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ABSTRACT

DANIEL KEPPLE. Genetic Structure and Gene Expression Profile of Plasmodium vivax in East
Africa. (Under the direction of DR. EUGENIA LO)

Plasmodium vivax malaria is a neglected tropical disease, despite being more
geographically widespread than any other form of malaria. P. vivax was previously thought to
be rare or absent in Africa because people of African descent often lack the Duffy blood group
antigen, known as the Duffy antigen-chemokine receptor (DARC). DARC is a glycoprotein on
the surface of red blood cells (RBCs) that allows P. vivax to bind and invade human
erythrocytes. The documentation of P. vivax infections in different parts of Africa where Duffy-
negative individuals are predominant suggested that there are alternative pathways for P. vivax
to invade human erythrocytes that remain elusive. Duffy-negative individuals may be just as fit
as Duffy-positive individuals and are no longer resistant to P. vivax malaria.

The genetic characteristics and erythrocyte invasion mechanisms of P. vivax in Duffy-
negative infections are largely unknown due to the less frequent occurrence in Africa and the
complicated biology of P. vivax. There is evidence of alternative Duffy-independent pathways
through utilization of reticulocyte binding proteins (RBPSs), merozoite surface proteins (MSPs),
and tryptophan rich antigens (TRAg). However, these pathways remain poorly characterized.
This dissertation research aims to examine the genetic, transcriptomic, and transmission features
of East African P. vivax and identify candidate ligands for erythrocyte invasion through
comparative transcriptomics of major surface protein genes. Our group has shown no clear
genetic differentiation in P. vivax between the two Duffy groups, indicating between-host

transmission. Furthermore, we found P. vivax from Ethiopia and Sudan showed similar genetic



clusters, except samples from Khartoum, possibly due to distance and road density that inhibited
parasite gene flow.

Lastly, our group was able to characterize the expression levels of 4,404 gene transcripts
belonging to 12 functional groups. We closely examined 43 erythrocyte binding gene candidates
in the Ethiopia isolates and compared with four Cambodian and two Brazilian P. vivax
published transcriptomes. Overall, there were 10-26% differences in the gene expression profile
amongst the continental isolates, with the Ethiopian and Cambodian P. vivax being most
similar. Majority of the gene transcripts involved in protein transportation, host interaction, and
resistance were upregulated in the Ethiopian isolates. Transcripts involved in host-interactions
were differentially expressed across the three continental isolates. For instance, PvDBP1 and
PVEBP/DBP2 were highly expressed in the Cambodian but not the Brazilian and Ethiopian
isolates. PvRBP2a and PvRBP2b showed higher expression in the Ethiopian and Cambodian
isolates than the Brazilian ones. In the Ethiopian schizonts, PvRBP2a and PVRBP3 expressed
six-fold higher than PvDBP1 and 60-fold higher than PvEBP/DBP2 highlighting their
importance. Other invasion genes including PvRBP1a, PvMSP3.8, PvMSP3.9, PVTRAG2,
PVTRAG14, and PvTRAG22 also showed relatively high expression. We also found that
PVPO01 1403000 from female and PVP01_1208000 from male gametocytes were highly
expressed consistently across all isolates compared to Pvs25, the current industry standard for
gametocyte detection. Together, these data indicate the Duffy negative P. vivax originated from
Duffy positive individuals and transmission may occur between both phenotypes. We also
provide evidence of a Duffy-independent invasion mechanism by select PvRBP, PvRBP, and
PVTRAQg genes. Lastly, our data provide a reliable method for detecting sub-microscopic P.

vivax gametocytes through male and female gametocyte detection. The data presented is critical



for understanding P. vivax infection, transmission, and provide the first evidence for alternative

invasion ligands that may be ideal targets for pharmaceutical intervention.
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Chapter 1: Introduction

1.1 Introduction

Plasmodium vivax malaria is a neglected tropical disease, despite being more
geographically widespread than any other form of malaria (1) and causes 132-391 million
clinical infections each year (2). Compared to P. falciparum, P. vivax has a broader temperature
tolerance and an earlier onset of gametocyte development, enabling the parasites to spread
through diverse climates (3) and making them more difficult to control and eliminate (4).
Currently, there is no vaccine available for P. vivax, though several preventative medications
have been shown to be effective (5, 6). The epidemiology of P. vivax malaria is further
complicated by the pathogen’s unique ability to form dormant-stage hypnozoites in the host liver
cells, giving rise to recurrent relapse infections from weeks/months to years later (7, 8). Relapse
infections have substantially impacted progress in malaria control, especially in countries that are
approaching elimination (9-11).

