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Abstract 47 

Background: Plasmodium malariae is an apicomplexan parasite that causes quartan malaria in 48 

humans but remains understudied despite its global distribution. Furthermore, growing evidence 49 

suggests that P. malariae infections are more prevalent than previously recognized. In this study, 50 

the genetic diversity of P. malariae circumsporozoite surface protein gene (pmcsp) in recently 51 

emerged Vietnamese P. malariae isolates was investigated. 52 

Methods: DNA samples of 116 P. malariae-infected patients in Khanh Hoa Province, Vietnam, 53 

collected during 2023–2024 were used. Full-length pmcsp was amplified and sequenced, and the 54 

genetic diversity and natural selection profiles of Vietnamese and global pmcsp were analyzed.  55 

Results: The two non-repeat terminal regions of Vietnamese pmcsp exhibited low genetic 56 

diversity, whereas the central repeat region (CRR) showed high genetic diversity due to variation 57 

in the number, composition, and arrangement of peptide repeat motif (PRM) species. Global 58 

pmcsp CRR also displayed extensive polymorphism in repeat length and PRM composition, 59 

though Vietnamese pmcsp CRR exhibited the greatest diversity. Although modest genetic 60 

differences were observed among pmcsp populations from Asia and Africa, no strong 61 

geographical bias was observed. 62 

Conclusion: Vietnamese pmcsp exhibits substantial genetic diversity despite the limited spatial 63 

and temporal range of isolates. Global pmcsp diversity is greater than previously recognized. 64 

Given the limited genetic information currently available for the global P. malariae population, 65 

studies with larger numbers of global P. malariae isolates from different origins are required to 66 

better understand the genetic nature and evolutionary aspects of the gene. 67 

Keywords: Plasmodium malariae, circumsporozoite surface protein, Vietnam, genetic diversity, 68 

natural selection69 
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Introduction 70 

Plasmodium malariae is an apicomplexan parasite that causes quartan malaria in humans. 71 

Although the global incidence of P. malariae infection is substantially lower than that of P. 72 

falciparum and P. vivax, P. malariae is found globally, including in Africa, South America, 73 

Asia, and the Western Pacific [1,2]. The infection is often asymptomatic and benign, which has 74 

resulted in this parasite being relatively neglected. However, it has been associated with chronic 75 

nephrotic syndrome, which can persist for years and result in death [3–5]. Nonetheless, P. 76 

malariae is often underdiagnosed due to low parasitemia and a lack of sensitivity of rapid 77 

diagnostic tests (RDTs). However, the development of novel molecular diagnostic techniques 78 

has increased interest in this parasite over the decades because they have shown that infections 79 

are more prevalent than previously understood [1]. While P. malariae is less common than P. 80 

falciparum and P. vivax, unlike these two parasites, it is not uniformly in decline and can cause 81 

significant regional outbreaks [1,6]. In addition, mixed infections with other Plasmodium 82 

species, particularly P. falciparum, are also common and present complex clinical, diagnostic, 83 

and therapeutic challenges [7]. Thus, P. malariae represents a persistent challenge to those 84 

attempting to eliminate malaria. 85 

The population structure of malaria parasites is affected by factors such as transmission intensity, 86 

geographic isolation, human migration, and selective pressure by control interventions [8]. 87 

Understanding the genetic diversity and population structure of the parasites is essential for 88 

monitoring their local and regional transmission patterns and the effect of public health 89 

interventions, and informs the design of malaria control and elimination strategies. For these 90 

reasons, global molecular studies have been conducted to investigate the population structures of 91 

P. falciparum and P. vivax, particularly to identify potential targets for vaccine development and 92 
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antimalarial drug resistance genes [9–15]. However, these studies largely excluded P. malariae, 93 

mainly due to its low endemicity and clinical sampling difficulties. A few studies have addressed 94 

the genetic diversity of P. malariae genes, including apical membrane antigen-1 (pmama-1), 95 

merozoite surface protein-1 (pmmsp-1), circumsporozoite surface protein (pmcsp), and 96 

thrombospondin-related anonymous protein (pmtrap), in limited numbers of P. malariae isolates 97 

