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Objectives

Plasmodium vivax is the most widespread Plasmodium spp. globally and the second most common cause of human malaria. However, very little is known about its biology due to the lack of continuous in vitro/ex vivo culture. In such circumstances, genomic studies provide an alternative for understanding the biology of P. vivax parasites. To date, most of the genomic studies on P. vivax have been based on Sal-I as a reference genome; however, with the recent release of the PvP01 and PvW1 reference genomes with higher quality and improved assemblies following continual improvements in annotation, the adoption of these genomes as a reference for genomic studies appears more advantageous. In this study, allelic differences in putative antimalarial drug resistance genes and vaccine candidate genes with assembly features of these three genomes are analyzed and summarized.





Methods

The nucleotide and amino acid sequences of five P. vivax putative antimalarial drug resistance genes and three vaccine candidate genes for all three reference genomes (i.e., Sal-I, PvP01, and PvW1) were retrieved from PlasmoDB and aligned together using MEGA11. Any differences in the nucleotide and codon sequences between the genomes were recorded.





Results

Various allelic differences in the putative antimalarial drug resistance and vaccine candidate genes between the three reference genomes were observed, which included the positions previously identified as candidate markers for these gene variants.





Conclusions

As antimalarial drug resistance genotyping studies rely on candidate genetic markers to classify resistant or sensitive parasites, knowledge of the allelic differences among references is important. Furthermore, the heterogeneity of the vaccine candidate genes should be taken into account when designing vaccines for P. vivax.
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1 Introduction

Among the five major human Plasmodium species, Plasmodium vivax remains one of the most important malaria parasite species in malaria-endemic regions outside Africa, contributing approximately 9.2 million malaria cases in 2023 (World Health Organization (WHO), 2024; Schneider and Escalante, 2013). The recent increase in the proportion of P. vivax cases observed in areas such as the Greater Mekong Subregion (GMS) suggests that P. vivax malaria could pose a major obstruction to the elimination of malaria (World Health Organization (WHO), 2024; World Health Organization (WHO), 2022). The development of resistance by malaria parasites against the currently available antimalarial drugs is one of the major issues that impede malaria control. Surveillance of these resistant parasites to track the emergence and spread of resistance is of enormous importance in order to effectively respond to the threat of antimalarial drug resistance. Among the various methods available for the genetic surveillance of drug-resistant parasites, targeted genotyping of the loci associated with drug resistance is the most widely employed because it is rapid and cost-effective (Buyon et al., 2021; Gen et al., 2021). Despite its importance, the molecular mechanism behind antimalarial drug resistance in P. vivax remains undetermined. Moreover, thus far, there are no validated molecular markers available for the monitoring of P. vivax drug resistance, even though various polymorphisms have been reported in putative drug resistance genes, viz., dihydrofolate reductase (Pvdhfr), dihydropteroate synthase (Pvdhps), multidrug resistance gene 1 (Pvmdr1), chloroquine resistance transporter (Pvcrt-o), and kelch 12 (Pvk12) (World Health Organization, 2020; Buyon et al., 2021). Although these mutations have not been linked to a drug sensitivity phenotype, they serve as candidate molecular markers for antimalarial drug resistance. In the case of P. vivax, most of the candidate molecular markers thought to be associated with antimalarial drug resistance so far have been largely based on P. vivax Salvador I (Sal-I), the first complete P. vivax reference genome (Carlton et al., 2008). The development of the P. vivax Sal-I reference genome and its release in 2006 marked a significant milestone in the genomics of P. vivax and served as a foundational resource for the generation of subsequent reference genomes. Recently, with the release of the PvP01 (PNG isolate-2016) and PvW1 (Thailand isolate-2021) reference genomes that have improved assemblies and continual improvements with annotation thereafter, it appears a prudent decision for researchers to also utilize these high-quality genomes as reference for molecular studies (Auburn et al., 2016; Minassian et al., 2021; Goo, 2022). As pointed out by the WHO—”molecular markers are an asset for confirming resistance, in the analysis of trends and as an early warning signal”—it is important to understand the allelic variations between the Sal-I, PvP01, and PvW1 reference genomes with respect to the previously reported candidate molecular markers for the P. vivax antimalarial drug resistance genes (World Health Organization, 2020). In addition, compared with the well-researched Plasmodium falciparum, there is a massive lack of knowledge with regard to vaccine development in P. vivax (da Veiga et al., 2023). One of the most significant obstacles encountered in the development of vaccines against P. vivax is the high genetic diversity of the candidate vaccine antigens, resulting in allele- or strain-specific immune response, suggesting that a detailed understanding of genetic diversity is crucial for the selection of ideal candidates for vaccine development (Draper et al., 2018; da Veiga et al., 2023). Currently, different P. vivax vaccines at various stages of development utilize the Sal-I sequence; therefore, it is important to point out the allelic differences of these vaccine candidates with respect to other reference genomes that have recently been made available (Payne et al., 2017; Singh et al., 2018). In this brief overview, the allelic differences in five P. vivax putative antimalarial drug resistance genes and three most promising vaccine candidate genes between the three reference genomes are analyzed. In addition, the assembly features of the three major P. vivax reference genomes (i.e., Sal-I, PvP01, and PvW1) are summarized (Tables 1, 2; Supplementary Table S1).