Plasmodium vivax was previously thought to be rare or absent in Africa because people
of African descent often lack the expression of a Duffy blood group antigen, known as the Duffy
antigen—chemokine receptor (DARC). It is believed that the fixation of the Duffy negativity trait,
and the rarity of P. vivax infection in Africa supports that Duffy-negative individuals are
refractory to P. vivax. Unlike P. falciparum, which utilizes multiple erythrocyte receptors for
invasion and has merozoite proteins with overlapping and redundant receptor-binding functions,
invasion of erythrocyte by P. vivax merozoites exclusively relies on the interaction between
PvDBP and DARC expressed on the surface of erythrocytes and reticulocytes. DARC is a

glycoprotein on the surface of red blood cells (RBCs) that allows P. vivax to bind and invade



human erythrocytes at the cysteine-rich region Il of Duffy Binding Protein 1 (DBP1) (12-14).
However, recent studies have reported several cases of P. vivax in Duffy-negative people in
different parts of Africa where Duffy-negative populations are predominant (15-17). It is
apparent that Duffy-negative individuals are no longer resistant to P. vivax malaria (15, 16). This
phenomenon raises important questions of how P. vivax invades erythrocytes of Duffy-negative
individuals. To date, only a single P. vivax ligand protein PvDBP1 has been studied in great
detail (15). It has been hypothesized that either mutations in PvDBP1 provided a new pathway of
entry, or a low expression of DARC in Duffy-negative individuals binds readily with parasites
that contain high copies of PvDBP1 (18, 19). Recent studies have shown that, despite several
mutational differences observed in PvDBP1 between Duffy-positive and Duffy-negative
infections, none of them bind to Duffy-negative erythrocytes (15), implying that an alternative
parasite ligand is being used.

The investigation of erythrocyte invasion mechanisms in P. vivax could be complicated by the
genetic characteristics and epidemiology of P. vivax in Duffy-negative individuals. P. vivax has a
significantly higher nucleotide diversity at the genome level, compared to P. falciparum (20).
Such a contrast could be attributed to frequent gene flow via human movement, intense
transmission, and variation in host susceptibility (21-23). Genes associated with erythrocyte
binding, such as Duffy binding protein (PvDBP), erythrocyte binding protein (PVEBP),
reticulocyte binding protein (PvRBP), merozoite surface protein (PvMSP), apical membrane
antigen 1 (PvAMAL1), and tryptophan-rich antigen genes (PvTRAQ) families, are highly diverse in
P. vivax from Africa and Southeast Asia (24-28). These genes have been shown to play a role in
reticulocyte invasion (24, 28) and patient antigenicity (29, 30) and provide explanations to high

levels of selection detected at the genome levels in P. vivax from South Korea (31), Kyrgyz



Republic (32), New Guinea (33), and Thailand (34). Proteins such as RBP, TRAg, anchored
micronemal antigen (GAMA), and Rhoptry neck protein (RON) have been suggested to play a
role in red cell invasion, especially in low-density infections (35-39). Unfortunately, studies that
investigated erythrocyte invasion pathways are scattered with no definitive evidence and
systematic approaches to clarify the exact role of these target genes. Due to a lack of reliable and
logistical long-term in vitro methods (40), P. vivax remains a parasite for which it is difficult to
effectively study the molecular mechanisms and biology in detail, beyond genetic

characterizations.

1.2. Pathogenesis of P. vivax

Recent findings of P. vivax cases in Duffy-negative individuals suggest that some
lineages may have evolved to use ligands other than Duffy for erythrocyte invasion (15). This
significantly increases the risk of P. vivax infection in the African populations and may
eventually become a new cause of epidemics and severe disease across Africa. To establish how
the phenomenon of P. vivax infection of Duffy-negative individuals has evolved and identify
potential vaccine candidates to target it, it is important to understand how this parasite invades
Duffy-negative erythrocytes and, hence, causes malaria. The investigations of P. vivax at the
cellular and molecular levels have been restricted by the lack of a continuous in vitro culturing of
live parasites. With the advancement in P. vivax genome sequencing technology, coupled with
the ability to mature ex vivo isolates, it is now possible to obtain high-quality transcriptomes of
the blood stages. However, there is still a lack of viable methods to indefinitely culture P. vivax,
due to the need for young reticulocytes to sustain long-term culture. Strategies to overcoming

this problem have been proposed but remain impractical due to a large initial and continuous



investment of labor and infrastructure (41). The successes of short-term culture utilizing young
reticulocytes from placental blood (40, 42) and indefinite culture in Saimiri boliviensis and Aotus
nancymae monkeys (43, 44) shed light on pathogenesis in humans and potential ligands for
invasion (37, 44); however, several unanswered questions remain.