[16–22]. Notably, these studies suggested substantial genetic diversity and regional 98 

differentiation, and thus highlighted the need to investigate P. malariae genes to understand the 99 

genetic nature of the global population of this parasite. 100 

Circumsporozoite surface protein (CSP) is abundantly expressed on the surface of the 101 

sporozoites of Plasmodium parasites and plays a pivotal role in sporozoite migration and 102 

hepatocyte invasion [23], suggesting its value as a vaccine. P. falciparum CSP (PfCSP) was 103 

subjected to a major component in the most advanced malaria vaccines, RTS,S/AS01 (RTS,S) 104 

and R21/Matrix-M (R21), endorsed by the World Health Organization (WHO) [24,25]. P. 105 

malariae CSP (PmCSP) shares structural features, consisting of three different regions, with 106 

PfCSP and P. vivax CSP (PvCSP). These regions include two relatively well-conserved terminal 107 

regions and a highly polymorphic central repeat region (CRR) [26]. Although studies have been 108 

performed to investigate the genetic diversity of pmcsp in P. malariae isolates [18,19,22,27,28], 109 

they have been limited by small sample numbers or have not provided sufficient information on 110 

the genetic diversity and evolutionary characteristics of pmcsp in the global P. malariae 111 

population. 112 

In this study, the genetic diversity of pmcsp in recently emerged P. malariae isolates in Khanh 113 

Hoa Province, Vietnam, was investigated to understand the genetic structure of this gene. 114 

Comparative analysis was also conducted using the 169 global pmcsp sequences known to date 115 
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to probe the genetic nature and evolutionary aspects of the gene in the global P. malariae 116 

population. 117 

Materials and methods 118 

Sample collection 119 

Genomic DNA samples were obtained from 116 dried blood spots of Plasmodium malariae-120 

infected patients in Khanh Hoa Province, Vietnam, in 2023–2024 [21]. P. malariae mono-121 

infection was confirmed by microscopic examination of thin and thick blood smears and 122 

validated using a species-specific polymerase chain reaction (PCR) for 18S ribosomal RNA [29]. 123 

Verbal informed consent was obtained from all participants prior to blood collection. The study 124 

protocol was reviewed and approved by the Ethics Committee of the Institute of Malariology, 125 

Parasitology and Entomology, Quy Nhon, Vietnam (Institutional Review Board approval number 126 

27/VSR-NCDT). 127 

Amplification of pmcsp 128 

Full-length pmcsp was amplified using nested PCR. The two pairs of primers were designed 129 

based on the nucleotide sequences of pmcsp from a reference strain (PmUG01; Genbank ID 130 

XM_029004694.1). The sequences of the primers and thermal conditions used for amplification 131 

are shown in Supplementary Table S1. All amplifications were performed using Ex Taq DNA 132 

polymerase (Takara, Otsu, Japan), which possesses proofreading activity, to minimize 133 

inadequate nucleotide misincorporation. Amplicons were visualized on 1.5% agarose gel, and 134 

each amplicon was purified from the gel and cloned into T&A vector (Real Biotech Corporation, 135 

Banqiao City, Taiwan). When multiple-sized amplicons were present in a sample, implying 136 

potential multiclonal infections, each amplicon was cloned separately. Each ligation mixture was 137 

transformed into Escherichia coli DH5α, and positive clones harboring cloned pmcsp were 138 
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selected using colony PCR. The nucleotide sequences of cloned pmcsp were analyzed by 139 

automated Sanger sequencing using M13 forward and reverse primers (Genotech, Daejeon, 140 

Korea). Plasmids from at least three different clones of each transformant were sequenced to 141 

verify sequence fidelity. Nucleotide sequences were deposited in the GenBank database under 142 

accession numbers PZ397962–PZ398135. 143 

Genetic diversity analysis of Vietnamese and global pmcsp 144 

The nucleotide and amino acid sequences of Vietnamese pmcsp were annotated using the Editseq 145 

and Seqman programs in DNASTAR software (DNASTAR, Madison, WI, USA). For 146 

annotation, the pmcsp sequence (Genbank ID: XM_029004694.1) was used as a reference. 147 

Multiplicity of infection (MOI) was determined by tallying alleles identified in each isolate. 148 

Segregating sites (S), haplotypes (H), haplotype diversity (Hd), nucleotide diversity (π), and 149 

average pairwise nucleotide differences (K) within a population were analyzed using DnaSP 150 

version 5.10.00 [30]. Synonymous (dS) and non-synonymous (dN) substitution rates were 151 

calculated using Nei and Gojobori's method with the Jukes-Cantor correction, employing 1,000 152 

bootstrap replications in MEGA6 [31]. A Z-test was used to assess significance—defined as a P 153 

value of < 0.05. Neutrality metrics, such as Tajima's D, Fu and Li's D, and Fu and Li's F, were 154 

calculated using DnaSP version 5.10.00 [30]. Results were regarded significant for P values < 155 

