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23 Abstract

24 Plasmodium vivax uses Duffy binding protein (PvDBP1) to bind to the Duffy Antigen-

25 Chemokine Receptor (DARC) to invade human erythrocytes. Individuals who lack DARC 

26 expression (Duffy-negative) are thought to be resistance to P. vivax. In recent years, P. vivax 

27 malaria is becoming more prevalent in Africa with a portion of these cases detected in Duffy-

28 negatives. Apart from DBP1, members of the reticulocyte binding protein (RBP) and tryptophan-

29 rich antigen (TRAg) families may also play a role in erythrocyte invasion. While the 

30 transcriptomes of the Southeast Asian and South American P. vivax are well documented, the 

31 gene expression profile of P. vivax in Africa and more specifically the expression level of several 

32 erythrocyte binding gene candidates as compared to DBP1 are largely unknown. This paper 

33 characterized the first P. vivax transcriptome in Africa and compared with those from the 

34 Southeast Asian and South American isolates. The expression of 4,404 gene transcripts belong to 

35 12 functional groups including 43 specific erythrocyte binding gene candidates were examined. 

36 Overall, there were 10-26% differences in the gene expression profile amongst the geographical 

37 isolates, with the Ethiopian and Cambodian P. vivax being most similar. Majority of the gene 

38 transcripts involved in protein transportation, housekeeping, and host interaction were highly 

39 transcribed in the Ethiopian P. vivax. Erythrocyte binding genes including PvRBP2a and 

40 PvRBP3 expressed six-fold higher than PvDBP1and 60-fold higher than PvEBP/DBP2. Other 

41 genes including PvRBP1a, PvMSP3.8, PvMSP3.9, PvTRAG2, PvTRAG14, and PvTRAG22 also 

42 showed relatively high expression. Differential expression was observed among geographical 

43 isolates, e.g., PvDBP1 and PvEBP/DBP2 were highly expressed in the Cambodian but not the 

44 Brazilian and Ethiopian isolates, whereas PvRBP2a and PvRBP2b showed higher expression in 

45 the Ethiopian and Cambodian than the Brazilian isolates. Compared to Pvs25, the standard 
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46 biomarker for detecting female gametocytes, PvAP2-G (PVP01_1440800), GAP 

47 (PVP01_1403000), and Pvs47 (PVP01_1208000) were highly expressed across geographical 

48 samples. These findings provide an important baseline for future comparisons of P. vivax 

49 transcriptomes from Duffy-negative infections and highlight potential biomarkers for improved 

50 gametocyte detection. 
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65

66 1. Introduction

67 Plasmodium vivax Duffy binding protein (PvDBP1), which binds to the cysteine-rich region II of 

68 the human glycoprotein Duffy Antigen-Chemokine Receptor (DARC) (1-3), was previously 

69 thought to be the exclusive invasion mechanism for P. vivax (4). However, reports of P. vivax 

70 infections in Duffy-negative individuals (3) have raised important questions of how P. vivax 

71 invades erythrocytes that lack DARC expression. It was hypothesized that either mutations in 

72 PvDBP1 or a weakened expression of DARC allowed P. vivax to invade Duffy-negative 

73 erythrocytes (5, 6). Despite several mutational differences observed in PvDBP1 between Duffy-

74 positive and Duffy-negative infections, these differences do not lead to binding of Duffy-

75 negative erythrocytes (4) and suggested an alternative invasion pathway. 

76 The P. vivax nuclear genome is ~29 megabases with 6,642 genes distributed amongst 14 

77 chromosomes (7). Remarkably, across the P. vivax genome, approximately 77% of genes are 

78 orthologous to P. falciparum, P. knowlesi, and P. yoelii (8). Genes involved in key metabolic 

79 pathways, housekeeping functions, and membrane transporters are highly conserved between P. 

80 vivax and P. falciparum (8). However, at the genome level, P. vivax isolates from Africa, 

81 Southeast Asia, South America, and Pacific Oceania are significantly more polymorphic than the 

82 P. falciparum ones (9, 10), likely due to differences in distributional range, transmission 

83 intensity, frequency of gene flow via human movement, and host susceptibility (11). 

84 In P. vivax, erythrocyte binding protein (PvEBP), reticulocyte binding protein (PvRBP), 

85 merozoite surface protein (PvMSP), apical membrane antigen 1 (PvAMA1), anchored 

86 micronemal antigen (PvGAMA), Rhoptry neck protein (PvRON), and tryptophan-rich antigen 

87 genes (PvTRAg) families have been suggested to play a role in erythrocyte invasion (9, 12). 
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88 PvDBP1, PvMSP1, PvMSP7, and PvRBP2c were previously shown to be highly polymorphic 

89 (13-17). PvEBP, a paralog of PvDBP1, harbors the hallmarks of a Plasmodium red blood cell 

90 invasion protein and is similar to PcyM DBP2 sequences in P. cynomolgi that contains a Duffy-

91 binding like domain (18). Binding assay of PvEBP region II (171-484) showed moderate binding 

92 to Duffy-negative erythrocytes (4). Both PvDBP1 and PvEBP (PvEBP/DBP2 hereafter) exhibit 

93 high genetic diversity and are common antibody binding targets associated with clinical 

94 protection (19, 20). Several members of PvRBP2 (PvRBP2a, PvRBP2b, PvRBP2c, PvRBP2d, 

95 PvRBP2e, PvRBP2p1, and PvRBP2p2) are orthologous to PfRh2a, PcyRBP2, and PfRh5, with 

96 PvRBP2a and PfRh5 share high structural similarity (21, 22). PvRBP2b and PvRBP2c are 

97 orthologous to PcyRBP2b and PcyRBP2c, respectively (23). The receptor for PvRBP2a was 

98 previously identified as CD98, a type II transmembrane protein that links to one of several L-

99 type amino acid transporters (24); the receptor for PvRBP2b is transferrin receptor 1 (TfR1) (25). 

