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Abstract

Background

The amplification of GTP cyclohydrolase 1 (pfgch1) in Plasmodium falciparum has been

linked to the upregulation of the pfdhfr and pfdhps genes associated with resistance to the

antimalarial drug sulfadoxine-pyrimethamine. During the 1990s and 2000s, sulfadoxine-

pyrimethamine was withdrawn from use as first-line treatment in southeast Asia due to clini-

cal drug resistance. This study assessed the temporal and geographic changes in the prev-

alence of pfdhfr and pfdhps gene mutations and pfgch1 amplification a decade after

sulfadoxine-pyrimethamine had no longer been widely used.

Methods

A total of 536 P. falciparum isolates collected from clinical trials in Thailand, Cambodia, and

Lao PDR between 2008 and 2018 were assayed. Single nucleotide polymorphisms of the

pfdhfr and pfdhps genes were analyzed using nested PCR and Sanger sequencing. Gene

copy number variations of pfgch1 were investigated using real-time polymerase chain reac-

tion assay.
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Results

Sequences of the pfdhfr and pfdhps genes were obtained from 96% (517/536) and 91%

(486/536) of the samples, respectively. There were 59 distinct haplotypes, including single

to octuple mutations. The two major haplotypes observed included IRNI-AGEAA (25%) and

IRNL-SGKGA (19%). The sextuple mutation IRNL-SGKGA increased markedly over time in

several study sites, including Pailin, Preah Vihear, Ratanakiri, and Ubon Ratchathani,

whereas IRNI-AGEAA decreased over time in Preah Vihear, Champasak, and Ubon Ratch-

athani. Octuple mutations were first observed in west Cambodia in 2011 and subsequently

in northeast Cambodia, as well as in southern Laos by 2018. Amplification of the pfgch1

gene increased over time across the region, particularly in northeast Thailand close to the

border with Laos and Cambodia.

Conclusion

Despite the fact that SP therapy was discontinued in Thailand, Cambodia, and Laos

decades ago, parasites retained the pfdhfr and pfdhps mutations. Numerous haplotypes

were found to be prevalent among the parasites. Frequent monitoring of pfdhfr and pfdhps

in these areas is required due to the relatively rapid evolution of mutation patterns.

Introduction

Malaria remains a serious public health concern worldwide, with 229 million cases reported in

2019 [1] Plasmodium falciparum has been responsible for a substantial number of severe clini-

cal cases and deaths. The spread of drug-resistant forms of P. falciparum has posed a serious

danger to malaria control efforts. In Thailand, sulfadoxine-pyrimethamine (SP) replaced chlo-

roquine (CQ) as the first-line treatment in 1973 due to widespread P. falciparum chloroquine

resistance. Moreover, the significant decline in the efficacy of SP in Thailand necessitated a

shift in the first-line treatment in 1991 [2]. In Cambodia, chloroquine (CQ) was used as the

first-line treatment in the middle of the 20th century and resistance to CQ was first reported in

the early 1960s [3]. Sulfadoxine-pyrimethamine (SP) then replaced CQ and was used for

approximately ten years until resistance to SP emerged in the late 1970s [4]. Chloroquine and

sulfadoxine-pyrimethamine can no longer be used in Cambodia due to persistence of molecu-

lar markers of resistance to these drugs [5]. Mefloquine was subsequently introduced as a first-

line treatment in the 1980s [6]. Mefloquine continues to be used as the partner drug in the

artemisinin combination therapy (ACT) artesunate-mefloquine (AM), which was adopted as

first-line treatment across most of the country around 2016. In Lao People’s Democratic

Republic (PDR), SP was a second-line drug but was rarely used until 2005. Artemether-lume-

fantrine (AL) is currently the first line of treatment [7].

SP serves as a synergistic inhibitor of folate in P. falciparum by targeting the enzymes dihy-

dropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) [8]. In vitro and in vivo

investigations have shown that SP resistance is mostly caused by amino acid point mutations

at codons N51I, C59R, S108N, and I164L of PfDHFR and S436A, A437G, K540E, A581G, and