0.05. The haplotype network for the pmcsp population was generated using PopART 1.7 156 

software (http://popart.otago.ac.nz) employing the Median-Joining method. Bayesian analysis to 157 

determine the lineage of Vietnamese pmcsp was conducted using the STRUCTURE program 158 

[32]. The quantity of clusters (K), varying from 1 to 10, was assessed with a burn-in period of 159 

10,000 steps and 20,000 Markov chain Monte Carlo iterations. The best K value was ascertained 160 

using StructureSelector [32,33]. The genetic diversity and natural selection profiles of global 161 
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pmcsp populations were examined by incorporating 169 pmcsp sequences from Thailand, 162 

Myanmar, Lao PDR, Bangladesh, Malaysia, China, Kenya, Cameroon, Uganda, and Côte 163 

d'Ivoire (Supplementary Table S2). Countries with fewer than 5 pmcsp sequences were not 164 

analyzed individually because of limited statistical power, but were included in the 165 

intracontinental analysis. 166 

Results 167 

Amplification of Vietnamese pmcsp 168 

Amplification of pmcsp in Vietnamese P. malariae isolates exhibited amplicons varying from 169 

663 to 1371 base pairs. Of the 116 samples, 47 showed differently sized multiple amplicons—40 170 

had 2, 5 had 3, and 2 had 5 differently sized amplicons. All amplicons were successfully cloned 171 

and sequenced. A total of 174 different pmcsp sequences were obtained from the 116 172 

specimens—an estimated MOI of 1.5. 173 

Polymorphic patterns of the N- and T-terminal regions in Vietnamese pmcsp 174 

Amino acid changes in the N-terminal (N-T) and C-terminal (C-T) of Vietnamese pmcsp were 175 

analyzed. The N-T was generally well-conserved in the gene. Compared to the reference 176 

sequence (PmUG01; XM_029004694.1), only two amino acid substitutions, Q58R and N96S, 177 

were observed, each occurring in two sequences, while 170 sequences shared the amino acid 178 

sequence of the reference. This resulted in 3 distinct haplotypes (H1, H2, and H3), among which 179 

H1 was dominant (Fig. 1). The enzyme-cutting motif 97KLKQP101 [34] was well conserved 180 

across all sequences; C-T also exhibited few amino acid changes (Fig. 1). The most remarkable 181 

substitution was E295G, which was identified in all Vietnamese pmcsp sequences. Three amino 182 

acid changes, S301P, L313S, and I335M, were found in 2, 5, and 2 sequences, respectively, but 183 
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these were not detected concomitantly. Based on these amino acid substitution patterns, the C-T 184 

of Vietnamese pmcsp clustered into 4 different haplotypes (H1–H4), of which H1 was prevalent. 185 

Polymorphic patterns of the N- and C-T regions in the global pmcsp 186 

Like Vietnamese pmcsp, the global pmcsp population also exhibited highly conserved amino 187 

acid patterns in the N-T and C-T. Amino acid substitutions were identified in pmcsp from 188 

Myanmar, Thailand, Lao PDR, Kenya, and Cameroon, but only minor polymorphisms were 189 

observed in important regions, conserved region I (CR I; 93AVENKLKQ100) in the N-T and 190 

conserved region II (CR II; 303GPSEEHIKNYLESIRNS319), Th2R (320ITEEWSPCSVTCG332), 191 

and Th3R (339RKVDAKNKKPAELVLSDLE357) in the C-T (Fig. 2). No clear geographical 192 

lineage of these amino acid polymorphisms was identified among the sequences. 193 

Genetic diversity and natural selection of N-T and C-T in Vietnamese and global pmcsp 194 

The genetic diversity and natural selection trends of the N-T and C-T in global pmcsp were 195 

analyzed (Fig. 3; Table 1). Both the N-T and C-T of Vietnamese pmcsp had low Hd and  196 

values; Hd (N-T: 0.045 ± 0.022, C-T: 0.164 ± 0.038) and  (N-T: 0.0002 ± 0.0001, C-T: 0.0007 197 

± 0.0002). Global pmcsp exhibited various Hd and  values. Myanmar pmcsp exhibited the 198 

highest values of Hd at both N-T (0.913 ± 0.022) and C-T (0.805 ± 0.059). Thai pmcsp revealed 199 

the highest  at N-T (0.0126 ± 0.0027), while Myanmar pmcsp had the highest  at C-T (0.0196 200 

