou and Xiao. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2021 | Volume 11 | Article 733788


https://doi.org/10.1128/AAC.00095-21
https://doi.org/10.3347/kjp.2015.53.1.43
https://doi.org/10.1038/s41467-019-12256-9
https://doi.org/10.1038/s41467-019-12256-9
https://doi.org/10.1016/j.molbiopara.2006.08.006
https://doi.org/10.1002/14651858.CD008492.pub2
https://doi.org/10.1002/14651858.CD008492.pub2
https://doi.org/10.1128/CMR.00079-12
https://doi.org/10.1128/CMR.00079-12
https://doi.org/10.1371/journal.pone.0001089
https://doi.org/10.1371/journal.ppat.1004789
https://doi.org/10.1016/j.ijpddr.2018.04.003
https://doi.org/10.1016/j.ijpddr.2018.04.003
https://doi.org/10.1016/S1473-3099(15)70032-0
https://doi.org/10.1186/s12936-020-03519-8
https://doi.org/10.1186/s12936-018-2396-0
https://doi.org/10.1186/s12936-018-2396-0
https://doi.org/10.1186/s12936-015-0672-9
https://doi.org/10.1186/s12936-015-0672-9
https://doi.org/10.1086/322858
https://doi.org/10.1097/00001432-200312000-00007
https://doi.org/10.1073/pnas.1813542116
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Ten-Year Molecular Surveillance of Drug-Resistant Plasmodium spp. Isolated From the China–Myanmar Border
	Introduction
	Materials and Methods
	Ethics Statement
	Subjects and Malarial Blood Sample Collection
	Preparation of DNA Template From Blood Samples
	Amplification of Drug-Resistance Gene
	SNP Statistics and Sequence Analysis

	Results
	The Geographical Origin of the Study Samples
	Artemisinin Resistance-Related Genes, Pfk13 and Pvk12
	CQ Resistance-Related Genes, Pfcrt, Pvcrt-o, Pfmdr1, and Pvmdr1
	Pyrimidine Resistance-Related Genes, Pfdhfr and Pvdhfr

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