A613S of PfDHPS [9]. Pfdhfr (dihydrofolate reductase) and pfdhps (dihydropteroate synthase)

gene mutations have been commonly employed as genetic indicators for SP resistance surveil-

lance [10, 11]. However, evidence has shown that the Asn mutation in DHFR codon 108 was

rather common [12]. Antifolate resistance has also been linked to the amplification of the gene
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for P. falciparum guanosine triphosphate cyclohydrolase 1 (pfgch1), which codes the key

enzyme, Guanosine triphosphate (GTP) cyclohydrolase I (GCH1). The enzyme catalyzes the

conversion of GTP into dihydroneopterin triphosphate (DHNP) in the folate pathway. An

increased copy number of the malaria parasite P. falciparum GCH1 gene has been reported to

influence antimalarial antifolate drug resistance evolution [13]. Although SP had been with-

drawn in Thailand for many years, antifolate and anti-sulfonamide resistance markers in fal-

ciparum malaria continue to be prevalent in Thailand’s border regions [14]. As such, studies

on the current status of antifolate and anti-sulfonamide resistance markers in P. falciparum in

Cambodia and Lao PDR are needed given that several factors, such as drug target, nature of

genes, and host/parasite genetic background, may affect the persistence of SP resistance differ-

ently after SP use is discontinued.

The current study aimed to determine the frequencies of pfdhfr and pfdhps gene mutations

and haplotypes in P. falciparum isolates from Thailand, Cambodia, and the Lao PDR, as well

as the prevalence of pfgch1 gene copy number variations, in order to determine the current sta-

tus of the SP resistance markers.

Methods

Specimen collection

Specimens were collected from Thailand (n = 144) in 2014 and 2016–2018; Cambodia

(n = 286) in 2008, 2011, and 2016–2018; and Lao PDR (n = 106) in 2010, 2011, 2013–2014,

and 2015. Our study protocol was approved by the Ethical Review Committee of the Faculty of

Tropical Medicine, Mahidol University (Bangkok, Thailand) (approval no. MUTM 2012-045-

05).

DNA extraction and PCR

Genomic DNA was extracted from samples collected from patients with confirmed P. falcipa-
rum infection. The pfdhfr and pfdhps genes were amplified through nested PCR, with the con-

ditions for amplification having been previously described [15–18]. The mutations in the

pfdhfr and pfdhps genes were subsequently detected by Sanger sequencing (Macrogen, Korea).

The pfgch1 gene amplification was analyzed using real-time PCR based on a previously

described protocol [19].

Statistical analysis

The pfdhfr, pfdhps, and pfgch1 gene copy numbers were described as the proportion of each

haplotype presented at each study site for each year. The changing trend in molecular markers

was analyzed by comparing the prevalence of markers over time according to year. Genetic

diversity within populations was estimated by computing haplotype diversity (H) diversity

[20]. Pearson’s chi-square test was used to compare proportions of haplotypes using SPSS ver-

sion 28.0 (IBM), with a p-value of 0.05 being considered statistically significant. The dominant

amino acid haplotypes were network calculated using the median joining method using Net-

work Software version 10.

Results

Prevalence of individual point mutations in pfdhfr and pfdhps
Sequences of the pfdhfr gene were obtained from 96.46% (517/536) of the samples. In Ubon

Ratchathani, Thailand, a high prevalence of N51I, C59R, and S108N was observed from 2014

to 2018. a significant increase in I164L mutations was found from 2014 (24/101) to 2018 (8/8)
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(p< 0.05; S1 Table). In Pailin, Preah Vihear, Pursat, Ratanakiri, and Stung Treng, Cambodia,

a high prevalence of N51I, C59R, and S108N mutants was observed over time. In Pailin, Preah

Vihear, and Ratanakiri, Cambodia, a significant increase in I164L mutation was identified

(p< 0.05). In Champasak, Lao PDR, a high prevalence of N51I, C59R, and S108N mutant

alleles was found. A significantly increased prevalence of I164L mutation (p< 0.05) was noted

over time in Champasak.

Sequences of the pfdhps gene were obtained from 90.67% (486/536) of the samples. In

Ubon Ratchathani, Thailand, a high prevalence of S436A, A437G, and K540E was observed in

2014 and 2016–2017. Moreover, a significantly increased amount of A581G was noted from

8% in 2014 to 100% in 2018 (S1 Table). No mutations in A613S were identified. A reduction in

S436A and A437G was found. In Cambodia, a high prevalence of A437G mutant was noted

over time. Moreover, a significant reduction in the K540E mutation was observed in Pailin

and Preah Vihear. No A613S mutations were found in Pailin, Preah Vihear, Pursat, and Rata-

nakiri. In 2018, A613S mutations were recently found in Stung Treng, near Attapeu and

Champasak, Lao PDR, where a high prevalence of A613S mutations had been found. Champa-

sak, Lao PDR had a high prevalence of A613S mutations in 2015 (63%).