± 0.0042). African pmcsp had non-significantly higher Hd and  values than Asian pmcsp. 201 

Global pmcsp exhibited similar natural selection patterns. Tajima's D values of global pmcsp N-202 

T ranged from –1.887 (Malaysia) to 0.064 (Myanmar). Global pmcsp C-T also exhibited similar 203 

Tajima's D profiles, ranging from –1.983 (Cameroon) to –0.697 (Thailand). Tajima's D values 204 

for Asian pmcsp and African pmcsp also showed negative values at N-T and C-T; Asian pmcsp, 205 

N-T (–1.963, P < 0.05) and C-T (–2.416, P < 0.01), and African pmcsp, N-T (–1.846, P < 0.05) 206 
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and C-T (–2.151, P < 0.05). These findings suggest that purifying selection or selective sweep 207 

forces might have acted in the N-T and C-T of global pmcsp populations. Sliding window plots 208 

of  and Tajima's D provided more detailed information on these values across the N-T and C-T 209 

(Fig. 4). The N-T showed a low level of nucleotide diversity, except for the latter part, including 210 

CR I, which harbored 97KLKQP101, whereas the C-T exhibited a greater nucleotide diversity than 211 

the N-T, although no synchronized pattern was detected in the global pmcsp C-T. Negative 212 

Tajima's D values were detected in all global populations across the N-T and C-T, except for 213 

Myanmar and Thailand in the latter part of the N-T and C-T. 214 

Haplotype network and population structure of the N-T and C-T of global pmcsp 215 

Haplotype network analysis for each region was conducted to further investigate the genetic 216 

characteristics of the N-T and C-T in the global pmcsp population (Fig. 5). The N-T haplotype 217 

network exhibited 42 distinct haplotypes (H1–H42), among which H1 was the most dominant, 218 

shared by pmcsp sequences from a major proportion of Vietnam (170/174) and eight other 219 

countries, including PmUG01. The second major haplotype was H4, represented by sequences 220 

from five countries: Thailand, Myanmar, Lao PDR, Bangladesh, and Kenya. No geographical 221 

clustering was found in the N-T. On the other hand, the haplotype network of pmcsp C-T 222 

exhibited a geographically differentiated pattern. A total of 39 different haplotypes (H1–H39) 223 

were identified, of which H1 and H2 were the most dominant. H1, the largest haplotype, was 224 

predominantly represented by sequences from Asian countries, while H2 was predominantly 225 

represented by sequences from African countries and PmUG01. Interestingly, most Malaysian 226 

pmcsp C-T sequences clustered into the unique haplotype H24, although a few grouped into H2. 227 

Structure analysis revealed that global pmcsp N-T and C-T had two different origins, K1 and K2 228 

(ΔK = 9.21 for N-T and ΔK = 47.39 for C-T), respectively (Fig. 5). The Vietnamese and 229 
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Malaysian pmcsp N-Ts were highly uniform, being predominantly K2, while neighboring 230 

Southeast countries, such as Thailand, Myanmar, and Lao PDR, revealed different patterns of 231 

mixed K1 and K2. Meanwhile, African countries displayed distinct patterns, in which K2 was 232 

highly dominant in Cameroon, Côte d'Ivoire, and Uganda, and a mixed K1 and K2 pattern was 233 

detected in Kenya. For C-T, K1 was generally dominant in Asian countries, whereas K2 was 234 

dominant in African countries, suggesting a partial genetic bias by continent. 235 

Polymorphism patterns of the CRR in Vietnamese pmcsp 236 

The CRR of Vietnamese pmcsp exhibited an extremely high level of polymorphic features (Fig. 237 

6), and various PRMs contributed to its polymorphic patterns. Vietnamese pmcsp CRR contained 238 

17 different PRMs. Aside from the two major PRMs, NDAG and NAAG, 15 minor PRMs, 239 

including NVAG, TAAG, NAAS, DAAG, NATG, NTAG, NAAD, NAAE, NEAG, SAAG, 240 

SDAG, NSAG, NAVG, NGAG, and NAAR, were identified as CRR building blocks. Unusual 241 

sequences of NAAAG and AAG identified in the reference sequence (PmUG01) were not found 242 

in the Vietnamese pmcsp CRR. Different numbers, compositions, and arrangements of these 243 

