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Abstract
Background  Plasmodium falciparum merozoite surface proteins 1 (PfMSP1) and 2 (PfMSP2) are potential candidates 
for malaria vaccine development. However, the genetic diversity of these genes in the global P. falciparum population 
presents a significant challenge in developing an effective vaccine. Hence, understanding the genetic diversity and 
evolutionary trends in the global P. falciparum population is crucial.

Methods  This study analyzed the genetic variations and evolutionary changes of pfmsp1 and pfmsp2 in P. falciparum 
isolates from the Central Highland and South-Central regions of Vietnam. DNASTAR and MEGA7 programs were 
utilized for analyses. The polymorphic nature of global pfmsp1 and pfmsp2 was also investigated.

Results  A total of 337 sequences of pfmsp1 and 289 sequences of pfmsp2 were obtained. The pfmsp1 and pfmsp2 
from Vietnam revealed a higher degree of genetic homogeneity compared to those from other malaria-endemic 
countries. Remarkably, the allele diversity patterns of Vietnam pfmsp1 and pfmsp2 differed significantly from those 
of neighboring countries in the Greater Mekong Subregion. Declines in allele diversity and polymorphic patterns of 
Vietnam pfmsp1 and pfmsp2 were observed.

Conclusions  The Vietnam P. falciparum population might be genetically isolated from the parasite populations 
in other neighboring GMS countries, likely due to geographical barriers and distinct evolutionary pressures. 
Furthermore, bottleneck effects or selective sweeps may have contributed to the genetic homogeneity of Vietnam 
pfmsp1 and pfmsp2.
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Introduction
Malaria, an acute febrile disease caused by infections 
with Plasmodium parasites, continues to be a signifi-
cant global health challenge. According to the World 
Malaria Report 2023 from the World Health Organiza-
tion (WHO), there were 249 million global malaria cases, 
making an increase of 5 million from the previous year, 
and an estimated 608,000 deaths were reported in 2022 
[1]. Despite achievements in malaria control within the 
Greater Mekong Subregion (GMS) over recent decades, 
a surge in indigenous malaria cases from 90,082 to 
170,527 was observed between 2021 and 2022. Specifi-
cally, the number of P. falciparum cases almost doubled 
during this period, with instances rising from 16,490 to 
30,789 [1]. The rapid spread of antimalarial drug-resis-
tant P. falciparum strains in the GMS poses a significant 
challenge to the region’s efforts to eliminate falciparum 
malaria [2, 3]. Although notable reductions in malaria 
morbidity and mortality have occurred in Vietnam over 
the last two decades [4], the disease remains endemic in 
the central and southern provinces, particularly in the 
Central Highland region where P. falciparum is the pre-
dominant species [5]. A total of 3,200 malaria cases were 
reported in Vietnam in 2019, among which 3,110 were 
P. falciparum cases [1]. The malaria incidences in Viet-
nam have decreased sharply since 2019, but the epidemic 
has continued with fluctuating annual cases thereafter. 
Understanding the genetic makeup and evolutionary 
trends of the P. falciparum population in certain endemic 
areas is crucial as it provides valuable insights to the epi-
demiological patterns and genetic characteristics of the 
parasites.

P. falciparum merozoite surface proteins (PfMSPs) are 
multigene family proteins that are expressed on the sur-
faces of merozoites and sporozoites of the parasite and 
play critical roles in the invasion of the parasite into host 
cells [6]. Over 10 distinct genes encoding PfMSPs have 
been identified in P. falciparum, among which pfmsp1 
and pfmsp2 are the most intensively investigated due 
to their reliability as polymorphic markers. PfMSP1 is a 
transmembrane protein divided into 17 distinct blocks, 
with block II displaying the most significant polymor-
phic character [7, 8]. PfMSP1 is typically classified into 
three allelic variants, K1, MAD20, and RO33, based on 
the polymorphisms observed in block II [9, 10]. The K1 
and MAD20 types contain different tripeptide repeat 
sequences, and the variations in the repeat sequences and 
different numbers of repeats generate genetic polymor-
phisms within each of these types. While, RO33 has quite 
different sequences lacking typical repeat sequences. 
PfMSP2 consists of a central repeat region (CRR) flanked 
by conserved N-terminal and C-terminal regions and 
is classified into two distinct variants, 3D7 and FC27, 
depending on the sequence variations in the CRR [11, 

12]. In particular, high levels of size polymorphisms are 
identified in the two regions; R1 corresponding to the 
GSA-rich repeat units and R2 flanking the poly-thre-
onine stretch. Due to these polymorphisms in pfmsp1 
and pfmsp2, they are recognized as reliable polymorphic 
markers for studying genetic heterogenicity and evolu-
tionary aspects of the P. falciparum population [13, 14].

