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Abstract

Background: Plasmodium vivax infection remains a major public health problem, especially 

along the Thailand border regions. We examined the genetic diversity of this parasite by 

analyzing single-nucleotide polymorphisms (SNPs) of the P. vivax rhomboid-like protease 1 gene 

(Pvrom1) in parasites collected from western (Tak province, Thai-Myanmar border) and eastern 

(Chanthaburi province, Thai-Cambodia border) regions.

Methods: Data were collected by a cross-sectional survey, consisting of 47 and 45 P. vivax-

infected filter paper-spotted blood samples from the western and eastern regions of Thailand, 

respectively during September 2013 to May 2014. Extracted DNA was examined for presence 

of P. vivax using Plasmodium species-specific nested PCR. Pvrom1 gene was PCR amplified, 

sequenced and the SNP diversity was analyzed using F-STAT, DnaSP, MEGA and LIAN 

programs.
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Results: Comparison of sequences of the 92 Pvrom1 831-base open reading frames with that 

of a reference sequence (GenBank acc. no. XM001615211) revealed 17 samples with a total of 8 

polymorphic sites, consisting of singleton (exon 3, nt 645) and parsimony informative (exon 1, nt 

22 and 39; exon 3, nt 336, 537 and 656; and exon 4, nt 719 and 748) sites, which resulted in six 

different deduced Pvrom1 variants. Non-synonymous to synonymous substitutions ratio estimated 

by the DnaSP program was 1.65 indicating positive selection, but the Z-tests of selection showed 

no significant deviations from neutrality for Pvrom1 samples from western region of Thailand. In 

addition McDonald Kreitman test (MK) showed not significant, and Fst values are not different 

between the two regions and the regions combined. Interestingly, only Pvrom1 exon 2 was the 

most conserved sequences among the four exons.

Conclusions: The relatively high degree of Pvrom1 polymorphism suggests that the protein is 

important for parasite survival in face of changes in both insect vector and human populations. 

These polymorphisms could serve as a sensitive marker for studying plasmodial genetic diversity. 

The significance of Pvrom1 conserved exon 2 sequence remains to be investigated.
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1. Introduction

Malaria remains a serious public health problem along the Thai-Cambodia border region to 

the east and Thai-Myanmar border region to the west of Thailand, with Plasmodium vivax 
causing significant morbidity. The increasing incidence of vivax malaria and emergence 

of drug-resistant strains of P. vivax are causes of major concerns for malaria control in 

the country as well as in other malaria endemic areas worldwide (Mendis et al., 2001). 

Employment of an effective malaria vaccine is hampered by an incomplete understanding of 

malaria parasite genetic variations, gene flow and allelic recombination in a given parasite 

population. Much more progresses have been made in this regard with P. vivax on account of 

Mataradchakul et al. Page 2

Exp Parasitol. Author manuscript; available in PMC 2022 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



it’s more severe pathology and fatal disease. (Gupta et al., 2016; Barber et al., 2015; Rahimi 

et al., 2014). However, since the completion of P. vivax genome project in 2008 (Carlton 

et al., 2008), It is now recognized that there is genetic diversity in P. vivax found in many 

regions of Asia, South America and Oceania, whereas African populations of P. falciparum 
are highly genetically diverse (Winter et al., 2015). Interestingly, the previous reports of 

genomic diversity in P. vivax were more diverse than P. falciparum species (Neafsey et al., 

2012; Jennison et al., 2015). Similar trend can be found in Hupalo et al. (2016) that the 

diversity was higher in P. vivax more than P. falciparum species All of sampled P. vivax 
populations were significantly more diverse than P. falciparum (P < 0.001, Wilcoxon signed-

rank test) especially in Papua New Guinea, Myanmar and Thailand. Several genetic diversity 

of P. vivax have since been studied, such as apical membrane antigen 1 (AMA1), merozoite 

surface protein (MSP), circumsporozoite protein (CSP), and Duffy binding protein (DBP) 

(Machado et al., 2004; Padley et al., 2003), which the most diverse genes were MSP3 (Rice 

et al., 2014), CSP (HE = 0.846) and MSP1 (HE = 0.709) (Maneerattanasak et al., 2016), 

genes important for immune evasion.

Rhomboids (ROMs) constitute a relatively recently discovered class of serine proteases, 

which have the unusual ability to cleave substrates within their transmembrane domains 

(Dowse et al., 2005). In all likelihood, plasmodial ROMs play vital roles during the entire 

parasite life cycle, in host liver and red blood cells and in mosquito vector (Lin et al., 2013). 