PRMs generated a large number of polymorphisms in Vietnamese pmcsp CRR, resulting in 106 244 

distinct haplotypes (H1–H106). Each haplotype was constructed of a different number of PRMs, 245 

ranging from 1 to 62. H5 and H25 were the most dominant haplotypes, and were shared by 28 246 

(16.1%) and 24 (13.8%) sequences, respectively, while the remaining 104 haplotypes consisted 247 

of fewer than 3 sequences, usually just one sequence. 248 

Polymorphism patterns of the CRR in the global pmcsp 249 

Global pmcsp also exhibited highly polymorphic features in its CRR due to different 250 

arrangements of various PRM species. Vietnamese pmcsp CRR showed the greatest size 251 

polymorphisms of 46 different lengths, followed by Thai, Myanmar, and Kenyan pmcsp CRRs 252 
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with 13, 12, and 12, respectively (Fig. 7A and 7B). Bangladeshi, Chinese, Côte d'Ivoire, and 253 

Ugandan CRRs revealed size homogeneities, but these were not significant, as only one or two 254 

sequences were available for each country. The shortest CRR, which harbored only 1 PRM, was 255 

detected in Vietnamese pmcsp, while the longest, with 85 PRMs, was found in Kenyan pmcsp 256 

(Fig. 7A and 7B). The median length of PRMs in the Asian pmcsp CRR (median: 53) was longer 257 

than that in the African pmcsp CRR (median: 51). PRM species were also highly diverse in the 258 

global pmcsp CRR (Fig. 7C). A total of 32 different PRMs were identified in the global pmcsp 259 

CRR, of which two PRMs, NAAG and NDAG, were the most common and were shared across 260 

the global pmcsp CRR at high frequencies. The other 30 PRMs were detected in the global 261 

pmcsp CRR with varying distributions and country-specific frequencies. Seven PRMs, including 262 

NVAG, TAAG, NAAS, DAAG, NSAG, NAAD, and NAAE, were found in Vietnamese pmcsp 263 

alone. NAPG was commonly found in the CRRs of Asian countries, including Myanmar, 264 

Thailand, Lao PDR, and Bangladesh, but not in Vietnam. NEAG and NDEG were also common 265 

PRMs in Southeast Asian countries, but their frequencies were low. Overall, PRM species were 266 

more diverse in the Asian pmcsp CRR than in the African pmcsp CRR. 267 

Discussion 268 

Intraspecies sequence variations in the csp gene suggest extensive genetic diversity in global P. 269 

falciparum and P. vivax populations [35–37]. The N-T and C-T regions of pfcsp and pvcsp have 270 

been reported to be relatively well conserved, with low levels of genetic diversity across global 271 

populations [35–38]. Similarly, the N-T and C-T of global pmcsp revealed low levels of genetic 272 

diversity, although minor polymorphisms have been observed in CR I in the N-T and CR II, 273 

Th2R, and Th3R in the C-T of the global pmcsp. Both the N-T and C-T of Vietnamese pmcsp 274 

showed the lowest level of genetic diversity among the global population, as evidenced by low 275 
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Hd (0.045 ± 0.022 for N-T and 0.164 ± 0.038 for C-T) and π (0.0002 ± 0.0001 for N-T and 276 

0.0007 ± 0.0002 for C-T). In particular, Vietnamese pmcsp N-T and C-T exhibited much lower 277 

genetic diversity and milder natural selection than the genes of Thailand, Myanmar, or Lao PDR 278 

[19]. Although N-T and C-T showed low genetic diversity in the Vietnamese and global P. 279 

malariae populations, C-T exhibited slightly higher nucleotide diversity than N-T. The two T 280 

cell epitopes, Th2R and Th3R, are known to be the main targets of host immune responses, and 281 

this has resulted in substantial genetic diversity and a positive natural selection force in both 282 

pfcsp and pvcsp due to host immune attack [36–38]. However, the two regions in Vietnamese 283 

and global pmcsp revealed low genetic diversity and evidence of negative natural selection. This 284 

could be due to the small number of pmcsp sequences examined, or to a lack of host immune 285 

pressure due to the limited effects of natural selection forces. However, given the low 286 

transmission intensity of P. malariae, this should be investigated further. Such limited genetic 287 

variation may obscure geographical structuring, making it difficult to detect clear population 288 

differentiation in global pmcsp. Due to the low genetic diversity of N-T across global pmcsp, the 289 

haplotype network did not show a clear geographical bias among populations. However, 290 

Vietnamese and Malaysian pmcsp N-Ts formed a distinct cluster separated from other Asian 291 

pmcsp N-Ts. Structure analysis of global pmcsp N-T also indicated that Vietnamese and 292 