Pfdhfr and pfdhps haplotypes

In this study, several pfdhfr haplotypes were reported, including wild type, single, double, tri-

ple, and quadruple mutations including NCNI, NRNI, ICNI, IRNI, NRNL, and IRNL. In

Ubon Ratchathani, Thailand, an increase in pfdhfr quadruple mutant alleles was observed

from 24% in 2014 to 100% in 2018 (S1 Fig), whereas a reduction in pfdhfr triple mutant alleles

was observed from 76% in 2014 to 0% in 2018. In Cambodia, an increase in pfdhfr quadruple

mutant alleles was found in Pailin and Preah Vihear. In Lao PDR, a high prevalence of triple

mutations was observed in Attapeu, Champasak, and Salavan. Quadruple mutations were

increased in Champasak.

The current study found several pfdhps haplotypes, including wild type, single, double, tri-

ple, and quadruple mutations. An increase in double mutations but a reduction in triple muta-

tions were observed in Ubon Ratchathani, Pailin, and Preah Vihear (S1 Fig). In Champasak,

an increase in quadruple mutant alleles was observed.

The pfdhfr and pfdhps haplotype diversity within populations was estimated [20]. The hap-

lotype diversity of the pfdhfr gene was increased in Preah Vihear, Pursat, Ratanakiri, Champa-

sak, and Ubon Ratchathani (Table 1). In 2017, a high haplotype diversity of pfdhfr and pfdhps
genes was observed in Champasak.

Allele combinations with pfdhfr–pfdhps alleles were analyzed, including single to octuple

mutations (Fig 1). Notably, the current study identified 59 distinct haplotypes (S2 Table).

Among them, two major haplotypes of pfdhfr and pfdhps were observed, namely IRNI-A-

GEAA (25.31%) and IRNL-SGKGA (19.25%). Across several study sites, including Ubon

Ratchathani, Preah Vihear, and Champassak, we observed a reduction in IRNI-AGEAA but

an increase in IRNL-SGKGA (Fig 2). Many study sites have shown an increase in both IRNI-

AGEAA and IRNL-SGKGA, including Pailin, Pursat, and Ratanakiri. The IRNL-SGKGA,

which had the highest prevalence observed in the current study, was firstly found in Pursat in

2011. Similarly, octuple mutations were first observed in Pursat in 2011 and then in close

study sites, such as Ratanakiri and Champasak by 2018 (S2 Table). Moreover, the dominant

haplotypes observed herein were analyzed using the haplotype network for visualizing the rela-

tionships among the amino acids within the parasite populations (Fig 3). In the haplotype net-

work (Fig 3), two main haplotypes emerged. The most abundant haplotype, IRNI-AGEAA,

was found in eight different sampling areas. Among several study sites, diversity was largest in
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Ratanakiri population, as evidenced by both the number of haplotypes found and the distances

between them.

The prevalence of pfdhfr 51I-59R-108N and pfdhps 437G-540E-581G were analyzed and

compared with those reported in previous studies available from the online database,

WWARN (www.wwarn.org/tracking-resistance/sp-molecular-surveyor). The pfdhfr 51I-59R-

Table 1. Haplotype diversity of pfdhfr and pfdhps in Thailand, Cambodia, and Lao PDR.

Study site Study year Haplotype diversity

pfdhfr pfdhps
Cambodia Pailin 2008 0.498 0.462

2017 0.280 0.249

Preah Vihear 2011 0.246 0.814

2016 0.286 0.000

Pursat 2011 0.370 0.761

2017 0.487 0.537

Ratanakiri 2011 0.442 0.876

2017 0.526 0.462

2018 0.562 0.800

Stung Treng 2018 0.346 0.918

Lao PDR Attapeu 2011 0.480 0.834

Champasak 2014 0.000 0.600

2015 0.504 0.713

Salavan 2013 0.345 0.822

Savannakhet 2010 0.500 0.500

2011 1.000 0.667

Thailand Ubon Ratchathani 2014 0.366 0.155

2016 0.495 0.143

2017 0.533 0.333

2018 0.000 0.000

https://doi.org/10.1371/journal.pone.0278928.t001

Fig 1. Frequencies of pfdhfr and pfdhps mutations in Thailand, Cambodia, and Lao PDR between 2008 and 2018.