100 The PvRBP2b-TfR1 interaction plays a critical role in reticulocyte invasion in Duffy-positive 

101 infections (25). MSP1 also shows a strong binding affinity, with high-activity binding peptides 

102 (HABPs) clustered close to fragments at positions 280–719 and 1060–1599 (26), suggesting a 

103 critical role in erythrocyte invasion. Although the MSP7 gene family shows no binding potential, 

104 it forms a complex with PvTRAg36.6 and PvTRAg56.2 on the surface, likely for stabilization at 

105 the merozoite surface (27). A comparison of P. vivax transcriptomes between Aotus and Saimiri 

106 monkeys indicated that the expression of six PvTRAg genes in Saimiri P. vivax was 37-fold 

107 higher than in the Aotus monkey strains (28), five of which bind to human erythrocytes (27, 29). 

108 Although most PvTRAg receptors remain poorly characterized, the receptor of PvTRAg38 has 

109 been identified as Band 3 (30).
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110 Recent progress in transcriptomic sequencing of P. vivax in non-human primates has 

111 provided an overview of stage-specific gene expression profile and structure, of which thousands 

112 of splices and unannotated untranslated regions were characterized (31, 32) The transcriptomes 

113 of Cambodian (33) and Brazilian (34) P. vivax field isolates showed high expression levels and 

114 large populational variation amongst host-interaction transcripts. Heterogeneity of gene 

115 expression has been documented amongst P falciparum-infected samples, implying that the 

116 parasites can modulate the gene transcription process through epigenetic regulation (35). 

117 However, the transcriptomic profile of African P. vivax remains unexplored, and it is unclear if 

118 there is heterogeneity among the geographical isolates. In addition, our previous study found that 

119 two CPW-WPC genes PVP01_0904300 and PVP01_1119500 expressed in the male 

120 gametocytes, and Pvs230 (PVP01_0415800) and ULG8 (PVP01_1452800) expressed in the 

121 female gametocytes were highly expressed relative to Pvs25 in the Ethiopian P. vivax (36). 

122 While these genes have a potential to be used for gametocyte detection, it remains unclear if such 

123 expressional patterns are similar in other geographical isolates.  

124 In this study, we aimed to 1) examine the overall gene expression profile of 10 Ethiopian 

125 P. vivax with respect to different intraerythrocytic lifecycle stages; 2) determine the expression 

126 levels of previously characterized erythrocyte binding gene candidates (9); 3) compare gene 

127 expression profiles of the Ethiopian P. vivax with the Cambodian (33) and Brazilian (34) isolates 

128 from in vitro especially for the erythrocyte binding and male/female gametocyte gene candidates. 

129 These findings provide the first description of the P. vivax transcriptomes in Africa. A systematic 

130 comparison of gene expression profiles among the African, Southeast Asian, and South 

131 American isolates will deepen our understanding of P. vivax transcriptional machinery and 

132 invasion mechanisms.
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133

134 2. Materials and Methods 

135 2.1 Ethics statement and data availability

136 Scientific and ethical clearance was obtained from the institutional scientific and ethical review 

137 boards of Jimma University, Ethiopia and University of North Carolina, Charlotte, USA. Written 

138 informed consent/assent for study participation was obtained from all consenting heads of 

139 households, parents/guardians (for minors under 18 years old), and individuals who were willing 

140 to participate in the study. Sequences for the 10 Ethiopian transcriptomes are available on the 

141 National Center for Biotechnology Information Short Read Archive under BioProject: 

142 PRJNA784582. All code is available on GitHub at 

143 https://github.com/colbyford/vivax_transcriptome_comparisons.

144

145 2.2 Sample preparation

146 Ten microscopy-confirmed P. vivax samples were collected from Duffy positive patients at 

147 hospitals in Jimma, Ethiopia. These patients had 4,000 parasites/µL parasitemia and had not 

148 received prior antimalarial treatment. A total of 10mL whole blood was preserved in sodium 

149 heparin tubes at the time of collection. Red blood cell pellets were isolated and cryo-preserved 

150 with two times glycerolyte 57 and stored in liquid nitrogen. Prior to culture, samples were 

151 thawed by adding 0.2V of 12% NaCl solution drop-by-drop followed by a 5-minute room 

152 temperature incubation. Ten-times volume of 1.6% NaCl solution was then added drop-by-drop 

153 to the mixture and the samples were centrifuged at 1000 rcf for 10 minutes to isolate the red 

154 blood cell pellet. This process was repeated with a 10x volume of 0.9% NaCl. Following 