Table 1 | Allelic variations in the Plasmodium vivax antimalarial drug resistance genes between the Sal-I, PvP01, and PvW1 reference genomes with codon positions and gene IDs.




Table 2 | Allelic variations in the vaccine candidate genes between the Sal-I, PvP01, and PvW1 reference genomes with codon positions and gene IDs.






2 Materials and methods

The nucleotide and amino acid sequences of the P. vivax putative drug resistance genes (Pvdhps, Pvdhfr, Pvmdr1, Pvcrt-o, and Pvk12) and three vaccine candidate genes, viz., circumsporozoite surface protein (Pvcsp), duffy binding protein (Pvdbp), and ookinete surface protein (Pvs25), for all three reference genomes (Sal-I, PvP01, and PvW1) were obtained from PlasmoDB, 68th release, May 7, 2024 (https://plasmodb.org/) (Amos et al., 2022). The study utilized the following genome versions: Sal-I (GCA_000002415.2), PvP01 (GCA_900093555.2), and PvW1 (GCA_914969965.1). The nucleotide sequences of each gene from the three reference genomes were aligned together using the ClustalW multiple sequence alignment in MEGA11 with a BLOSUM62 scoring matrix. Differences in the nucleotide positions were determined (Tamura et al., 2021). Similarly, the amino acid sequences from the three reference genomes were aligned, and any differences in codon were noted. Quality control measures were implemented during the alignment analysis process, including manual inspection of alignment for consistency and accuracy and the exclusion of poorly aligned regions, particularly in the terminal ends of some gene sequences. The results obtained are summarized in Tables 1, 2. Furthermore, the assembly features of all three reference genomes are collated and listed in Supplementary Table S1.




3 Results and discussion

On analysis, various candidate single nucleotide polymorphisms (SNPs) of antimalarial drug resistance were observed in the Pvdhfr, Pvdhps, and Pvmdr-1 genes of the PvP01 and PvW1 reference genomes (Table 1) (Pornthanakasem et al., 2016; Chaturvedi et al., 2021; Ferreira et al., 2021). In the Pvdhfr gene, an allelic difference was observed between Sal-I, PvP01, and PW1 at four codon positions, i.e., 57, 58, 61, and 117 (Table 1). In Sal-I and PvP01, the Pvdhfr gene at codon position 57 translates into F, whereas the same position translates into L in PvW1. Similarly, codon position 58 translates into S in Sal-I, but into R in both PvP01 and PvW1. Allelic differences at codon positions 61 and 117 in the Pvdhfr gene were also observed. The mutations at codon positions 57, 58, 61, and 117 in the Pvdhfr gene, identified as F57L, S58R, T61M, and S117N/T, respectively, are considered key candidate markers for pyrimethamine resistance in P. vivax due to their high prevalence in regions such as Southeast Asia, where pyrimethamine resistance has been extensively reported, indicating their significance in genetic surveillance and resistance monitoring efforts (Chaturvedi et al., 2021). Allelic variations were observed at two codon positions, i.e., 205 and 383, in the Pvdhps gene. Codon 205 translates into M in Sal-I and PvP01, but into I in PvW1. Similarly, the codon at position 383 codes for A in Sal-I and PvW1, whereas it codes for G in PvP01. Mutations M205I and A383G in the Pvdhps gene are commonly observed in areas where sulfadoxine resistance is prevalent and are important candidate mutations for sulfadoxine resistance in P. vivax (Benavente et al., 2021; Chaturvedi et al., 2021). Allelic differences at five codon positions were identified, viz., 698, 908, 958, 976, 1076, and 1450, in the Pvmdr1 gene between Sal-I, PvP01, and PvW1 (Table 1). Mutations at corresponding gene positions are commonly reported in the Pvmdr1 gene (i.e., G698S, M908L, T958M, Y976F/V, F1076L/I/T, and S1450L), with the most prevalent being Y976F/V and F1076L/I/T (Ferreira et al., 2021). For Pvcrt-o and Pvk12, no allelic differences were observed among the three reference genomes (Table 1).