Comprehensive studies analyzing the genetic nature 
of pfmsp genes in P. falciparum isolates from countries 
in the GMS have been conducted [15–19]. These stud-
ies indicated substantial genetic heterogeneities of pfmsp 
genes in the P. falciparum population in the GMS. The 
genetic characteristics of pfmsp genes in Vietnam P. falci-
parum have been partially characterized [20–22]. Similar 
to the pfmsp genes from other GMS countries, those in 
Vietnam P. falciparum also appear to exhibit considerable 
genetic diversity. However, these prior studies were lim-
ited by their reliance on simple typing instead of sequenc-
ing analysis and by being outdated, suggesting they may 
not accurately reflect the current genetic composition of 
the genes in Vietnam P. falciparum population. In this 
study, we explored the genetic diversities of pfmsp1 and 
pfmsp2 in Vietnam P. falciparum isolates collected in the 
Central Highland and South-Central regions of Vietnam 
between 2018 and 2022. We also comparatively analyzed 
the genetic differences among pfmsp1 and pfmsp2 popu-
lations from Vietnam and other malaria-endemic coun-
tries, including GMS countries.

Materials and methods
Parasite samples and study area
A total of 382 blood samples were collected from P. falci-
parum-infected individuals residing in three provinces in 
the Central Highlands (Dak Lak, Dak Nong, and Gia Lai) 
and two provinces in the South-Central regions (Phu Yen 
and Khanh Hoa), Vietnam, during 2018–2022 (Fig.  1). 
P. falciparum infection was diagnosed by microscopic 
analysis of thin and thick blood smears. The dried blood 
filter (DBF) was prepared from each patient by finger-
prick method and P. falciparum infection was verified by 
a species-specific polymerase chain reaction (PCR) tar-
geting the 18S ribosomal RNA (rRNA) gene as reported 
previously [5, 23]. The study protocol was reviewed and 
approved by the Ethics Committee of the Ministry of 
Health, Institute of Malariology, Parasitology and Ento-
mology Quy Nhon, Vietnam (IRB Approval numbers: 
386/VSR-LSDT, 45/VSR-NCDT, and 637/VSR-NCDT).

Amplifications and sequence analyses of Vietnam pfmsp 
genes
Parasite DNA was isolated from each DBF using the 
QIAamp DNA Blood Kit (Qiagen, Hilden, Germany). 
Nested PCRs to amplify the pfmsp1 block II and pfmsp2 
block III were performed using the primer sets and 
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protocols described in previous studies [15, 17, 24]. 
Each PCR product was cloned into a T&A cloning vec-
tor (Real Biotech Corporation, Banqiao City, Taiwan) 
and transformed into Escherichia coli DH5α competent 
cells. The nucleotide sequences of the cloned gene were 
analyzed using the automated Sanger method with M13 
forward and reverse primers. The nucleotide sequences 
of Vietnam pfmsp genes have been deposited in the Gen-
Bank with the accession numbers: pfmsp1 (OR425413–
OR425789) and pfmsp2 (OR425790–OR426078).

Genetic diversity analysis
The nucleotide and inferred amino acid sequences of 
Vietnam pfmsp genes were analyzed using EditSeq and 
SeqMan in the DNASTAR package (DNASTAR, Madi-
son, WI, USA). Sequences were analyzed based on the 
reference sequences: MAD20 (GenBank No.: X05624.2), 
K1 (GenBank No.: NC_004330.2), and RO33 (GenBank 
No.: M55001.1) for pfmsp1; 3D7 (GenBank No.: X53832) 
and FC27 (GenBank No.: J03828) for pfmsp2. The pfmsp 

sequences obtained in this study were also comparatively 
analyzed with the previously reported pfmsp sequences 
from Vietnam and other countries including the GMS 
countries (Supplemental File 1: Table S1).