155 centrifugation, the supernatant was removed via aspiration, and 18mL of sterile IMDM (also 
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156 containing 2.5% human AB plasma, 2.5% HEPES buffer, 2% hypoxanthine, 0.25% albumax, 

157 and 0.2% gentamycin) per 1mL cryo mixture was added to each sample for a final hematocrit of 

158 2%. 10% Giemsa thick microscopy slides were made to determine the majority parasite stage 

159 and duration of incubation required, averaging 20-22 hours for the majority trophozoites and 40-

160 44 hours for the majority ring. Samples were incubated at 37°C in a 5% O2, 5% CO2 atmosphere 

161 to allow growth to the schizont stage. In vitro maturation was validated through microscopic 

162 smears 20-40 hours after the initial starting time, dependent on the majority stage 

163 (Supplementary Figure 1A). To minimize oxidative stress, each culture was checked more than 

164 two times and returned to a 5% oxygen environment immediately after checking. 

165 Cultured pellets were isolated via centrifugation and placed in 10x volume trizol for RNA 

166 extraction. RNA extraction was performed using direct-zol RNA prep kit according to the 

167 manufacturer’s protocol, followed by two rounds of DNA digestion using the DNA-free kit 

168 (Zymo). Samples were analyzed with a nanodrop 2000 and RNA Qubit to ensure sample 

169 concentrations were above 150 ng total for library construction. For samples with no significant 

170 amount of DNA or protein contaminants, RNA libraries were constructed using Illumina rRNA 

171 depletion library kits according to the manufacturer’s protocol. Completed libraries were quality 

172 checked using a bioanalyzer to ensure adequate cDNA was produced before sequencing. Sample 

173 reads were obtained using Illumina HiSeq 2x150bp configuration to obtain at least 35 million 

174 reads per sample. Sequence reads were aligned with HISAT2 (37), using the Rhisat2 R package 

175 (38) to the P01 P. vivax reference genome and all human reads were filtered out using SAMtools 

176 (39) (implemented in the R package (40)). The alignment was mapped to the P01 reference 

177 annotation using the Rsubread package (41).

178
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179 2.3 Data analyses

180 To further confirm samples were majority schizont stage, sequence reads of each sample were 

181 deconvoluted in CIBERSORTx (42) based on P. berghei homologs (43). We used the published 

182 matrix to determine the frequency of expression for each gene calculated for rings, trophozoites, 

183 and schizonts, respectively. Transcripts that were expressed 30% or more were sorted into their 

184 respective stages (Supplementary Figure 1B). All reads were annotated using the Rsubread 

185 package and classified into 12 different categories by function. We then examined the top 30 

186 transcribed genes using the counts per million (CPM) metric.

187 Our previously published whole genome sequence data identified several mutations and 

188 structural polymorphisms in genes from the PvEBP, PvRBP, PvMSP, and PvTRAg gene families 

189 that are likely to involve in erythrocyte invasion (9). Specific binding regions in some of the 

190 genes such as PvDBP1, PvEBP/DBP2, PvRBP2b, and PvMSP3 have been identified (44). To 

191 further explore the putative function, we compared relative expression levels of 43 erythrocyte 

192 binding gene candidates (Supplementary Table 1) in the 10 Ethiopian P. vivax samples with 

193 other geographical isolates that were of majority schizont stage. We used the CPM and TPM 

194 (transcripts per million) metrics in R package edgeR (45). The CPM metric was used to obtain 

195 the top 30 transcripts overall and does not consider gene length, while TPM considers gene 

196 length for normalization and allows an unbiased conclusion to be made relative between and to 

197 other transcriptomes (34). We then transformed the data using log(2)TPM+1 to illustrate relative 

198 expression levels via a heat map with an average abundance. We also selected 25 gametocyte 

199 gene candidates, 15 of which were shown to correlate to female gametocyte development and 

200 nine to male gametocytes (36, 46),  to assess their expression levels relative to the standard 
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201 Pvs25 in the samples. In addition, we examined the expression of AP2-G that is a critical 

202 transcription factor for both male and female gametocyte development (47).

203

204 2.4 Comparison of datasets

205 RNA-seq data of four in vitro Cambodian (33) and two in vitro Brazilian (34) P. vivax samples 

206 were downloaded from the GitHub repository and analyzed with the same bioinformatic methods 

207 described above to minimize potential batch effects. Samples were deconvoluted using the same 

208 matrix. The Ethiopian P. vivax samples were cultured and sequenced using similar protocol as 

209 the Cambodian (33) and Brazilian (34) ones with slight modifications in media and library 

210 preparation. We obtained the average expression and standard deviation in TPM for each gene 

211 target and determined potential difference in transcription levels by conducting pairwise 

212 differential expression (DE) analysis among the Cambodian, Brazilian, and Ethiopian samples. 

213 The expression level of 6,829 genes were examined for DE by edgeR dream (45, 48) and 

214 variancePartition (49), with adjusted p-value<1.0e-6 for DE gene concordance. A linear mixed 

215 effects models was used to ensure accuracy in triplicated Brazilian samples, and the Kenward-

216 Roger method was used to estimate the effective degree of freedom for hypothesis testing due to 

217 small sample sizes. 