Malaysian pmcsp N-Ts share the African pmcsp N-T pattern rather than the Asian pattern.  293 

Meanwhile, the haplotype network and structure analyses of global pmcsp C-T exhibited a partial 294 

geographical bias between Asian and African populations, with mild genetic segregation 295 

between the two populations. Despite these genetic biases within global pmcsp C-T, the region 296 

was highly conserved in the global pmcsp population at the amino acid level. Given that the C-T 297 

contains putative T cell epitopes [36–38], the low genetic diversity of the region in the global 298 
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pmcsp population suggests its potential as a vaccine candidate for P. malariae, though further 299 

studies are needed to evaluate its potential as a vaccine candidate. 300 

Unlike the N-T and C-T of global pmcsp, its CRR exhibited considerable polymorphic character. 301 

Size polymorphisms, attributed to different numbers and arrangements of various PRM species, 302 

were major factors driving these polymorphisms. Overall, the Asian pmcsp population had a 303 

longer CRR than the African population, although the longest CRR was identified in Kenyan 304 

pmcsp. Vietnamese pmcsp CRR exhibited the greatest size-polymorphism features among global 305 

pmcsp, which was attributed to the different copy numbers of PRMs. This CRR consisted of 306 

more diverse species of PRMs, including 7 novel species (NVAG, TAAG, NAAS, DAAG, 307 

NSAG, NAAD, and NAAE) not previously reported, which rendered the greatest genetic 308 

heterogeneity. Unlike the CRRs of pfcsp and pvcsp, no clear evidence for deletion or insertion of 309 

strain-specific sequences was identified in the CRR of global pmcsp. Two types of PRMs, 310 

NAAG and NDAG, were predominant and commonly detected in the global pmcsp examined. 311 

Meanwhile, the minor PRMs exhibited uneven distributions across global pmcsp, resulting in 312 

genetic complexity in global pmcsp CRR. NAPG was proposed as a unique genetic bias that 313 

differentiates the Asian population—Bangladesh, Myanmar, Lao PDR, and Thailand—from the 314 

African population [19], but it was not identified in the Vietnamese population. This PRM was 315 

also not found in Malaysian pmcsp [18]. NAAG was also reported as a feature differentiating the 316 

Asian and African populations, as the Asian population was found to carry fewer copies of 317 

NAAG [19]. However, the Vietnamese population had a similar prevalence to African 318 

populations, and Malaysian pmcsp showed a high frequency of PRM copy-number variants 319 

similar to the African population [18]. Given the limited number of global pmcsp sequences, it is 320 

difficult to determine whether these PRMs genuinely act as genetic markers that differentiate 321 
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Asian and African pmcsp populations. Their potential value in defining population structure 322 

therefore requires reconsideration, and further studies are warranted. 323 

The high genetic diversity identified in Vietnamese pmcsp CRR is an interesting finding, given 324 

the population homogeneity of the P. malariae samples collected in restricted areas and the 325 

limited collection period. Due to heterogeneity in CRR, Vietnamese pmcsp exhibited significant 326 

size polymorphisms and genetic variation within the population, resulting in a high MOI of 1.5. 327 

The reason for this high genetic diversity of Vietnamese pmcsp is unclear, but the rapid 328 

transmission of P. malariae in restricted endemic areas over a short period and the high 329 

prevalence of gametocytes identified in patients [6] might enhance genetic recombination within 330 

the parasite genome. A similarly high MOI value of 1.23 in Vietnamese pmama-1 [21] supports 331 

this notion, but further studies with other genetic markers, such as microsatellites, are required to 332 

validate this possibility. 333 

This study has several limitations that warrant consideration. First, the number of global pmcsp 334 

sequences analyzed was small, and the times when sequences were generated varied. Second, the 335 

number of sequences from each country was unequal, undermining statistical reliability. In 336 

particular, only 1 or 2 sequences from Bangladesh, China, Uganda, and Côte d'Ivoire were 337 

included in the analysis. Therefore, it is recommended that the results on genetic diversity and 338 

neutrality for individual countries and the global pmcsp be interpreted cautiously. 339 

Conclusion 340 

This study is the first investigation conducted on the genetic diversity of pmcsp in Vietnamese P. 341 

malariae isolates. Despite the spatiotemporal homogeneity of the P. malariae isolates analyzed, 342 

Vietnamese pmcsp exhibited a high degree of genetic diversity. As was anticipated, the N-T and 343 