Results
Genetic diversity of Vietnam pfmsp1 block II
A total of 377 pfmsp1 block II sequences were success-
fully obtained from Vietnam P. falciparum, with MAD20 
alleles being overwhelmingly predominant (375/377, 
99.47%). Each of the K1 and RO33 alleles was identified 
only once, respectively (Fig.  2). Block II of the MAD20 
alleles comprised various combinations and arrange-
ments of seven distinct peptide repeat motifs (PRMs) 
of SGG, SVT, SVA, SKG, SSG, PVA, and TVA, yielding 
a total of 25 unique alleles of MAD20 (A1–A25). None 
of the allele shared the same PRM configuration with 
the reference sequence (X05624.2). The construction 
of each MAD20 allele varied, containing PRMs rang-
ing from 1 to 14. The two alleles, A14 and A20, were the 

Fig. 1  Map of blood collection areas. The blood samples used in this study were collected from P. falciparum-infected patients residing in five provinces 
of Vietnam from 2018 to 2022
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most prevalent, accounting for 180 and 139 sequences, 
respectively. Block II of the K1 allele also demonstrated 
genetic variation relative to the reference sequence 
(NC_004330.2) and contained only three PRMs: SAQ, 
SGT, and SGP. In contrast, block II of the RO33 allele was 
identical in sequence to the reference (M55001.1).

Genetic differences of pfmsp1 block II in the global 
population
The allelic diversity of Vietnam pfmsp1 block II was 
compared with those of other countries and previously 
reported Vietnam pfmsp1 (Fig.  3). The MAD20 alleles 
were predominant across all Vietnam pfmsp1 popula-
tions, a trend similarly observed in pfmsp1 populations 
of GMS countries, including Thailand and Myanmar, as 
well as Pacific countries such as the Philippines, PNG, 
and SI. Conversely, K1 alleles were primarily found in 
pfmsp1 populations from India, Africa, and South Amer-
ican countries. Notably, the RO33 allele was predominant 
in the Vanuatu pfmsp1 population. The global pfmsp1 

population displayed significant genetic heterogeneity 
in MAD20 and K1 alleles, attributed to various compo-
sitions and arrangements of PRMs. For MAD20 alleles, 
10 different PRMs including SGG, SVT, SVA, SKG, SSG, 
PVA, TVA, SGT, SGA, and SVG were identified globally 
(Fig.  4). These PRMs were unequally distributed, with 
SGG, SVT, and SVA universally present across all popu-
lations. Additionally, SKG and SSG appeared in Asia, the 
Pacific, and Africa, but were absent in South American 
populations. The five PRMs, namely PVA, TVA, SGT, 
SGA, and SVG, were uniquely identified in either Viet-
nam or Indian populations, with PVA and TVA being 
novel PRMs first detected in the Vietnam MAD20 alleles 
analyzed in this study. A similar variation in PRM distri-
bution was found in global K1 alleles (Fig. 4). A total of 17 
distinct PRMs were detected in global K1 alleles. Among 
these, SGT and SGP were consistently observed across 
all populations, while SAG was present in K1 alleles of all 
countries analyzed except Brazil. SGA occurred in some 
countries across Asia, Africa, and South America, but 

Fig. 2  Polymorphic patterns in Vietnam pfmsp1 block II. A total of 27 different alleles were found in Vietnam pfmsp1 block II, including 25 alleles for 
MAD20 type, 1 allele for K1 type, and 1 allele for RO33 type. Vietnam MAD20 block II consisted of seven different PRMs, including SGG, SVT, SVA, SKG, SSG, 
PVA, and TVA. Meanwhile, Vietnam K1 block II included three distinct PRMs: SAQ, SGT, and SGP. Vietnam RO33 block II had sequences identical to the refer-
ence sequence. The total number of isolates for each allele is indicated
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not in the Pacific region. The remaining 13 PRMs showed 
unique occurrence in specific countries such as India, 
Kenya, or Tanzania. These PRMs contributed to various 
combinations and arrangements within global MAD20 
and K1 alleles, resulting in significant size variations 
and genetic heterogeneity of pfmsp1 by country (Fig. 5). 
Worldwide, MAD20 alleles varied immensely, containing 
1 to 19 PRMs, with prevalent sizes ranging from 9 to 15 
PRMs in the global MAD20 population. In comparison, 
global K1 alleles exhibited even greater size diversity due 
to different compositions of PRM compositions, rang-
ing from 4 to 25. Each country displayed variability in 
the number of PRMs present, with pronounce size varia-
tions of PRMs in both MAD20 and K1 alleles notably in 
pfmsp1 from India and African countries.