218

219 3. Results

220 3.1 Overview of the Ethiopian P. vivax transcriptomes 

221 All 10 Ethiopian P. vivax samples originated from Duffy-positive patients. Based on 

222 deconvolution, all 10 Ethiopian P. vivax samples had similar proportions of trophozoite and 

223 schizont stage (Figure 1A). Only less than 1% of the sequence reads belong to the ring stage. 
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224 Microscopic results corroborated the deconvolution analyses showing similar proportion of 

225 parasite stages in a subset of samples (Figure 1B). The deconvolution of P. vivax sequence reads 

226 from the Cambodian and Brazilian samples also showed no significant difference in the 

227 proportions of trophozoites or schizonts (P>0.05; Figure 1A).

228 Overall, about 64% (4,404 out of 6,830) of the genes were detected with transcription in 

229 the Ethiopian P. vivax (Supplementary Table 2). Of the 4,404 genes, 69% (2,997) were annotated 

230 with known functions and 31% (1,407 genes) remain uncharacterized (Figure 2A). We 

231 normalized each sample expression profile to TPM to remove technical bias in the sequences and 

232 ensure gene expressions were directly comparable within and between samples (Supplementary 

233 Table 2). Of the 2,997 genes with known function, 21.7% are responsible for housekeeping, and 

234 14.2% genes for post-translation modifications (PTMs) and regulation. The PIR proteins account 

235 for 4.8% (212) of all the identified genes and ~2.8% of the genes are involved in host-pathogen 

236 interactions. Nearly 52% of all detectable transcripts (2,288 genes) were expressed at a threshold 

237 of 20 TPM or above, which were considered as highly transcribed (Figure 2B). These highly 

238 transcribed transcripts showed similar proportions of gene categories including unknown, 

239 PTM/regulatory, DNA regulation, replication/elongation, host interactions, cell signaling, and 

240 resistance. Only transcripts involved in transport and housekeeping showed a slight increase of 

241 2.9% and 1.48%, respectively, indicating a higher activity relative to the other categories. By 

242 contrast, transcripts involved in RNA regulation, PIR, and ribosomal activity showed a slight 

243 decrease of 2.19%, 1.79%, and 1.71%, indicating an overall lower activity compared to other 

244 categories (Figure 2B).

245

246 3.2 Top 30 highly expressed transcripts of Ethiopian P. vivax
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247 For the 10 Ethiopian P. vivax transcriptomes, four genes including PVP01_1000200 (PIR 

248 protein), PVP01_0202900 (18s rRNA), PVP01_0319600 (RNA-binding protein), and 

249 PVP01_0319500 (unknown function) were the most highly expressed among the others (Figure 

250 3). Transcripts involved in housekeeping and PTM regulation each account for 23.3% of the top 

251 30 highly expressed genes. Among genes involved in host-interactions, PVP01_0715400 

252 (merozoite organizing protein), PVP01_0816800 (protein RIPR), PVP01_1402400 (reticulocyte 

253 binding protein 2a), and PVP01_1469400 (reticulocyte binding protein 3) are highly expressed.  

254 Five gene transcripts including PVP01_1000200 from the PIR family, PVP01_0319500 of 

255 unknown function, PVP01_0202900 a 18S rRNA, PVP01_1329600 a putative glutathione S-

256 transferase, and PVP01_0418800 a putative pentafunctional AROM polypeptide showed most 

257 variable expression levels among the 10 samples, with a standard deviation of 20,000 and higher 

258 CPM (Figure 3). Three other genes including PVP01_0202700 (28S ribosomal RNA), 

259 PVP01_1137600 (basal complex transmembrane protein 1), PVP01_1243600 (replication factor 

260 C subunit 3) showed moderate variation ranging from 1,397 to 1,033 CPM. All other genes such 

261 as PVP01_1206500 (elongation factor Tu) and PVP01_1011500 (an unclassified protein) 

262 showed consistent expression level with variation under 1,000 CPM among samples (Figure 3). 

263

264 3.3 Differentially expressed genes among geographical P. vivax

265 The overall gene expression profile was similar between the Ethiopian and Cambodian P. vivax, 

266 but different from the Brazilian ones (Figure 4A; Supplementary Table 3). Several genes 

267 involved in DNA regulation, host-interactions, replication, ribosomal, and transportation were 

268 upregulated in the Ethiopian and Cambodian isolates but showed considerable downregulation in 

269 Brazilian ones. Based on the Kenward-Roger DE analyses, a total of 1,831 differentially 
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270 expressed genes were detected between the Cambodian and Brazilian isolates (CvB), 1,716 

271 between the Ethiopian and Brazilian (EvB), and 721 between the Ethiopian and Cambodian 

272 (EvC) isolates (Figure 4B-D). The EvC analysis showed the lowest differentiation with only 

273 10.6% of the entire transcriptome (Figure 4B), while EvB and CvB showed a greater 

274 differentiation of 25.1% and 26.8%, respectively (Figures 4C & D). For the 721 genes that were 

275 differentially expressed between the Cambodian and Ethiopian P. vivax, nearly half of them were 

276 significantly upregulated in Ethiopia compared to Cambodia (Figure 4B). Four genes including 