While mature asexual P. vivax and its transmissive gametocytes occur in peripheral
blood, histological analyses of P. vivax in Aotus and Saimiri monkeys have shown immature
gametocytes and few asexual schizonts present in the parenchyma of bone marrow (45). Asexual
schizonts appear to be more concentrated in the sinusoids of the liver (45), suggesting that bone
marrow could be a critical reservoir for P. vivax gametocyte development and proliferation.
Indeed, the bone marrow reservoirs may suggest that microscopic detection is not ideal for active
case detection and treatment of P. vivax until bone marrow samples are accessible. As P. vivax
requires reticulocytes for growth (46-49), the general low proportion of reticulocytes (that make
up only 1% of the total number of host erythrocytes) may explain low parasite loads in
symptomatic patients (50-52) and a lack of observable schizonts in blood circulation (52, 53).
Additionally, pathological analyses of S. boliviensis tissues showed that P. vivax infections also
affect the lungs and kidneys, both of which had mononuclear infiltrates, higher macrophage
levels, alveolar wall thickening, collagen deposition, and type Il pneumocyte hyperplasia (44).
The level of tissue damage is parasite-load dependent and determined by the amount of by-
product, namely hemozoin, being produced (44). These findings may imply a large number of
asymptomatic P. vivax carriers in the general populations. It is well-known that P. vivax has the
ability to relapse from dormant liver-stage hypnozoites, from weeks to years after the clearance
of the primary blood-stage infection, and this is a major obstacle to its control and elimination

(20, 54). The liver and bone marrow have been shown to be major parasite reservoirs for P. vivax



hypnozoites in Saimiri monkey models (45, 55), but mechanisms of hypnozoite development
remain largely unknown and are difficult to study due to a lack of long-term in vitro culture.
Moreover, relapse varies systemically by geographic region and/or seasonal changes in the
environment (54). In regions where P. vivax transmission is intense and stable, relapse is
common and enhances local transmission (20, 54), whereas, in Africa, P. vivax transmission is
relatively low and usually seasonal and unstable (56-58). The rate of relapse is largely unknown.
There is, as of yet, no information on the frequency and clinical impacts of relapse in Duffy-
negative P. vivax infections, nor reliable biomarkers for relapse detection, due to limited
technologies and substantial knowledge gaps in the biology of P. vivax hypnozoites and relapse.
Future investigations employing a longitudinal study design that monitors the dynamics and
consequences of relapse infections in both Duffy-positive and Duffy-negative individuals will

offer deep insights into the epidemiology and biology of P. vivax infections.

1.3 Erythrocyte Invasion Mechanisms in Non-Plasmodium vivax

Our current knowledge of the molecular mechanisms of erythrocyte invasion in several
Plasmodium species offers a reference model on candidate invasion ligands in P. vivax.
Plasmodium falciparum invades a wide range of red blood cells, from young reticulocytes to
mature normocytes. One of the main binding protein ligands is the erythrocyte binding ligand
(EBL) family, which includes multiple members, such as EBA-175, EBA-140, EBL-1, and
EBA-181. EBA-175 binds to the sialic acid—containing structure on human erythrocyte receptor
glycophorin A (GpA) during invasion (59). The role of the EBA-175 protein has been shown to
be critical for erythrocyte invasion, as antibodies raised against EBA-175 prevent binding to

GpA in vitro (60, 61). EBA-175 triggers changes in the erythrocyte membrane (62, 63), and the



shedding of EBA-175 causes uninfected red blood cells to cluster or form rosette, which allows
for immune evasion (64). The host immune responses may explain the polymorphisms and
diversifying selection observed in EBA-175 (65). Other ligands, such as EBA-140 and EBL-1,
are known to bind to glycophorin C (GpC) (66) and glycophorin B (GpB), respectively, on the
erythrocytes. Unlike GpA and GpC, the GpB exhibits high levels of polymorphisms, particularly
in people of African ancestry, suggesting that a strong selective pressure may have provided an
evolutionary advantage to parasite invasion (67). For example, the S-s-U- and Dantu GpB
phenotypes both showed moderate protection against invasion; however, this does not hold true
for all GpB phenotypes (67-70). To the best of our knowledge, the specific receptor for EBA-181
is chymotrypsin-sensitive, trypsin-resistant, and neuraminidase-sensitive to erythrocytic
treatment (71, 72), although it remains to be identified. Another important binding protein family
of P. falciparum is the reticulocyte-binding homologue (PfRh) that includes PfRh1, PfRh2a,
PfRh2b, PfRh4, and PfRh5. PfRhl binds to an unidentified receptor “Y”, which has been
characterized to be trypsin- and chymotrypsin-resistant and neuraminidase-sensitive (73, 74).
PfRh1 is necessary for sialic acid—dependent invasion of human red blood cells (74). Antibodies
raised against PfRh1 have been shown to block invasion by inhibiting calcium signaling in the
merozoite (75). PfRh2a and PfRh2b are identical for much of the N-terminus region, but each
has a unique 500 C-terminus region (76) and differential expressions in various P. falciparum
lines, including deletions, such as a deletion of PfRh2b in P. falciparum D10 (76, 77). The loss
of PfRh2b does not appear to impact invasion or growth of the parasites and suggests
compensatory mechanisms for the loss of PfRh2b (78). PfRh2a binds to more than one receptor
on erythrocytes, but these receptors have yet to be identified (79, 80). PfRh2b has been shown to