C-T of Vietnamese pmcsp showed low genetic diversity, but the CRR exhibited high diversity, 344 
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resulting in large-size polymorphisms and sequence variations. A comparative analysis of 345 

currently available global pmcsp sequences suggested substantial genetic diversity of the gene 346 

within the global P. malariae population, mainly due to CRR. However, no clear genetic bias by 347 

continent was identified. This study suggests that the genetic diversity of pmcsp in the global P. 348 

malariae population is greater than previously recognized and highlights the need for larger and 349 

more comprehensive studies using larger numbers of global P. malariae isolates from different 350 

origins to improve the understanding of the genetic nature and evolutionary aspects of the pmcsp 351 

gene in this parasite. 352 

 353 
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Figure Legends 533 

Fig. 1. Amino acid changes in the N-T and C-T of Vietnamese pmcsp. The positions of amino 534 

acid residues are marked based on the reference sequence, PmUG01 (GenBank ID: 535 

XM_029004694.1). Amino acid changes identified in Vietnamese pmcsp compared to the 536 

reference sequence are marked in red. Dots indicate residues that match the reference sequence. 537 

The conserved KLKQP motif, which is critical for sporozoite invasion of mosquito salivary 538 

glands and subsequent hepatocyte binding in Plasmodium [34], is underlined. The number of 539 

sequences corresponding to each haplotype is shown on the right. N-T, N-terminal; CRR, central 540 

repeat region; C-T, C-terminal. 541 

Fig. 2. Polymorphism patterns in the N-T and C-T of global pmcsp. The N-T and C-T of 542 

global pmcsp exhibited high genetic conservation with only a few amino acid substitutions. CR I, 543 

conserved region I; CR II, conserved region II; T-helper cell epitope 2R, Th2R; T-helper cell 544 

epitope 3R, Th3R. 545 

Fig. 3. Haplotype diversity, nucleotide diversity, and natural selection in global pmcsp.  546 

The values for individual countries and continents are represented by different colors. Tajima's D 547 

value for Cameroon is not presented, as the population had no natural selection signal. 548 

Fig. 4. Sliding window plots. The plots depict nucleotide diversity (π) and Tajima's D values 549 

across the two terminal regions of global pmcsp. A window size of 10 bp and a step size of 5 bp 550 

were applied. Patterns of π and Tajima's D for each country and continent are presented as lines 551 

of different colors. The positions of the CR I, CR II, Th2R, and Th3R regions in the N-T and C-T 552 

are marked by color bars. 553 

Fig. 5. Haplotype network and structure analysis of global pmcsp. Haplotype networks of N-554 

T and C-T of global pmcsp, along with the PmUG01 (GenBank ID: XM_029004694.1) reference 555 



26 

 

sequence. Country sequences are represented by different colors. Node sizes indicate the 556 

frequencies of specific haplotypes. The lengths of lines connecting nodes reflected the number of 557 

base pair substitutions between haplotypes. In the structure analysis, global pmcsp sequences 558 

were grouped into two distinct clusters, K1 and K2. Bars depict the proportion of the respective 559 

cluster. 560 

Fig. 6. Size polymorphism profiles in the CRR of Vietnamese pmcsp. The CRR of 561 

Vietnamese pmcsp exhibited considerable polymorphic characteristics attributed to different 562 

numbers, arrangements, and combinations of 19 distinct PRM species. A total of 106 distinct 563 

haplotypes were identified in Vietnamese pmcsp CRR, among which H5 and H25 were the most 564 

dominant. Each PRM is represented by a different color. The number of sequences 565 

corresponding to each haplotype is provided as a heatmap on the left. 566 

Fig. 7. Polymorphic characters of global pmcsp CRR. A Frequencies of the number of PRMs 567 

in global pmcsp CRR. Global pmcsp CRR was constructed with different numbers of PRMs. B 568 

Size polymorphisms of the CRR in global pmcsp. Variations in the number of PRMs led to size 569 

polymorphisms in pmcsp populations. C Composition of PRMs in the global pmcsp population. 570 

A total of 32 different PRMs were identified in global pmcsp. These PRMs were distributed in 571 

the global population with different patterns and frequencies, but NAAG and NDAG were 572 

common and consistently identified in the global population. The proportions of each PRM in 573 

individual countries are provided. 574 
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Table 1. Nucleotide diversity and neutrality in the N-T and C-T of the global pmcsp