Comparison of the three most promising vaccine candidate genes (i.e., Pvcsp, Pvdbp, and Pvs25) between the three reference genomes revealed varying levels of heterogeneity (Draper et al., 2018; da Veiga et al., 2023). Pvcsp is a key pre-erythrocytic stage vaccine candidate, with two formulations—VMP001 and peptides N, R, and C—currently undergoing early-phase clinical trials (da Veiga et al., 2023). The pre-erythrocytic stage represents a critical bottleneck in the Plasmodium life cycle, with minimal parasitemia levels, and csp, the major sporozoite surface protein, being directly exposed to host antibodies during migration to the liver, positioning Pvcsp-based vaccines at the forefront of P. vivax research (De et al., 2021). However, the highly polymorphic nature of Pvcsp, which leads to strain-specific immune responses, presents a significant challenge, making the heterogeneity of Pvcsp a crucial factor in vaccine design. Based on the repetitive sequences at the central region, three different variants of the gene have been described, viz., VK210, VK247, and P. vivax-like (Gimenez et al., 2021). Upon comparison, the VK210-type repeats were observed to be present in all three reference genomes (Sal-I, PvP01, and PvW1) (Table 2). An essential consideration in the development of an effective Pvcsp-based P. vivax vaccine is the inclusion of all three repeat types present. Pvdbp is an important molecule that plays a role in reticulocyte invasion by the parasite, making it a crucial candidate for blood-stage vaccine (da Veiga et al., 2023). The cysteine-rich region II of Pvdbp, which is responsible for erythrocyte binding, has been utilized in the development of various Pvdbp-based vaccines. Two such vaccines, PvDBPII/GLA-SE and ChAd63/MVA PvDBP RII, have completed phase I clinical trials (da Veiga et al., 2023). It is critical to acknowledge that both vaccines are based on Sal-I alleles, with strain-specific immune responses having been observed (Cole-Tobian et al., 2009; De et al., 2021; da Veiga et al., 2023). This underscores the necessity to incorporate multiple Pvdbp variant alleles in the design of a vaccine with broader specificity, capable of inducing strain-transcending immunity. Amino acid differences at various positions of the gene, including the DEK epitope in region II of Pvdbp, were observed (Table 2) (da Veiga et al., 2023). The DEK epitope is a key B-cell site in the polymorphic region II of Pvdbp, which is crucial as it is targeted by human inhibitory antibodies that block the invasion of P. vivax into red blood cells. However, its polymorphism poses a challenge as it enables immune evasion, necessitating vaccine strategies that address this variability (Chootong et al., 2009). Upon analysis of the transmission blocking vaccine candidate Pvs25, high conservation was observed between the three reference genomes, with only two amino acid differences at codon positions 130 and 131 (Table 2) (Miyata et al., 2011). Phase I clinical trials of Pvs25-based vaccines yielded promising results, indicating the potential of the Pvs25 protein to elicit an immune response. However, a clinical trial involving Pvs25 formulated with the adjuvant Montanide ISA 51 resulted in notable reactogenicity (Malkin et al., 2005; Wu et al., 2008; da Veiga et al., 2023). Therefore, the identification of an optimal adjuvant combination that enhances vaccine efficacy while minimizing adverse reactogenicity remains a critical area of focus for the future development of Pvs25-based vaccines.

The Sal-I genome, which was derived from a monkey-adapted strain, serves as a foundational framework for the understanding of P. vivax, but may not fully represent the genetic diversity observed in wild isolates due to its adapted nature. PvP01, a reference genome derived from a Southeast Asian isolate, captures regional genetic variations, offering insights into the biology of P. vivax in populations with specific ecological and immunological pressures. Along with PvP01, PvW1 represents a wild parasite isolate with minimal adaptation and might provide a closer reflection of natural P. vivax populations. Supplementary Table S1 presents a comprehensive comparison of the genome assembly statistics across the three reference genomes, including their assembly features, their origin, the release year, and the sequencing platforms used. It highlights the progression in the reference genomes of P. vivax from the historical Sal-I to PvP01 and PvW1, showcasing significant improvements in sequencing technologies and genome assembly over time. PvP01 and PvW1 feature higher assembly completeness, fewer unassigned scaffolds, and richer gene annotations compared with the older Sal-I genome. The fewer unassigned scaffolds in the PvW1 assembly highlight the advantages of using a hybrid sequencing approach that combines long reads (PacBio) and short reads (Illumina) for the generation of more complete reference assemblies.