Parasite plasma membrane ROMs have been implicated in red blood cell invasion by P. 
berghei, P. yoelii and P. falciparum merozoites (Srinivasan et al., 2009; Vera et al., 2011; 

Singh et al., 2007).

The P. falciparum genome encodes nine distinct rom genes, including a rom1 (Baker et 

al., 2006), however, no reports are available for the Pvrom1 gene. Therefore, a study of 

Pvrom1 gene is important to assist the malaria control in Thailand (Santos et al., 2012). This 

study investigated single-nucleotide polymorphisms (SNPs) in Pvrom1 from field isolates 

obtained from two different malaria endemic border regions of Thailand. Comparison of 

Pvrom1 SNPs between these two parasite populations may provide additional information 

on P. vivax genetic diversity in two widely separated vivax malaria endemic areas, which 

may have a bearing in future vivax malaria vaccine development in Thailand and possibly in 

neighboring countries.

2. Material and methods

2.1. P. vivax samples

A total of 92 finger prick P. vivax-infected blood samples (47 from Tak province, Thai-

Myanmar border and 45 from Chanthaburi province, Thai-Cambodia border) (Fig. 1) 

collected from September 2013 to May 2014 were identified by light microscopy and 

individually spotted on filter papers (Whatman, USA). Dried blood spots were kept in 

a refrigerator until processed. Presence of only P. vivax in the collected blood samples 

was subsequently verified by means of Plasmodium species-specific multiplex PCR 

(Padley et al., 2003). Permission for the present study was obtained from the Ethical 

Review Committee for Research in Human Subjects, Ministry of Public Health, Thailand 

(permission no. 15/2556). Written prior consents were obtained.

Mataradchakul et al. Page 3

Exp Parasitol. Author manuscript; available in PMC 2022 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. PCR amplification and sequencing of Pvrom1

DNA was extracted from dried blood samples using a DNA mini blood kit 

(QIAGEN, Germany) according to the manufacturer’s instructions. Primers employed 

were Pvrom1 F (5′-CCCCAAATTAACGTCCAAGTTCCAAG-3′) and Pvrom1 R (5′-

CGCAAGTGATTCAAATCGACGGAAC-3′) located in exon 1 and exon 4 respectively 

(Fig. 2) (GenBank acc. no. NC_009914). PCR was conducted in a 50 μL mixture 

containing 10 mM Tris-HCl pH 7.4, 1.5 mM MgCl2, 0.2 μM each primer, 200 μM 

each of the four dNTPs, 2 μL of DNA and 0.02 U/μL Taq DNA polymerase (New 

England BioLabs, USA). Thermal cycling conditions were as follows: 95 °C for 3 min, 

followed by 35 cycles of 94 °C for 30 s, 52 °C for 1 min and 68 °C for 90 s, 

and a final heating step of 5 min at 68 °C. Amplicons (1505 bp) were analyzed by 

1.5% agarose gel electrophoresis and stained with Gel red (Biotium, USA). Amplicons 

were purified using QIAquick PCR purification kit (QIAGEN, Germany) and sequenced 

in both directions using primers 5′-AATTAAGAATGGGATTTACATTGGAG-3′ and 5′-

GTTTCCGTA TATGCCTGTCAAG-3’. DNA sequencing experiment was performed using 

ABI’s 3500XL Genetic Analyzer (Ramathibodi Hospital, Thailand). Pvrom1 sequence was 

deposited as GenBank acc. no. XM_001615211.

2.3. Genbank accession numbers

The Pvrom 1 gene sequences of the 92 P. vivax isolates determined in this study were 

deposited in the GeneBank database under accession numbers KX422390 to KX422481.

2.4. Statistical analysis

Percent similarity and rate of nonsynonymous and synonymous substitutions were calculated 

using BLASTN (NCBI, Bethesda, MD) and DnaSP ver. 5.10.01, respectively (Librado and 

Rozas., 2009). Pvrom1 sequences were analyzed using Bioedit ver. 7.0.5.3. The haplotype 

diversity (Hd), number of haplotypes (H), number of segregating sites (S), nucleotide 

diversity (π), average number of pairwise nucleotide differences within the population 