277 PVP01_0208700 (V-type proton ATPase subunit C), PVP01_0102800 (chitinase), 

278 PVP01_0404000 (PIR protein), and PVP01_0808300 (zinc finger (CCCH type protein) showed 

279 low levels of transcription (log10P-value>50; Figure 4B) compared to other DE genes. By 

280 contrast, two genes including PVP01_1329600 (glutathione S-transferase) and 

281 PVP01_MIT03400 (cytochrome b) were highly transcribed (log2fold change>10). For the 1,716 

282 genes that were differentially expressed between the Ethiopian and Brazilian P. vivax, 914 of 

283 them were highly transcribed (Figure 3C). Of these, three genes including PVP01_1412800 (M1-

284 family alanyl aminopeptidase), PVP01_0723900 (protein phosphatase-beta), and 

285 PVP01_0504500 (28S ribosomal RNA) showed a log10P-value greater then 75, indicating 

286 substantial expressional differences. For the 1,831 genes that were differentially expressed 

287 between the Cambodian and Brazilian P. vivax, 948 of them were highly transcribed (Figure 

288 4D). Four genes including PVP01_1005900 (ATP-dependent RNA helicase DDX41), 

289 PVP01_0318700 (tRNAHis guanylyltransferase), PVP01_1334600 (60S ribosomal protein L10), 

290 and PVP01_1125300 (SURP domain-containing protein) showed substantial expressional 

291 differences with log10P-value greater than 75. Two genes, PVP01_0010550 (28S ribosomal 

292 RNA) and PVP01_0422600 (early transcribed membrane protein), were shown with low 
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293 expression (log10fold change<-12), while one gene PVP01_0901000 (PIR protein) with 

294 substantial expression (log10fold change>12). These comparisons further demonstrated the 

295 differences in transcriptional patterns between geographical isolates.

296

297 3.4 Expression of genes related to erythrocyte invasion

298 Of the 43 candidate genes associated with erythrocyte binding function, PvDBP1 on average 

299 showed about 10-fold higher expression than PvEBP/DBP2, which showed very low expression 

300 in four of the Ethiopian P. vivax samples (Figure 5). PvRBP2b showed four-fold higher 

301 expression than PvEBP/DBP2, but 50% less than PvDBP1.  PvRBP2a showed consistently the 

302 highest expression across all samples, with about 6-fold, 67-fold, and 15-fold higher expression 

303 than PvDBP1, PvEBP/DBP2, and PvRBP2b, respectively. Other genes including PvMSP3.8, 

304 PvTRAg14, and PvTRAg22 also showed higher expression than PvDBP1. Of the 15 PvTRAg 

305 genes, only PvTRAg14 and PvTRAg22 showed expression higher than PvDBP1; PvTRAg23 and 

306 PvTRAg24 showed the lowest expression. Other putatively functional ligands including PvRA 

307 and PvRON4 showed 7-10 times lower expression compared to PvDBP1, though PvGAMA, 

308 PvRhopH3, PvAMA1, and PvRON2 were expressed higher than PvEBP/DBP2.

309 We further compared the expressional pattern of these 43 genes in the Ethiopian P. vivax 

310 with the Cambodian and Brazilian isolates (Figure 6). Members of the PvDBP and PvRBP gene 

311 family showed generally higher expression in the Cambodian P. vivax than the other isolates 

312 (Figure 6A). For instance, the expression of PvDBP1, PvRBP1a, and PvRBP1b were 

313 significantly higher in the Cambodian than the other isolates (P<0.01), whereas PvRBP2a and 

314 PvRBP2b showed higher expression in the Ethiopian P. vivax than the others. Compared to the 

315 PvDBP and PvRBP gene families, the expression patterns of PvMSP were different (Figure 6B). 
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316 Most of the MSP gene members including PvMSP3.5, PvMSP3.11, and PvMSP4 showed 

317 substantially higher expression in the Brazilian P. vivax than the other isolates (P<0.01). Only 

318 PvMSP3.8 of the 12 PvMSP genes was expressed significantly higher in the Ethiopian than the 

319 others (P<0.01; Figure 6B). Of the 16 PvTRAg genes, PvTRAg14 and PvTRAg22 showed 

320 significantly higher expression in the Ethiopian isolates compared to the others (P<0.05; Figure 

321 6C). Eight other members including PvTRAg2b, PvTRAg7, PvTRAg19, PvTRAg20, PvTRAg21, 

322 PvTRAg23, PvTRAg24, and PvTRAg38 showed significantly higher expression in the Brazilian 

323 isolates than the others (P<0.05; Figure 6C). The remaining nine putatively functional ligands 

324 showed relatively similar expression levels, except for PvMA, PvRhopH3, and PvTrx-mero that 

325 were highly expressed in the Brazilian isolates (P<0.05; Figure 6D).