https://doi.org/10.1371/journal.pone.0278928.g001
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108N allele was abundantly found in and around Ubon Ratchathani, Pailin, Preah Vihear, Pur-

sat, Ratanakiri, Stung Treng, Attapeu, Champasak, and Salavan (S2 Fig). Conversely, a lower

prevalence of the pfdhfr 51I-59R-108N allele was observed in Savannakhet. Compared to the

results of the pfdhfr 51I-59R-108N allele obtained from Chin, Banmauk, and Kayin, Myanmar,

those obtained from the current study showed a greater prevalence in the pfdhfr 51I-59R-108N

allele. In and around Ubon Ratchathani, Pailin, Preah Vihear, Pursat, Ratanakiri, Stung Treng,

Attapeu, Champasak, Salavan, and Savannakhet, a low prevalence of pfdhps 437G-540E-581G

alleles was observed. A high prevalence of the pfdhps 437G-540E-581G allele was found in

Kayin, Myanmar.

Prevalence of pfgch1 gene amplification

In Ubon Ratchathani, Thailand, an increase in pfgch1 gene amplification was observed from

2016 to 2018 (S1 Fig). Pfgch1 gene amplification was significantly increased in Ubon Ratch-

athani, Thailand (p< 0.05) but reduced slightly in Ratanakiri, Cambodia (p = 0.074). In Cam-

bodia, between 2016 and 2018, the pfgch1 gene were amplified in 14.29%, 63.67%, 47.06%, and

Fig 2. Changes in IRNL-SGKGA and IRNI-AGEAA frequencies of pfdhfr and pfdhps haplotypes between 2008

and 2018.

https://doi.org/10.1371/journal.pone.0278928.g002
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60% of samples from Preah Vihear, Pailin, Pursat, and Stung Treng, respectively. In Champa-

sak, the pfgch1 gene were amplified in 56.52% of samples collected in 2015. In addition, the

association between the pfgch1 gene amplification and pfdhfr-dhps mutation was analyzed and

showed a significant association between the pfdhps S436A and K540E and pfgch1 multiple

copies (p<0.05).

Discussion

Despite having withdrawn SP from Thailand, Cambodia, and Lao PDR for over decade, para-

sites have still carried the pfdrfr and pfdhps mutations. Since 2008, evidence from Pailin has

shown that parasites carried the pfdhfr triple mutations, namely N51I, C59R, and S108N.

Moreover, our findings showed an increase in quadruple mutation across Pailin, Preah Vihear,

Ubon Ratchathani, Champasak, and Ratanakiri. The increase in quadruple mutations at

codons 51, 59, 108, and 164 in pfdhfr confers high levels of resistance to PYR [21]. The results

obtained herein are consistent with those presented in previous studies, which showed that

most P. falciparum parasites carried triple or quadruple mutations of pfdhfr [22, 23]. Mutations

in pfdhfr attributed to the inhibition constant (Ki) for pyrimethamine had been previously

described, suggesting that quadruple mutations, including the I164L position, were critical for

the development of pyrimethamine resistance [24–27].

Pfdhfr gene mutations observed in the current study revealed a high prevalence of A437G

(80%–100%) since 8 to 10 years ago. Notably, S436A and K540E levels were lower in Pailin,

Preah Vihear, Pursat, Champasak, Salavan, Savannakhet, and Ubon Ratchathani. When the

triple mutation in pfdhfr is paired with the double-mutant pfdhps (A437G and K540E), the

probability of SP treatment failure increases by up to 75% based on previous studies [28, 29].

Moreover, the efficacy can also be strongly affected by host factors.

The current study identified 59 haplotypes using the pfdhfr and pfdhps genes together.

IRNI-AGEAA and IRNL-SGKGA were the two most common haplotypes found in this inves-

tigation. The IRNL-SGKGE haplotype increased over time across several study sites, suggest-

ing a shaping in parasite populations owing to some pressure on parasite populations. There

was likely selection of parasites with mutations that can confer resistance to the drugs, leading

to drug-selective sweeps. Previously, drug-selective sweeps have been reported to include

Fig 3. Haplotype network pfdhfr and pfdhps mutations in Thailand, Cambodia, and Lao PDR for visualizing the

relationships among the amino acids within the parasite populations.

https://doi.org/10.1371/journal.pone.0278928.g003
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mutations in P. falciparum chloroquine resistance transporter (PfCRT) and PfDHFR and

PfDHPS, thereby conferring resistance to chloroquine and pyrimethamine/sulfadoxine (PS),

respectively [30, 31]. The IRNI-AGEAA haplotype has three pfdhfr point mutations, N51I,

C59R, and S108N, as well as a combination of three pfdhps point mutations that may result in

a high chance of SP resistance or complete resistance [32]. The prevalence of this haplotype

was significantly reduced in Champasak and Ubon Ratchathani but increased in Pursat and

Ratanakiri. The Pfdhfr quadruple mutant IRNL-SGKGA haplotype offers a high level of resis-

tance to PYR [21]. This haplotype was first discovered in Pursat in 2011. Although several

study sites have exhibited a rise in this haplotype over time, the current study reported that the

two most common haplotypes of pfdhps were AGEAA and SGKGA across several study sites.