Genetic diversity of Vietnam pfmsp2 block III
A total of 289 Vietnam pfmsp2 block III sequences were 
successfully obtained from the samples analyzed in 
this study. These sequences were categorized into 3D7 
types. They displayed polymorphic characters, form-
ing 7 distinct alleles (A1–A7) distinguished by sequence 
polymorphisms (Fig. 6). The A4 and A2 alleles were pre-
dominant, accounting for 52.2% (151/289) and 41.9% 

(121/289), respectively. In the E1 region, only four 
amino acid changes (T44E, N47K, P48T, and P49S) were 
observed, categorized into two groups of paired amino 
acid substitutions. Specifically, the T44E/P49S pair was 
present in 280 sequences (96.9%), while the N47K/P48T 
pair was found in 9 sequences (3.1%). Different numbers, 
types, and arrangements of PRMs were observed in the 
R1 region, contributing to the size polymorphisms of 
Vietnam pfmsp2 block III. GAGGSGSA, GGSGSA, and 
GAGASGSA served the fundamental units of PRMs. In 
the R2 region, all sequences exhibited poly-threonine 
(poly-T) signature characteristic of the 3D7 type. Alleles 
A1–A6 contained 8 threonines (T8), while A7 featured 
14 threonines (T14). Compared to the 3D7 reference 
sequence, a notable characteristic in the E3 region of all 
Vietnam pfmsp2 was the insertion of 11 amino acids at 
position 156: PKGKGEVQKPN for A1–A6 alleles and 
PKGNGGVQEPN for the A7 allele. Additionally, an 
amino acid change of E154K was identified in the A7 
allele.

Fig. 3  Allelic diversity of the global pfmsp1 block II. Different proportions of three pfmsp1 types including MAD20, K1, and RO33 were observed in the 
global pfmsp1 populations
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Genetic differences of pfmsp2 block III in the global 
population
The distribution of alleles in the current Vietnam pfmsp2 
was compared to pfmsp2 from Vietnam (1994 and 

2017‒2019) and other countries including Myanmar, 
Thailand, India, PNG, and Gambia (Fig.  7). All popula-
tions exhibited the presence of both allelic types of 3D7 
and FC27 in a substantial proportion except the current 

Fig. 5  Size polymorphism patterns of the global pfmsp1 block II. Size differences in the global pfmsp1 block II were caused by varying numbers of PRMs. 
The global MAD20 block II exhibited 17 different sizes with PRM counts ranging from 1 to 19. The global K1 block II displayed 20 different size polymor-
phisms resulting from distinct PRMs counts that ranged from 4 to 25

 

Fig. 4  PRM profiles of the global pfmsp1 block II. Differences in PRM types in the global MAD20 and K1 populations. MAD20 block II comprised 10 differ-
ent PRMs, while K1 block II included 17 distinct PRMs
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Vietnam and PNG. The previously reported Vietnam 
pfmsp2 (Vietnam 1994 and 2017‒2019) harbored both 
3D7 and FC27, though they shared overlapping col-
lection sites with the present study. Significant genetic 

diversity was observed in the global pfmsp2 block III. The 
regions of R1, R2, and E3 were the primary contributors 
to genetic diversity among and between pfmsp2 popu-
lations (Fig.  8). The R1 region exhibited exceptionally 

Fig. 7  Allelic diversity of the global pfmsp2 block III. In global populations, different proportions of two pfmsp2 subtypes, namely 3D7 and FC27, were 
evident

 