be involved in merozoite calcium signaling (79). It binds to an unknown receptor “Z” on



erythrocytes, which is neuraminidase- and trypsin-resistant and chymotrypsin-sensitive (81).
PfRh4 has been shown to have sialic acid—independent binding activity with the complement
receptor type | (CR1) on erythrocytes (82, 83). The PfRh5 complex is composed of PfRh5, Ripr,
CyRPA, and Pf113, which collectively promote successful merozoite invasion of erythrocytes by
binding to basigin (BSG, CD147) (84, 85). A BSG variant on erythrocytes, known as Ok*, has
been shown to reduce merozoite binding affinities and invasion efficiencies (86). This variant
was reported so far only from people of Japanese ancestry (87). Previous knockout or double-
knockout experiments have indicated that the EBL and PfRh gene families work cooperatively or
can functionally compensate for the loss of each other (88, 89). For example, a loss of EBA-175
can activate PfRh4 (88, 89). When EBA-181 expression was disrupted, PfRH2b was no longer
functional (88). When EBA-181 and EBA-140 genes were disrupted, the parasite deleted the
PfRh2b gene (88). Further study is needed to gain a deeper understanding of how they may work
synergistically to promote invasion and immune evasion.

Until recently, P. knowlesi was considered primarily a simian malaria that infects Macaca
fascicularis, Macaca nemestrina, and Presbystis melalophos (90). P. knowlesi is now confirmed
to cause malarial infections in humans (91). P. knowlesi has been shown to use different ligands
to invade macaques and human erythrocytes (90). Two gene families, DBL and RBP, are
responsible for erythrocyte binding. The DBL gene family comprises PkDBP-a, PkDBP-f, and
PkDBP-y. In humans, the parasite ligand responsible for erythrocyte invasion is PKDBP-a, which
binds to the DARC receptor. The other two Duffy-binding proteins, PkDBP-$ and PkDBP-y,
bind only to macaque but not human erythrocytes (12). The normocyte-binding protein Xa
(NBPXa) is required for binding in human erythrocytes, but it is not necessary for invasion of

Macaca mulatta erythrocytes (92). Variation in PKNBPXa has been shown to be linked with



parasite virulence and severity of disease (93). The receptors for NBPXa and NBPXb necessary
for invasion for either human or M. mulatta erythrocytes have yet to be identified [90]. Unlike P.
vivax, both P. falciparum and P. knowlesi can be maintained in long-term culture, making them
ideal systems for studying invasion mechanisms (94, 95).

P. cynomolgi is a vivax-like simian malaria that shares many genomic and phenotypic
characteristics with P. vivax and has been often used as a reference model of P. vivax (96). Two
gene families, erythrocyte binding-like (EBL) and reticulocyte binding-like (RBL), are
responsible for erythrocyte binding and invasion in P. cynomolgi (97-99). The EBL gene family
encodes PcyDBP-1 and PcyDBP-2, similar to PkDBP, which binds to the complementary DARC
receptor on Duffy-positive erythrocytes. PcyDBP-1 is an ortholog for PkDBP-a, while PcyDBP-
2 has no known orthologs with other Plasmodium DBPs (100). Previous studies have shown no
variation in gene copy number of either PcyDBP-1 or PcyDBP-2 among P. cynomolgi laboratory
strains (101). Studies of field isolates of both P. cynomolgi and P. knowlesi have shown that
PcyDBP-1 exhibits high levels of nucleotide diversity, as compared to PcyDBP2 or PkDBPs
(102). The RBL gene family is composed of PcyRBP1, PcyRBPla, PcyRBP1b, PcyRBP2a,
PcyRBP2b, PcyRBP2c, PcyRBP2d, PcyRBP2e, PcyRBP2f, and PcyRBP3, most of which are
responsible for mediating parasite invasion into reticulocytes (101). Functional studies of
PcyRBPs are further complicated, as different strains of P. cynomolgi have a different set of RBL
genes. For example, PcyRBP2a is present in the P. cynomolgi B and P. cynomolgi Cambodian
strains but absent in the P. cynomolgi Berok strain. Similarly, PcyRBP1b is present in the P.
cynomolgi Berok and Gombak strain but absent in the P. cynomolgi B, Cambodian and Rossan

strain (96). While it is possible that the loss of PcyRBP1b can be compensated by the presence of



PcyRBP2a (101), the relative role of PcyRBP1b and PcyRBP2a in RBC invasion requires further

investigations (103).