Origin Region n K S Eta H Hd ± SD π ± SD dN – dS 
Tajima’s D 

(P value)

Fu & Li’s D 

(P value)

Fu & Li’s F 

(P value)

Vietnam 

N-T 

174 

0.05 2 2 3 0.045 ± 0.022 0.0002 ± 0.0001 0.000 
–1.213 

(P > 0.1)

0.646 

(P > 0.1)

0.068 

(P > 0.1)

C-T 0.17 4 4 5 0.164 ± 0.038 0.0007 ± 0.0002 –0.001 
–1.376 

(P > 0.1)

0.895 

(P > 0.1)

0.172 

(P > 0.1)

Thailand 

N-T 

44 

2.42 18 18 15 0.649 ± 0.082 0.0126 ± 0.0027 0.003 
–1.334 

(P > 0.1)

–1.068 

(P > 0.1)

–1.369 

(P > 0.1)

C-T 0.46 3 3 4 0.289 ± 0.086 0.0019 ± 0.0006 –0.002 
–0.697 

(P > 0.1)

0.905 

(P > 0.1)

0.497 

(P > 0.1)

Myanmar 

N-T 

40 

2.40 10 10 15 0.913 ± 0.022 0.0125 ± 0.0011 0.000 
0.064 

(P > 0.1)

–0.342 

(P > 0.1)

–0.250 

(P > 0.1)

C-T 4.83 37 39 16 0.805 ± 0.059 0.0196 ± 0.0042 –0.002 
–1.661 

(0.05 < P < 0.1)

–1.500 

(P > 0.1)

–1.846 

(P > 0.1)

Malaysia 

N-T 

26 

0.31 4 4 5 0.289 ± 0.115 0.0016 ± 0.0007 –0.001 
–1.887 

(P < 0.05)

–2.869 

(P < 0.05)

–2.996 

(P < 0.05)

C-T 1.12 7 7 6 0.465 ± 0.116 0.0046 ± 0.0014 –0.005 
–1.192 

(P > 0.1)

–1.406 

(P > 0.1)

–1.562 

(P > 0.1)

Asia* 

N-T 

291 

1.36 29 30 33 0.512 ± 0.035 0.0071 ± 0.0008 0.003 
–1.963 

(P < 0.05)

–3.428 

(P < 0.02)

–3.388 

(P < 0.02)

C-T 1.33 47 51 28 0.439 ± 0.037 0.0054 ± 0.0010 –0.001 
–2.416 

(P < 0.01)

–2.865 

(P < 0.05)

–3.205 

(P < 0.02)

Kenya 

N-T 

38 

2.33 17 19 14 0.785 ± 0.064 0.0121 ± 0.0032 –0.013 
–1.611 

(0.05 < P < 0.1)

–1.538 

(P > 0.1)

–1.844 

(P > 0.1)

C-T 0.93 9 9 7 0.644 ± 0.055 0.0038 ± 0.0008 0.005 
–1.667 

(0.05 < P < 0.1)

–2.970 

(P < 0.05)

–3.002 

(P < 0.05)

Cameroon 

N-T

12 

0 0 0 1 0.000 0.0000 0.000 ND ND ND

C-T 1.33 8 8 7 0.773 ± 0.128 0.0054 ± 0.0015 –0.002 
–1.983 

(P < 0.05)

–2.446 

(P < 0.02)

–2.641 

(P < 0.02)

Africa** N-T 52 1.74 17 19 14 0.638 ± 0.075 0.0091 ± 0.0026 –0.010 –1.846 –1.836 –2.182



(P < 0.05) (P > 0.1) (0.05 < P < 0.1)

C-T 1.07 16 16 13 0.694 ± 0.056 0.0043 ± 0.0007 0.003 
–2.151 

(P < 0.05)

–4.605 

(P < 0.02)

–4.460 

(P < 0.02)

*Included sequences from Vietnam (n = 174), Thailand (n = 44), Myanmar (n = 40), Malaysia (n = 26), Lao PDR (n = 4), Bangladesh (n = 1), and China (n = 2).

**Included sequences from Kenya (n = 38), Cameroon (n = 12), Côte d'Ivoire (n = 1), and Uganda (n = 1).

n, number of analyzed sequences; K, average number of nucleotide differences; S, number of segregating sites; Eta, total number of mutations; H = number of haplotypes; Hd, haplotype 

diversity; π, observed average pairwise nucleotide diversity; SD, standard deviation; dN, nonsynonymous mutation; dS, synonymous mutation; ND, not determined 
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