In contrast, a previous study found that the AGEAA triple mutants were predominant in Thai-

land from 2007 to 2008 albeit being rare SGKGA mutants [22]. Several factors can explain the

persistently high prevalence of antifolate resistance haplotypes observed in the current study,

including nature of gene, host/parasite genetic background, drug pressure from non-malarial

antifolate drugs, such as trimethoprim and sulfamethoxazole [33] as a part of the standard

package of care for people with HIV/AIDS [34, 35]; urinary tract infection [36]; and melioido-

sis [37]. The combination drug (trimethoprim/sulfamethoxazole) is still wildly and easily avail-

able at several local pharmacies throughout the study sites, particularly in Cambodia and Lao

PDR. Moreover, there may still be some use of SP outside of the national programs even SP

was stopped as national policy in the three countries. In addition, previous reports have shown

that human migration contributed to the spread of chloroquine-resistant malaria from south-

east Asia to Africa during the 1970s and SP resistance during the 1980s–1990s [38–40]. The

high pfdhfr and pfdhps haplotype diversity in Ratanakiri and Champasak implied a mixture of

parasite populations from Lao PDR and Cambodia/Thailand. These results suggest human

migration may contribute the SP resistance haplotype from one study site to another. More-

over, octuple mutations were initially discovered in Pursat in 2011 and later in the nearby

study locations of Ratanakiri and Champasak in 2015–2018. This octuple mutation combina-

tion of quadruple mutations in pfdhfr and quadruple mutations in pfdhps might confer high

levels of resistance to PYR [21, 28, 29]. The pfgch1 gene amplification in the parasites was

investigated and found that 7%-64% of the parasites in Ratanakiri, Preah Vihear, Pailin, Pursat,

and Stung Treng had the pfgch1 gene amplification in 2016–2018. In Ubon Ratchathani, 17%-

100% of the parasites had the pfgch1 gene amplification in 2017–2018 compared with a recent

study that found that 8% of the parasites in Ubon Ratchathani had the pfgch1 gene amplifica-

tion between 2008 and 2010 [14]. Furthermore, the parasites carry multiple copies of pfgch1
were also reported in Thai-Myanmar border in 2002–2003 and found that 72% of parasites

had the pfgch1 gene amplification [19]. The precise mechanism of antifolate treatment selected

for pfgch1 gene amplification remains uncertain. There were two possibilities 1) antifolate

treatment can directly select for pfgch1 amplification, and the amplified gch1 parasites may be

expected to be more resistant than those with a single copy [19]. Therefore, it may not be

expected to see associations with pfdhfr or pfdhps in the absence of drug selection if this were

the case. However, this study and others [19, 41], did observe the association between the

pfdhps S436A and K540E and pfgch1 multiple copies, therefore it is less likely. 2) pfgch1 ampli-

fication may compensate for reduced efficacy of pfdhfr and/or pfdhps enzymes with resistance

mutations downstream in the biosynthesis pathway [41]. Although Nair et al. discovered that

the associations between pfdhfr-164 and pfgch1 CNP strongly support involvement with pfdhfr
[19]. Based on our discovery of a significant association between pfdhps S436A and K540E and

pfgch1 multiple copies, this supports the idea that pfgch1 amplification compensates for fitness

effects. Even after SP was discontinued, the presence of amplified pfgch1 was observed exacer-

bating the resistant problem and may be assisting with maintaining these resistant parasites.
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Conclusion

Despite having withdrawn SP medication from Thailand, Cambodia, and Lao PDR for 10

years, P. falciparum parasites still contained the pfdhfr and pfdhps mutations. Among the para-

sites, several haplotypes were prevalent including IRNI-AGEAA and IRNL-SGKGA. More-

over, our findings suggested that octuple mutations had recently emerged from Cambodia

after determining the prevalence of pfgch1 gene amplification. Due to the relatively rapid evo-

lution of mutation patterns, these areas require frequent monitoring of pfdhfr and pfdhps.
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