1.4 Plasmodium vivax Ligand Proteins and Host Receptors for Erythrocyte Invasion

The Duffy-binding protein of P. vivax (PvDBP) and P. knowlesi (PkDBP-a) interact with
DARC on erythrocytes (104). A 140 kD region Il of PvDBP (amino acids at site 198-522; Table
1) was identified as the key binding site to human erythrocytes (12). In humans, there are two
major codominant alleles for DARC, Fy? and Fy°, which differ by a single nucleotide
substitution at amino acid position 42 with glycine and aspartic acid, respectively. Individuals
who are Fy?*> have been shown to be at reduced risk for clinical P. vivax in comparison to Fy®?*
individuals (105, 106). Individuals with a single point mutation ¢.1-67T>C (rs2814778) in the
GATA-1 box of the DARC gene are considered Duffy-negative (Fy’), as erythrocytic expression
of DARC is abolished. Duffy-negative (FyFy’) individuals were previously thought to be
resistant to infection by P. vivax and P. knowlesi due to the parasites’ inability to infect
erythrocytes (107), but several recent studies have shown that P. vivax can infect Duffy-negative
individuals, potentially utilizing another invasion ligand(s) (108). The P. vivax erythrocyte
binding protein (PVEBP), which is similar to PcyM DBP2 sequences in P. cynomolgi and
contains a Duffy-binding like domain, was discovered in 2013 by de novo genome assembly of
field isolates from Cambodia (109). Binding assay of PVEBP region Il (amino acids at site 171-
484; Table 1) showed that, unlike PvDBP region II, PVEBP is able to moderately bind to Duffy-
negative erythrocytes (15), lending support to the hypothesis of an alternative invasion pathway

in P. vivax.
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The comparisons of genomic sequences between P. vivax and other Plasmodium species
have identified several members of the P. vivax reticulocyte binding protein (RBP) gene family
(46, 110, 111). The P. vivax RBP gene family comprises several full-length genes, including
PvRBP1la, PvRBP1b, PvRBP2a, PvRBP2b, and PVvRBP2c; partial genes, including PvRBP1pl,
PVRBP2pl, and PVRBP2p2; and pseudogenes, including PvRBP2d, PvRBP2e, and PvRBP3.
PVRBP1 comprises PvRBP1a and PvRBP1b and shares homologous regions with P. falciparum
PfRh4 (112). The binding regions of PvRBP1a and PvRBP1b are homologous to that of PfRh4,
and the amino acids at site ~339-599 were confirmed to interact with human reticulocytes (82,
113) (Table 1). PvRBP1a is orthologous to the pseudogene of PKNBP1, but no orthologous
region of PvRBP1b was detected in P. knowlesi (96). While the host receptors of both PvRBP1a
and PVvRBP1b proteins are unclear, it has been shown that the receptors are neuraminidase
resistant (82). PvRBP1p1 contains a fragment which has 95% similarity to a C-terminal sequence
in PvRBP1b (114). Several members of PvRBP2 (PvRBP2a, PvRBP2b, PvRBP2c, PvRBP2d,
PVRBP2e, PvRBP2p1, and PvRBP2p2) are orthologous to PfRH2a and PfRH2b (82, 111), as well
as PcyRBP2 (96). Some of them, such as PvRBP2a and PfRh5, also share high structural
similarity (115). PvRBP2b and PvRBP2c are orthologous to PcyRBP2b and PcyRBPZ2c,
respectively (96). Recently, the receptor for PvRBP2b has been identified as transferrin receptor
1 (TfR1) and the PvRBP2b-TfR1 interaction plays a critical role in reticulocyte invasion in
Duffy-positive infections (116). While PvRBP2p1 has been identified in all human P. vivax
infections, PvRBP2p2 was only present in certain lineages of P. vivax (117). PvRBP2d,
PVRBP2e, and PVRBP3 are pseudogenes that share homology with other PvRBPs but encode for

nonfunctional proteins (117). In addition, PvRBP2e is present in the Cambodian field isolates but
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not in the P. vivax Salvador | (109). The role of these PVRBP genes in erythrocyte invasion
remains unclear.