4 Conclusions

Molecular markers of antimalarial drug resistance are of immense importance as they strengthen the pillars of drug resistance monitoring. Allelic variations influence gene expression, antigenic variation, and host–pathogen interactions, highlighting the importance of using diverse genomes to study host specificity, immune evasion, and other biological traits. The present study summarizes the existing allelic differences between the Sal-I, PvP01, and PvW1 reference genomes with respect to the major putative antimalarial drug resistance and vaccine candidate genes, aiming at raising awareness of the polymorphisms observed as drug resistance mechanisms and vaccine efficacy are highly influenced by genomic variability. Hitherto, the phenotype of any P. vivax reference strains is unknown, and any reported mutations in its putative antimalarial drug resistance genes have not been clearly linked to resistance, primarily due to the lack of long-term in vitro culture of these parasites. Nonetheless, candidate SNPs that are commonly observed during the genotyping of putative genes are of immense significance in the current scenario as they serve as an important genetic surveillance tool in the absence of any other cost-effective approach. Furthermore, during the design of vaccines, it is crucial to take into account the heterogeneity of the candidate vaccine antigen as variations in the antigen-encoding genes could result in allele- or strain-specific immune response, reducing the overall efficacy of the vaccine. Future research should focus on the expansion of the P. vivax reference genome by incorporating a broader array of isolates from diverse geographical regions in order to create a more comprehensive pan-genome. This effort could significantly enhance the precision of genomic analyses, providing a thorough understanding of the global genetic variability of the parasite. Consequently, it would enable more accurate interpretations of the population structure, the evolutionary dynamics, and the identification of potential markers for drug resistance and vaccine development.




5 Limitations

Although the utility of a different reference genome varies with the research context, with each offering distinct advantages and limitations, it is important to be aware of the genomic architecture of the reference strains under use as it makes the base for all omics studies. It is important to be cautious when using PvP01 and PvW1 as a reference for genotyping studies as alignment software programs might identify mutations at the abovementioned codon positions as the wild type will result in an incorrect interpretation of the results.
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Amino acid® (nucleotide)

Codon
position Sal-I PvPO1 PYW1
57 F (TTC) F (TTC) L (TTA)
58 S (AGC) R (AGG) R (AGG)
¥ Pvdhfr Pyr PVX_089950 PVP01_0526600 = PVW1_050031800
61 T (ACG) T (ACG) M (ATG)
117 S (AGC) N (AAC) T (ACC)
205 M (ATG) M (ATG) 1(ATA)
2 Pvdhps Sdx PVX_123230 PVPO1_1429500 PVW1_140035700
383 A (GCC) G (GGC) A (GCC)
698 G (GGC) S (AGC) S (AGC)
908 M (ATG) L (CTG) L (CTG)
958 T (ACG) M (ATG) M (ATG)
3 Pvmdrl | MQ,CQ  PVX_080100 = PVP01_1010900 = PVW1_100035000
976 Y (TAC) F (TTC) Y (TAC)
1076 F (TTT) L (CTT) L (CTT)
1450 S (TCG) S (TCG) L(TTG)
4 Pvcrt-o cQ PVX_087980 PVP01_0109300 PVW1_010013400 NA NA NA NA
5 Pyvki2 ART PVX_0833080 PVP01_1211100 = PVWI_120025700 NA NA NA NA

Pyr, pyrimethamine; Sdx, sulfadoxine; MQ, mefloquine; CQ, chloroquine; ART, artemisinin; NA, not applicable.
*Standard single-letter amino acid abbreviation.
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379 L (TTA)
402 S (TCA)
577 Q (CAA)
610 K (AAA)
673 R (AGG)
685-693 Deletion
875 A (GCA)
935 D (GAT)
989 Y (TAT)
994 L (CTT)
130 1 (ATC)
131 Q (CAA)

‘The differences observed in region 11 of Pvdbp are shaded with a light green color (which includes the DEK epitope region).

NA, not applicable.
“Standard single-letter amino acid abbreviation.

VK210
S (TCA)
F (TTT)
S (AGT)

GEK (GGT,
GAAAAG)

H (CAT)
S (TCT)
T (ACA)
1 (ATA)
K (AAA)
Q(CAA)
E (GAA)
G (GGG)

AEFAESTKS (GCG,
GAATTT,GCA,
GAA,TCT,ACG,

AAATCT)

V (GTA)
N (AAT)
Y (TAT)
H (CAT)
T (ACC)

K (AAA)

VK210
L (TTA)
L (TTG)
S (AGT)

GKN (GGT,
AAA,AAT)

H (CAT)
T (ACT)
R (AGA)
1 (ATA)
S (TCA)
K (AAA)
E (GAA)
R (AGG)

Deletion

A (GCA)
N (AAT)
N (AAT)
H (CAT)
T (ACC)

Q (CAA)
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