326

327 3.5 Expression of female and male gametocyte genes

328 Based on the expression level of Pvs25 (PvP01_0616100), all 10 Ethiopian P. vivax samples 

329 contained submicroscopic gametocytes, in addition to the four samples from Cambodia and two 

330 samples from Brazil (Figure 7). Amongst the 26 gametocyte-related genes, PvAP2-G 

331 (PVP01_1440800) as well as the gametocyte associated protein, GAP (PVP01_1403000) and 

332 Pvs47 (PVP01_1208000) from female and male gametocytes, respectively, showed the highest 

333 expression across the Ethiopian, Cambodian, and Brazilian isolates, and were consistently higher 

334 than Pvs25 (Figure 7). This expression pattern suggests the potential utility of these three genes 

335 as better gametocyte biomarkers across geographical isolates. Other genes indicated differential 

336 expression patterns among isolates, e.g., the female gametocyte gene PVP01_0904300 (CPW-

337 WPC family protein) showed consistently high levels of expression in both the Ethiopian and 

338 Cambodian isolates, though much lower in the Brazilian ones. On the other hand, 
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339 PVP01_1302200 (high mobility group protein B1) and PVP01_1262200 (fructose 1,6-

340 bisphosphate aldolase) from the female and male gametocytes showed the highest expression 

341 levels in Brazilian P. vivax but not the Ethiopian and Cambodian ones. 

342

343 4. Discussion

344 This study is the first to examine the transcriptomic profile of P. vivax from Africa and compare 

345 gene expression among geographical isolates. Approximately 32% of the detected transcripts are 

346 of unknown function, some of which such as PVP01_0319500, PVP01_1011500, and 

347 PVP01_1228800 were among the highest expressed and could play critical function. It is not 

348 surprising that 23% of the highly expressed transcripts belong to housekeeping function, such as 

349 several zinc fingers and ATP-synthase proteins. Besides, there is a large number of highly 

350 expressed protein regulators and PTMs that have not been thoroughly examined. For example, 

351 PVP01_1444000, a ubiquitin-activating enzyme, was among the highest expressed transcripts 

352 but with unclear function. Several other protein kinases, lysophospholipases, and chaperones 

353 were also highly expressed but their role in intercellular signaling pathways is unclear. It is worth 

354 noting that a great proportion of transcripts responsible for ribosomal protein production were 

355 also highly expressed. These ribosomal proteins support intraerythrocytic development of the 

356 parasites from one stage to another. 

357 Members of the RBP family including PvRBP1a, PvRBP2a, PvRBP2b, and PvRBP3 

358 were consistently highly expressed across the Ethiopian and Cambodian but not the Brazilian 

359 isolates, suggestive of potential differences in their role of erythrocyte invasion. Recent studies 

360 showed that the binding regions of PvRBP1a and PvRBP1b are homologous to that of PfRh4, 

361 and the amino acids at site ~339-599 were confirmed to interact with human reticulocytes (50). 
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362 Though the host receptors of both PvRBP1a and PvRBP1b proteins are unclear, their receptors 

363 are neuraminidase resistant (22). The PvRBP2b-TfR1 interaction plays a critical role in 

364 reticulocyte invasion in Duffy-positive infections (25). PvRBP2d, PvRBP2e, and PvRBP3 are 

365 pseudogenes that share homology with other PvRBPs but encode for nonfunctional proteins (51). 

366 The extent to which of these PvRBP genes involve, if any, in erythrocyte invasion remains 

367 unclear and requires functional assays in broad samples. The high expression of PvRBP genes in 

368 Ethiopia could be related to a greater proportion of individuals with weak DARC expression 

369 (i.e., Duffy-negatives) (3); whereas in Cambodia and the inland regions of Brazil, populations 

370 are predominantly Duffy-positive (3). Given that P. falciparum can modulate gene expression in 

371 response to their hosts through epigenetic regulation (35, 52, 53), higher PvRBP expression in 

372 the Ethiopian P. vivax may allow the parasites to infect and adapt to both Duffy-positive and 

373 Duffy-negative populations (54). Further investigation on the expression and binding affinity of 

374 these PvRBP genes in different Duffy groups is necessary.

375 Another invasion protein, RIPR, was also among the highly expressed transcripts in P. 

376 vivax. RIPR is currently known as a vaccine target in P. falciparum (55), where RIPR (PfRH5) 

377 binds to the erythrocyte receptor basigin (56, 57). The PfRh5 complex is composed of PfRh5, 

378 Ripr, CyRPA, and Pf113, which collectively promote successful merozoite invasion of 

379 erythrocytes by binding to basigin (BSG, CD147) (57, 58). A BSG variant on erythrocytes, 

380 known as Oka-, has been shown to reduce merozoite binding affinities and invasion efficiencies 

381 (56), though this has only been reported in individuals of Japanese ancestry (59). Despite the 

382 clear role of RIPR in P. falciparum, P. vivax RIPR does not seem to bind to BSG (60) and the 

383 exact role of RIPR and its binding target(s) remains unclear.  
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384 The KR-DE analysis showed 10-26% variation among the transcriptomes of the three 

385 countries, with the Ethiopian and Cambodian P. vivax being most similar whereas the 

386 Cambodian and Brazilian P. vivax most different. Genes that showed the highest levels of 

387 differentiation were those involved in housekeeping, PIR, and ribosomal functions. The exact 

388 reason for such differences amongst the geographical P. vivax isolates remains unclear. Previous 

389 whole genome sequencing analyses indicated that the Ethiopian, Cambodian, and Brazilian P. 