Fig. 6  Polymorphic patterns in Vietnam pfmsp2 block III. In Vietnam, seven distinct alleles of the 3D7 types (A1–A7) were identified in the pfmsp2 
population

 



Page 8 of 11Võ et al. BMC Infectious Diseases         (2024) 24:1216 

diverse polymorphisms, characterized by 16 different 
types of PRM with unequal arrangements and repeti-
tions (Fig. 8A). Three Asian pfmsp2 populations, Myan-
mar (2013‒2015), Thailand, and India, possessed all PRM 
types. The PNG and Gambia populations also included 
14 and 11 different PRM types, respectively. Notably, 
two Vietnam pfmsp2 populations exhibited distinct pat-
terns. While the Vietnam pfmsp2 analyzed in this study 
displayed only 3 PRM types, Vietnam (1994) pfmsp2 
comprised 10 different PRM types. In the R2 region, only 
two types of poly-T (T8 and T14) were identified in the 
Vietnam pfmsp2 population, whereas a variety of poly-T 
types were observed in the global population (Fig.  8B). 
The prevalence of poly-T types varied globally, with T8 
and T14 being the dominant species. Intriguingly, T8 
was markedly prevalent in the Vietnam pfmsp2 popula-
tion. The E3 region of pfmsp2 also demonstrated substan-
tial genetic diversity in the global population. A range 
of insertion types with diverse sequences was evident 
in the global pfmsp2 population (Fig.  8C). The PKGK-
GEVQKPN insertion appeared in all populations, albeit 
at varying frequencies by country. Additionally, pfmsp2 

sequences lacking insertion were present in the global 
population, excluding PNG.

Discussion
PfMSPs are key contenders in the development of vac-
cines against falciparum malaria; however, the extensive 
genetic diversity of these genes within the global P. fal-
ciparum population poses significant challenges to vac-
cine development. In our study, we examined the genetic 
polymorphisms of two pfmsp genes, pfmsp1 and pfmsp2, 
in P. falciparum isolates from Vietnam and compared 
their genetic diversities with those from other countries, 
including those in the GMS.

It has been previously suggested that pfmsp1 block II 
and pfmsp2 block III exhibit high levels of polymorphism 
[13, 14]. In contrast, our analysis revealed a marked 
genetic uniformity in the Vietnam pfmsp1 and pfmsp2 
genes, with the dominant presence of MAD20 alleles in 
pfmsp1 and 3D7 alleles in pfmsp2. This uniformity sets 
the Vietnamese isolates apart from their counterparts in 
neighboring GMS countries like Myanmar and Thailand. 
Notably, when compared with earlier analyses of the 

Fig. 8  Comparison of polymorphism patterns in the R1, R2, and E3 regions of the global pfmsp2 3D7 type. (A) Distinct PRM profiles in the R1 region. (B) 
Varied poly-T patterns in the R2 region. (C) Diverse insertion sequences in the E3 region. N/A, not available for analysis due to the sequence missing cor-
responding to the region
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Vietnam pfmsp1 and pfmsp2 populations (2017‒2019) 
[22], a significant reduction in allelic variation was noted 
in recent populations, despite their shared geographi-
cal origins. No mixed infections of pfmsp1 and pfmsp2 
were identified in the P. falciparum population ana-
lyzed in this study. However, in our previous study on 
the genetic makeup analysis of Vietnam pfmsp1, mixed 
infections with different alleles were detected [5], albeit 
at low frequencies. This discrepancy may be attributed 
to the preferred amplification and cloning of the major 
alleles in mixed infection samples, if present. Neverthe-
less, our study revealed that Vietnam pfmsp1 and pfmsp2 
exhibited a higher degree of genetic homogeneity com-
pared to those from other malaria-endemic countries. 
PRMs are significant factors in inducing genetic com-
plexity in Vietnam pfmsp1 and pfmsp2. Common PRMs 
identified in other global pfmsp1 and pfmsp2 populations 
were also found in Vietnam pfmsp1 and pfmsp2 as major 
PRMs. However, two novel PRMs (PVA, and TVA) that 
not been reported in global pfmsp1 were also discovered 
in Vietnam pfmsp1, though their prevalence was low. 
The most notable features in Vietnam pfmsp2 included 
the low diversity of PRM types in the R1 region and the 
exceedingly high frequency of a single type of insertion 
(PKGKGEVQKPN, 96.9%) in the E3 region. Compared 
to previous Vietnam sequences (1994) that exhibited 
more than five different insertion in the E3 region, only 
two types of insertion sequence (PKGKGEVQKPN 
and PKGNGGVQEPN) were identified in the Vietnam 
pfmsp2 analyzed in this study. Malaria prevalence and 
transmission intensity, particularly P. falciparum, have 
been sharply declined in the endemic areas of Vietnam 
in recent few years [1, 4], The recent decrease of overall 
genetic diversity in Vietnam pfmsp1 and pfmsp2 popu-
lations could be attributed to declined transmission 
intensity in the country, limiting genetic exchange and 
recombination in the population.