Tryptophan-rich antigens (TRAgs) are a family of antigens found on human and rodent
malaria parasites. In P. vivax, the number of encoded tryptophan-rich proteins is much higher
than that of P. falciparum. In the latter case, some of these proteins have been shown to play
important role in red-cell invasion and thus are proposed as potential vaccine candidates against
P. falciparum malaria (18, 19). Although the reason as to why such a large number of
tryptophan-rich proteins are being expressed by P. vivax is unknown, the stage-specific
expression of these genes is indicative of their different roles in the parasite’s life cycle (20,
118). The PvTRAg family contains 36 members, each with a positionally conserved tryptophan-
rich domain in the C-terminus region (119, 120). Of the 36 PvTRAgs, 33 transcribe differently
during the ring, trophozoite, and schizont stages of P. vivax, indicating their involvement in
blood-stage development (39). A majority of transcription take place during the schizont-ring
transition (121), suggesting their role in erythrocyte invasion. The proportion of non-
synonymous SNPs in PVTRAg genes was shown to be significantly high, suggesting the effect of
diversifying selection related to antigenic function (122). Nine PvTRAgs have been shown to
bind to human erythrocytes, including PvTRAg33.5, PvTRAQ35.2, PvTRAQ69.4, PvTRAgQ34,
PVTRAQ38, PvTRAQ36, PvTRAQ74, PvTRAQ26.3, and PvTRAQ36.6. These proteins possess
erythrocyte-binding activity with predicted protein localization to be during the schizont stage
(123, 124), and each protein recognizes multiple erythrocyte receptors (124). A comparison of P.
vivax transcriptomes between Aotus and Saimiri monkeys indicated the expression of six
PVTRAg genes in Saimiri P. vivax was 37-fold higher than in the Aotus monkey strains (37). Five

of these highly expressed PVTRAg genes were previously shown to bind to human erythrocytes



12

(38, 123). Although most TRAg receptors remain poorly characterized and unnamed, the
receptor of PvTRAQ38 has been identified as Band 3 that binds to amino acid positions 197-214
(125) (Table 1). The 10 PvTRAg ligands cross-compete with one other and each receptor is
shared by more than one TRAg ligand, e.g., PvTRAQg38 and PvTRAgQ74 share a common
chymotrypsin-sensitive erythrocyte receptor (123, 124). In addition, the expression of the 10
PVTRAQgs varies and is stage-specific, suggesting their differential roles in parasite growth and
development. For example, PvTRAg, PvTRAQ26.3, PvTRAQ36.6, and PvTRAQ69.4 are all
expressed at the ring and early trophozoite stages of the parasites, indicative of an important role
in rosetting; PvTRAQ35.2, PvTRAQ38, PvTRAQ36, and PVvTRAQ34 are expressed during the
schizont and merozoite stages, indicative of invasion properties (124). Further, PvTRAQ36.6
interacts with early transcribed membrane protein (PVETRAMP) to form a protein complex that
is apically localized in merozoites, suggesting that this protein is critical for development or
maintenance of the parasitophorous vacuole membrane (38). Recent studies have shown that the
PVTRAQ35.2 gene sequences were highly conserved in the parasites, and amino acid residues
155-190 and 263-283 were involved in erythrocyte binding (126) (Table 1). PVvTRAQ35.2
competes with PvTRAg 33.5 and PvTRAQ28 and may play a redundant role in erythrocyte
invasion (126). Orthologs of Pv-fam-a are present in P. knowlesi, P. falciparum, and P. yoelii,
suggesting that these genes may play a critical role for invasion throughout Plasmodium
evolution (110). Other PVvTRAgs, such as PvTRAQ56.6 and PvTRAQ56.2, interact with PvMSP1
and PvMSP7, to stabilize surface protein complexes on merozoites, and are likely not involved in
erythrocyte binding (38). Additionally, PvTRAgs elicit a strong 1gG antibody immune response
in P. vivax—infected individuals, with memory lasting up to 5-12 years after being infected (39).

Nine TRAgs (PVTRAg3, PVTRAg7, PvTRAgl13, PvTRAgl4, PVvTRAgl5, PVTRAg18,
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PVTRAQ20, PvTRAgQ26, and PvTRAg35) showed high 1gG positivity and conserved IgG
reactivity in three Asian countries with low malaria endemicity (39), demonstrating the universal
antigenicity of these TRAg proteins.