(K), linkage disequilibrium (LD), recombination parameters (R and Rm) were calculated 

using the DnaSP package ver. 5.10.01. In addition, the positively selected genes (dN/dS) 

were computed using the method of Kimura M (Kimura, 1977), Goldman N and Yang 

Z (Goldman and Yang., 1994). The rates of synonymous (dS) and non-synonymous (dN) 

mutations were computed using MEGA version 6.0 (Tamura et al., 2013) with the method 

of Nei and Gojobori (1986) with the Jukes and Cantor (JC) correction (Jukes and Cantor, 

1969). The standard errors of dS and dN estimates were calculated with 1000 bootstrap 

replicates and the significance of the difference dS–dN was tested using a two-tailed Z 

test (Nei and Kumar 2000). The null hypothesis is that Ds = Dn; thus we assumed as 

null hypothesis that the observed polymorphism was neutral. The neutrality test Tajima’s 

D′ (Tajima, 1989), Fu and Li’s F and Fu and Li’s D′ (Fu and Li, 1993) were calculated 

using the DnaSP package ver. 5.10.01. The McDonald Kreitman test (MK) (McDonald 

and kreitman, 1991) was applied by using a single P. cynomolgi rom-like 1 sequence 

(Plas-moDB_092040) (Tachibana et al., 2012); as the outgroup for comparison with the 

P. vivax populations. Genetic differentiation between populations was measured using a 

Fixation index (Fst) obtained from F-STAT ver. 2.9.3.2 (Feb 2002) (Goudet, 1995) Fst value 
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at each locus of 0, >0–0.05, >0.05–0.15, and >0.15–0.25 is considered as no differentiation, 

low genetic differentiation, moderate differentiation, and great differentiation, respectively 

(Meirmans, 2006).

3. Results

The Pvrom1 gene was successfully PCR amplified from the extracted DNA of all 92 

samples P. vivax-infected blood samples and a 1505-bp band was visualized on agarose gel 

(supplement 1).

Nucleotide sequences in the four Pvrom1 exons (831 nt) from the 92 P. vivax samples 

[47 from Thai-Myanmar border (West) and 45 from Thai-Cambodia border (East)] were 

compared with that of the GenBank reference (accession no. XM001615211). SNPs were 

present in 8 West and 9 East samples adding to a total of 8 polymorphic sites, consisting 

of singleton (at exon 3, nt 645) and parsimony informative (at exon 1, nt 22 and 39; exon 

3, nt 336, 537 and 656; and exon 4, nt 719 and 748) sites. These have resulted in changes 

in the deduced amino acid sequences of 7 West Pvrom1 samples (M240R (3 samples), 

H219R, A8T/D13E, M240R/M250L, and A8T/H219R/M250L) and 7 East samples (D13E 

(2 samples), M240R (4 samples) and M240R/M250L) as shown in supplement 2.

Nucleotide diversity (π) was 0.00064, 0.00066 and 0.00065 for West, East and West + East 

samples, respectively. Nonsynonymous to synonymous substitution (dN/dS) ratio was 1.65 

(p = 0.599), 0.47 (p = 0.464) and 0.79 (p = 0.787) for West, East and West + East samples, 

respectively, the p-value for the Z-tests were no significant deviations from neutrality in 

all samples (Table 1). Furthermore, Tajima’s D as well as Fu and Li’s F and D statistics 

and McDonald Kreitman test (MK) were not significant (Table 2). Fst values showed no 

significant difference between West and East P. vivax samples (Table 3).

The minimum number of recombination events (Rm) in the Pvrom1 samples was 3 between 

adjacent polymorphic sites, while the values of recombination parameter (R) were <0.0001 

between adjacent sites. In addition, Rm value was 2 and 1 for West and East samples 

respectively (Table 1). Based on LD analysis, 6/28, 6/15 and 2/15 pairwise comparisons 

have significant R2 values over the entire Pvrom1 open reading frame for West + East, West 

and East samples, respectively (Fig. 3).

4. Discussion

The genetic diversity of Plasmodium vivax has been investigated in several malaria-endemic 

areas, including Thailand, where this is currently the most prevalent species causing malaria 

in humans. Genetic diversity of P. vivax population in Thailand has previously been studied 

in circumsporozoite protein (CSP), Merozoite surface protein 1 (MSP1), Merozoite surface 

protein 3 alpha (MSP3α), Duffy blinding Protein II (DBPII) and Apical membrane antigen 1 

(AMA1).