390 vivax are independent subpopulations, with isolates from Southeast Asia and East Africa share 

391 the most common ancestry (61). This genetic relationship may explain variations in the 

392 expression profiles. The high expression observed for some PIR proteins, such as 

393 PVP01_1000200, in the Cambodian and Ethiopian P vivax may suggest the prominent role of 

394 VIR antigens in epigenetic regulation associated with host exposure and immune responses (35, 

395 52, 53), and such immune responses could vary in diverse geographical settings (62-64). Varying 

396 expression of ribosomal proteins, such as PVP01_0827400 (60S ribosomal protein L26) and 

397 PVP01_1013900 (40S ribosomal protein S9, putative) may be attributed to host nutrition, which 

398 is directly proportional to the speed of replication in P. berghei (65). In P. falciparum, host 

399 nutrition has been shown to significantly alter gene expression related to housekeeping, 

400 metabolism, replication, and invasion/transmission (65). Malnourishment has a protective effect 

401 to P. vivax infections in people from the western Brazilian Amazon (66). In zebra fish, sex 

402 determination can cause significant expressional differences in the housekeeping genes (67), 

403 suggesting that sexual development factors may alter expression profiles. The marked 

404 differences observed in the Brazilian isolates may also be attributed to the presence of ring stage 

405 parasites or oxidative stress related to different in vitro environments. Future studies should 
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406 expand geographical samples of P. vivax and examine further host factors associated with gene 

407 expression.

408 In this study, the deconvolution of stage-specific transcripts was based on the P. berghei 

409 orthologues rather than the single-cell RNA-seq data of P. vivax because the latter  showed little 

410 expression from the ring stage. To date, P. berghei remains the most comprehensively 

411 characterized single-cell data for both sexual and asexual blood stages of Plasmodium (68, 69), 

412 and their orthologues have been shown to be reliable for determining stage-specific transcripts 

413 (46).  In primates, most P vivax genes have been shown to transcribe during a short period in the 

414 intraerythrocytic cycle (31) with a high proportion of late-schizont transcripts expressed as early 

415 as the trophozoite stage. In P. berghei, the process of gametocyte development and genes involve 

416 in sequestration are transcribed much earlier during the trophozoite-schizont transition stage. 

417 Male gametocyte development precursors are expressed in the asexual stages prior to the onset of 

418 gametocyte development (70, 71). For example, the transcription factor AP2-G in P. vivax 

419 expresses early in the asexual stage for parasites that are committed to sexual development (47). 

420 These factors hinder deconvolution efforts, making it challenging to identify precisely which 

421 genes are transcribed in each stage. Future studies should consider combining in vivo (rich in 

422 ring and trophozoites) and in vitro (rich in trophozoites and schizonts) RNA-seq data to provide 

423 a more comprehensive and reliable stage-specific model for deconvolution.

424 Low density P. vivax gametocytes in asymptomatic carriers can significantly contribute 

425 to transmission (72, 73). In areas with low transmission, submicroscopic infections are hidden 

426 reservoirs for parasites with high proportions of infectious gametocytes (74). The current 

427 gametocyte biomarkers Pvs25 (PVP01_0616100) and Pvs16 (PVP01_0305600) account only for 

428 female gametocytes (75), and grossly underestimate the total gametocyte densities. We 
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429 previously described two alternative female (PVP01_0415800 and PVP01_0904300) and one 

430 male (PVP01_1119500) gametocyte genes that show higher expression than Pvs25 in the 

431 Ethiopian isolates (36). Nevertheless, these genes showed relatively low expression in the 

432 Cambodian and Brazilian isolates. By contrast, PvAP2-G (PVP01_1440800), GAP 

433 (PVP01_1403000), and Pvs47 (PVP01_1208000) were moderately expressed across all 

434 geographical isolates and at a level higher than Pvs25. These genes warrant further investigations 

435 on their potential utility as gametocyte biomarkers in low-density infections, as well as their 

436 exact role in gametocyte development.

437

438 5. Conclusion

439 This paper characterized the first P. vivax transcriptome from Africa and identified several host-

440 interaction gene transcripts, including PvRBP2a, PvMSP3.8, PvTRAg14, and PvTRAg22 that 

441 were highly expressed compared to PvDBP1 in Duffy-positive individuals. These transcripts 

442 may play prominent roles in erythrocyte invasion and merit further investigations on their 

443 binding affinity and function. We further demonstrated 10-26% differences in the gene 

444 expression profile amongst the geographical isolates, with the Ethiopian and Cambodian P. vivax 

445 being most similar. These findings provide an important baseline for future comparisons of P. 

446 vivax transcriptomes from Duffy-negative infections. Furthermore, PvAP2-G (PVP01_1440800), 

447 GAP (PVP01_1403000), and Pvs47 (PVP01_1208000) of both female and male gametocytes 

448 showed higher expression than the standard Pvs25 in all geographical P. vivax. These gene may 

449 provide better gametocyte detection for low-density infections. 

450
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671

672 Figures

673 Figure 1. (A) CIBERSORTx deconvolution of the 10 Ethiopian, four Cambodian, and two 

674 Brazilian P. vivax transcriptomes using a P. berghei homologue matrix. No significant 

675 difference was observed in the proportion of trophozoites and schizonts amongst the isolates 

676 (p>0.05). (B) Parasite stage based on microscopic analysis of five Ethiopian P. vivax 

677 samples. No significant difference was observed between microscopy and computational 

678 deconvolution for these samples (p>0.05).