Merozoite Surface Proteins (MSPs) are a large family of genes found on the surface of
merozoites, and a few members are suggested to be involved in non-DBP1 erythrocyte invasion
pathways (59). MSP1 is a 200 kDa highly conserved antigen that undergoes several cleavage
events as invasion occurs (78, 87). MSP1 shows a strong binding affinity between 20 and 150
nM at the 42 and 19 kDa fragment cleavage sites, with high-activity binding peptides (HABPS)
clustered close to these two fragments at positions 280-719 and 1060-1599, respectively (59),
suggesting its critical role in erythrocyte invasion. MSP1 has the potential to be a vaccine target
due to its strong immunogenicity (127), but further research is needed (128, 129). MSP3
transcribes during the trophozoite and schizont stages of P. vivax (130) and is highly expressed
in Saimiri infections (37). Although it is yet unclear whether MSP3 binds to human erythrocytes,
MSP3.3 and MSP3.5 were expressed on the surface of mature schizonts and interact with MSP1,
MSP7, and MSP9 (37). The MSP3 gene family contained RNA expression of 11 members
during the trophozoite and schizont stages, hinting at the MSP3 family playing an important role
in both maturation and binding (130). Interestingly, MSP3.7 was detected at the apical end of
merozoites, which differentiates probable roles from other MSP3 family members (130).
Additionally, MSP3.11 transcripts were present, but with no corresponding protein being
detected, questioning the exact role of this protein (130). Although the MSP7 gene family has not
been shown to bind to erythrocytes, it forms a complex with PvTRAQ36.6 and PvTRAQ56.2 and
localizes on the surface, likely assisting in stabilization of the protein complex at the merozoite

surface (38). Several MSP7 genes, including MSP7C, MSP7H, and MSP7I, are strong antibody
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targets and contain high genetic diversity due to frequent positive selection (131). The MSP9
family also undergoes frequent selection and recombination and forms a co-ligand complex with
the 19 kDa fragment of MSP1, but no erythrocytic binding activity was observed (132). It is
possible that MSP9 assists MSP1 in binding to erythrocytes. MSP9 is highly immunogenic at

conserved regions 795-808, making it a good vaccine candidate (133, 134).

1.5 Humoral Immune Response against P. vivax and Vaccine Targets

The severity of malaria infection during the erythrocyte stage of Plasmodium depends on
various factors, including the following: the location of parasitized red blood cells in the target
organs; the local and systemic action of the parasite’s bioactive products; pro-inflammatory
cytokine production, as well as innate and adaptive immune system at the cellular levels that
involves cytokine and chemokine regulators; and the activation, recruiting, and infiltration of
inflammatory cells (135). During P. vivax infection, some individuals can acquire immunity
naturally. Such immunity consists of humoral 1gG antibodies, cellular cytokines, and proteolytic
enzymes production as part of the host response to the pathogen (136, 137). Apart from the
invasion capability of P. vivax, host immune response to the pathogen is also a key factor for
determining parasitemia and pathology. For example, patients with moderate parasitemia in
endemic regions of Colombia were shown with cellular immune responses including high IFN-y
and TNF-a levels and a pro-inflammatory cytokine profile in unstable transmission regions
(138). The balance in interleukin (IL)-10/TNF-a rate could prevent increased parasitemia and
host pathology (139). To date, DBP is the primary target antigen for P. vivax vaccine
development. Serological studies have shown that region Il of PvDBP, which P. vivax uses to

bind to human erythrocytes, induces antibodies against DBP and is naturally immunogenic in
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people residing in endemic regions, through repeated exposure to the infection (140, 141).
However, the naturally acquired neutralizing antibodies against DBP are short-lived, increasing
with acute infection, and are strain specific (142, 143). Antibodies from plasma from naturally
exposed people and from animals immunized with recombinant Duffy binding protein (rDBP)
have blocked the specific interaction between the PvDBP ligand domain in vitro and its receptor
on erythrocyte surface (142, 143). Such inhibitory activity was correlated with antibody titers.
The DBP1 binding domain is polymorphic, tending to compromise the efficacy of any vaccine
associated with strain-specific immunity (144). While almost all mutations in polymorphic
residues did not alter RBC binding (145, 146), such polymorphism has a synergic effect on the
antigenic nature of DBP (146). However, polymorphic SNP variants in the binding domain of
PvDBP1 had no effect on the degree of inhibition by anti-DBP monoclonal antibodies. On the
contrary, a higher PvDBP gene copy number was shown to reduce susceptibility to anti-PvDBP
antibody response (147), but not for better invasion of FyA/FyA and FyA/FyB reticulocytes.
Apart from DBP, the MSP family is responsible of the interaction between merozoites
and reticulocytes during the erythrocyte phase. PvMSP1, PvMSP3, and PvMSP9 are potential
vaccine candidates, since they are exposed to the immune system and are recognized by
antibodies from naturally infected individuals (148). Cytoadherence assays demonstrated that
MSP119 is an essential adhesion molecule used in P. vivax invasion to erythrocytes (149) and is
immunogenic in people living in areas of unstable malaria transmission in Southeast Asia, Papua
New Guinea, and Brazil (150). Two recombinant polypeptides, rPvMSP114 and rPvMSP129, from
the MSP1 C-terminal region show high binding activity to reticulocytes, but no antibodies
against these peptides were detected in immunized Aotus monkeys (87). MSP3 is an abundant

ligand on the merozoite surface that is essential for reticulocyte invasion. PvMSP3a block 11 and
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the C-terminal region were shown to be highly immunogenic. Individuals living in an endemic
region with a high number of previous episodes of malaria were shown to have increased 1gG1
and 1gG3 anti-PvMSP3a (148, 151, 152). Likewise, the PvMSP9 C-terminal and NT domains
have also been shown to induce memory T-cell response (higher IFN-y and IL-4 cytokine
production) in individuals living in P. vivax—endemic regions of the Brazilian Amazon and
Papua New Guinea (152, 153) and are specific targets of P. vivax vaccine. It is unclear if Duffy-
negative individuals acquire high levels of antibodies against the 19-kDa C-terminal region of
the P. vivax PvMSP1, PvMSP3, and PvMSP9, resulting in a low susceptibility to P. vivax
infection (105).