High degree of genetic diversity was observed in PvCSP (HE = 0.846), PvMSP1 (HE = 

0.709) along the Thai-Myanmar border of Thailand (Western regions) but not MSP3α 
(Maneerattanasak et al., 2016) (Rice et al., 2014). Additionally, the nucleotide diversity of 
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PvMSP3α BlockII, a potential vaccine candidate region, was 0.019 (θπ = 0.019) worldwide 

samples, but nucleotide diversity was relatively low in Thailand (θπ = 0.017) as well as 

Suan Oi in Tak Province, Thai-Myanmar border (θπ = 0.013) (Gupta et al., 2015) that are 

comparable to previous report (Maneerattanasak et al., 2016). Compare to the PvDBPII, 

a potential vaccine candidate region, worldwide nucleotide diversity was 0.0101 (θπ = 

0.0101) but it was relatively high in Thailand (θπ = 0.0109) (Nóbrega de Sousa et al., 

2011). Moreover, the evidence of high levels of nucleotide diversity was also seen in 

PvAMA1 in Thai populations (π = 0.009) (Zhu et al., 2016). The observations of high 

genetic diversity were found in Thailand, especially the Thai-Myanmar border (Western 

regions). Our results is the first report of use of Pvrom1 gene in this type of investigation 

reveal that the nucleotide diversity of Pvrom1 between parasites obtained from the western 

and eastern malaria endemic regions of Thailand were 0.00064 and 0.00066, respectively. 

Comparison of SNPs in four exons of Pvrom1 between western and eastern regions of 

Thailand highlighted the Pvrom1 exon 2 was the most conserved sequences among the four 

exons. On the contrary, The Pvrom1 exon 1, 3 and 4 were non-conserved sequences of 

western and eastern region of Thailand. The dN/dS ratio of Pvrom1 for western region of 

Thailand was 1.65 indicating positive selection, and the ratio of Pvrom1 for eastern region 

of Thailand was 0.47 indicating purifying selection, but the Z-tests of selection showed 

no significant deviations from neutrality. The same conclusion was reached when both P. 
vivax populations were analyzed as a single population. The values of Rm and decline 

in LD index (R2) with increasing distance between pairs of nucleotide sites across the 

entire Pvrom1831-base open reading frame indicate that intragenic recombination may have 

occurred among P. vivax parasites, particularly those in western Thailand.

Pvrom1 exon 2 sequence was the most conserved among the four exons. Pfrom1 also 

contains four exons (Singh et al., 2007) and the deduced amino acid sequence shares 

85.14% similarity with that of PvROM1 as shown in supplement 3. Until Pvrom1 is cloned 

and expressed allowing PvROM1 structure, function and localization in the parasite to 

be elucidated, the properties of this enzyme and its six variants remain in the realm of 

speculation.

The major limitation of this study is the limited number of P. vivax samples that were 

obtained from the study sites. Due to the long distances from the laboratory, parasite DNA 

needed to be extracted from dried blood samples stored on filter paper. Given the low 

parasitemias of P. vivax infection, in order to ensure availability of sufficient parasite DNA, 

only blood samples with parasitemias >2% were selected.

In conclusion, this study adds plasmodial roms to the list of polymorphic genes that can 

provide information on evolution of malaria parasite population structure, relative to changes 

in both insect vector and human host populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. P. vivax collecting regions in Thailand.
West, Tak province; East, Chanthaburi province.
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Fig. 2. Schematic diagram of Pvrom1 gene.
Arrows indicate locations of PCR primers.
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Fig. 3. Linkage disequilibrium index (R2) across Pvrom1 open reading frame.
Analysis was performed on all polymorphic sites (filled diamonds and circles) in the 831-bp 

Pvrom1 open reading frame using P. vivax SaI-1 rhomboid-like protease 1 partial mRNA 

sequence (GenBank accession no.XM_001615211) as reference. Nucleotide that shows 

statistically significant R2 value (Chi-square test, P-value < 0 0.05) is depicted as filled 

circle.
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Table 2

Neutrality test of Pvrom1 obtained from two regions of Thailand.

Study site No S Tajima’s D Fu and Li’s F Fu and Li’s D MK

West 47 6 −1.56349 −0.30990 0.32972 0.674

East 45 6 −1.55986 −1.65426 −1.34580 0.375

West + East 92 8 −1.61027 −0.28173 0.46820 0.703

No, number of sequences; S, number of segregating sites. MK, McDonald and Kreitman test.

*
P-value < 0.05

**
P-value < 0.001 were considered significant; The P. cynomolgi sequence (PlasmoDB_092040) was used as an out group for McDonald and 

Kreitman test.
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