679 Figure 2. Categorization of (A) all detectable transcripts and (B) upregulated (TPM > 20) 

680 transcripts for the Ethiopian P. vivax by gene function. The numbers shown represent the 

681 number of transcripts along with the overall percentage compared to all detected transcripts. 
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682 Transcripts that were not detected were removed from the analysis. Only transcripts involved 

683 in transport and housekeeping showed a slight increase of 2.9% and 1.48%, respectively in 

684 the number of upregulated transcripts, indicating a higher activity relative to the other 

685 categories. By contrast, transcripts involved in RNA regulation, PIR, and ribosomal activity 

686 showed a slight decrease of 2.19%, 1.79%, and 1.71%, indicating an overall lower activity 

687 compared to other categories.

688 Figure 3. Heat map showing the top 30 highly transcribed genes based on log(2)CPM+1. 

689 Genes are arranged by different functions as indicated on the y-axis. Overall, four genes 

690 including PVP01_1000200 (PIR protein), PVP01_0202900 (18s rRNA), PVP01_0319600 

691 (RNA-binding protein), and PVP01_0319500 (unknown function) from four different 

692 functional groups were shown to be most highly expressed among the others. Of interest, 

693 PVP01_0715400 (merozoite organizing protein), PVP01_0816800 (protein RIPR), 

694 PVP01_1402400 (reticulocyte binding protein 2a), and PVP01_1469400 (reticulocyte 

695 binding protein 3) were among the top 30 highly expressed genes involved in host 

696 interactions.

697 Figure 4. (A) Comparisons of the entire transcriptomes with genes sorted by functionality 

698 among the Ethiopian, Cambodian, and Brazilian P. vivax. The overall gene expression profile 

699 was nearly identical between the Ethiopian and Cambodian P. vivax, but different from the 

700 Brazilian isolates. Several genes involved in DNA regulation, host-interactions, replication, 

701 ribosomal, and transportation were upregulated in the Ethiopian and Cambodian isolates but 

702 showed considerable downregulation in Brazilian ones. (B-D) Volcano plots based on the 

703 Kenward-Roger DE analyses comparing differentially expressed genes between the (B) 

704 Ethiopian and Cambodian; (C) Ethiopian and Brazilian; (D) Cambodian and Brazilian 
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705 isolates. Blue dots represent single genes that are downregulated in the comparison while red 

706 dots represent upregulated genes by comparison. About 10% of the detectable transcripts 

707 were differentially expressed between the Ethiopian and Cambodian P. vivax, but about 25% 

708 and 27% variations were detected between the Ethiopian and Brazilian as well as the 

709 Cambodian and Brazilian P. vivax, respectively. Overall, the Brazilian isolates had more 

710 genes that were upregulated compared to the Ethiopian and Cambodian ones.

711 Figure 5. Heatmap showing 43 genes associated with erythrocyte binding function in the 

712 Ethiopian P. vivax based on log(2)TPM+1 values. PvRBP2b showed four-fold higher 

713 expression on average than PvEBP/DBP2, but 50% less than PvDBP1.  PvRBP2a showed 

714 consistently the highest expression across all samples, with about 6-fold, 67-fold, and 15-fold 

715 higher expression than PvDBP1, PvEBP/DBP2, and PvRBP2b, respectively. Other genes 

716 including PvMSP3.8, PvTRAg14, and PvTRAg22 also showed higher expression than 

717 PvDBP1.

718 Figure 6. Comparisons of 43 genes associated with erythrocyte binding function based on 

719 log(2)TPM+1 values across the Ethiopian, Cambodian, and Brazilian P. vivax for (A) 

720 PvDBP1, PvEBP, and PvRBP genes; (B) PvMSP genes; (C) PvTRAg genes; (D) other 

721 putatively functional ligands. * denotes P-value < 0.05; ** denote P-value <0.01. 

722 Figure 7. Heatmap comparing 26 P. vivax gametocyte biomarker candidates across the 

723 Ethiopian, Cambodian, and Brazilian P. vivax. Based on the expression level of Pvs25, all 10 

724 in vitro P. vivax samples from Ethiopia, four samples from Cambodia, and two samples from 

725 Brazil contained gametocytes. Three genes, PVP01_1440800 (PvAP2-G), PVP01_1403000 

726 (gametocyte associated protein, GAP), and PVP01_1208000 (Pvs47) from female and male 
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727 gametocytes, respectively, showed the highest expression across all geographical isolates, 

728 and were consistently higher than Pvs25. 

729

730 Supplementary Files

731 Supplementary Table 1. Name and gene ID of 43 candidate invasion genes.

732 Supplementary Table 2. Raw reads of 10 Ethiopian P. vivax transcriptomes in CPM and 

733 TPM metrics, Raw reads of four Cambodian P. vivax transcriptomes in TPM metric, and 

734 Raw reads of four Brazilian P. vivax transcriptomes in TPM metric.

735 Supplementary Table 3. Kenward-Roger DE analyses comparing the differentially 

736 expressed genes between (a) Ethiopian and Cambodian, (b) Ethiopian and Brazilian, and (c) 

737 Cambodian and Brazilian P. vivax.

738
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