Differences in genetic diversity of other vaccine can-
didates between Vietnam and other GMS countries 
have previously been reported. The pattern of restricted 
genetic diversity in Vietnam’s P. falciparum is not con-
fined solely to MSP family genes but also extends to other 
genes. In Vietnam P. falciparum, pfama1 and pfeba-
175 demonstrated notably lower genetic diversity and a 
unique genetic profile compared to other GMS countries, 
such as Myanmar and Thailand [25, 26]. This phenom-
enon was not exclusive to P. falciparum genes. P. vivax 
circumsporozoite surface protein (pvcsp) of Vietnam 
also exhibited a distinct allelic pattern relative to pvcsp 
from other GMS countries [27]. The genetic distinctive-
ness of Vietnam’s Plasmodium populations compared 
to those of other GMS countries could be attributed to 
geographic feature. The Truong Son Range (Annamite 
Range), stretching approximately 1,100  km across the 

north and south of western Vietnam, may act as a topo-
graphical barrier that impedes the transmission of para-
sites and mosquito vectors between western Vietnam 
and eastern Laos and Cambodia [26]. Foehn effect across 
the Range also renders dissimilar environmental condi-
tions in the western and the eastern sides of the Range, 
resulting in different transmission settings that can influ-
ence transmission patterns and genetic dynamics of the 
parasites. Furthermore, this barrier could also restrict 
the migratory patterns of the human population, limit-
ing transmission. Due to these environmental factors, 
the Plasmodium population in Central Vietnam could be 
undergoing unique evolutionary changes, independent 
from those in the neighboring GMS countries, resulting 
in the distinctive genetic lineage. However, this study still 
presents limitations. The samples from GMS countries 
were collected at varying time points, which challenges 
the distinction of precise genetic variations in contempo-
rary P. falciparum populations. To better understand the 
genetic dynamics of Plasmodium species in this region, 
comprehensive examinations with larger-scale samples 
and more systematic methodologies are required, espe-
cially in Laos and Cambodia, which border Vietnam.

The results of this study also indicated a decrease the 
sequence diversity of Vietnam’s pfmsp1 and pfmsp2 
compared to earlier periods, potentially due to popula-
tion bottlenecks in the parasite population. The recent 
decrease in malaria cases in this endemic region, attrib-
uted to sustained control efforts, may lead to a bottleneck 
effect, significantly reducing genetic polymorphism [28]. 
Conversely, the reduction in polymorphism at these sites 
could result from a selective sweep, where newly devel-
oped directional selection favors certain alleles over oth-
ers [29].

Conclusion
Vietnam pfmsp1 and pfmsp2 exhibit less genetic diver-
sity than those from other malaria-endemic countries, 
including the GMS countries. Vietnam P. falciparum 
population is likely genetically isolated from the parasite 
populations in other neighboring GMS countries, pos-
sibly due to geographical barriers and unique evolution-
ary pressures. The bottleneck effect or selective sweep 
may contribute to the genetic homogeneity of Vietnam 
pfmsp1 and pfmsp2, which warrants further investiga-
tion. This study provides a comprehensive understanding 
of the genetic characteristics and population structure of 
the Vietnam P. falciparum population, but a more com-
prehensive analysis of the genetic diversity and evolu-
tionary aspects of the population is also necessary.
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