PVRBP2b was recently shown to bind transferrin receptor 1 of the reticulocytes, through
the apical domain and the protease-like domain of TfR1 and the N-terminal region of Tf (115).
RBP2P1 protein was found to be expressed in schizonts and localized at the apical end of the
merozoite, and it preferentially binds reticulocytes over normocytes. Monoclonal antibodies
raised against PvRBP2b prevent reticulocyte binding and reduce P. vivax invasion (115). P.
vivax malaria patients had higher IgG levels against rRBP2P1 than did naive individuals. Human
antibodies to this protein also exhibit erythrocyte binding inhibition and are associated with
lower parasitemia (154). PvRBPla and PvRBP1b are highly transcribed during the parasite
schizont stage (118). PvRBPla-34 and PvRBP1b-32 proteins bounded specifically to
reticulocytes and showed significantly higher reticulocyte binding activity than normocyte-
binding activity (82). Clinical assays have indicated that PvRBP1435 777 is poorly immunogenic,
likely because PvRBP1 had multiple promiscuous T-cell epitopes, which did not induce specific
genetic restriction (155). 1gG prevalence against the NT region (including the most polymorphic

region) of the PvRBP1a and b was intermediate in a population from Thailand (117), but 1gG
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prevalence against the PvRBP1a-34 and PvRBP1b-32 proteins was significantly higher in P.
vivax patients than healthy individuals in the Republic of Korea (82). Moreover, the highly
conserved region 111 (between amino acids 1941-2229), with the greatest amount of high-affinity
reticulocyte-binding peptides and high binding affinity, was shown to induce high antibody titers
in Aotus monkeys and be able to recognize the full PvRBP1 in parasite lysate (156). The
expression of PVRBPs in the African P. vivax and the antibody response against PvRBP in
Duffy-negatives will provide important implications to the usefulness of a future vaccine in
vivax malaria control in Africa.

While the circumsporozoite protein (CSP) is one of the most important proteins described
in hepatocyte invasion by Plasmodium sporozoites, previous studies involving individuals
residing in P. vivax malaria—endemic regions in Brazil showed low responses for antibodies
directed against the repeat and C-terminal regions (157). On the other hand, members of the
TRAg gene family that were highly expressed in non-DARC Saimiri-infected P. vivax have also
shown to induce antibody response in people from vivax-endemic regions. A recent study of 383
children in Papua New Guinea showed that antibodies against PvFAM-D2 were significantly
more common in children with active P. vivax infections (158). The coexpression of PvFAM-A2
and PvFAM-D2 proteins in infected reticulocytes is spleen-dependent, based on the Aotus
monkey model (159). These proteins were recognized by a high percentage of sera and are
highly immunogenic targets of naturally acquired immune responses (159). These results are in
agreement with members of these families being highly expressed in transcriptional analysis of
parasite isolates (37, 160). Moreover, PVX 108770 (VIR14) of the multi-gene VIR family
largely located at the subtelomeric regions also presented high sero-positivity, despite the role of

its conserved globular domains in eliciting cross-reacting antibodies being unclear (161, 162).
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Other proteins, such as HYP, which is 100% conserved among P. vivax isolates from Mauritania,
North Korea, India, and Brazil, and had antibodies significantly associated with protection
against clinical P. vivax episodes in children (158), are a potential target of blood-stage vaccine.
Taken together, it is possible that individuals with low-to-no DARC expression have lower
susceptibility to infection than individuals having high DARC expression by eliciting high
frequency and magnitude of anti-DBP, anti-MSP, anti-RBP, and anti-FAM antibody response
against P. vivax during the blood stage. This may imply that one of P. vivax’s primary
mechanisms for evading host immunity works through indirect, negative regulation of DARC,

influencing the humoral response against erythrocyte invasion and parasite development.

1.6 Conclusions

The documentation of P. vivax infections in different parts of Africa where Duffy-negative
individuals are predominant (163-169) suggested that there are alternative pathways for
erythrocyte invasion. It is apparent that Duffy-negative individuals are no longer resistant to P.
vivax malaria. The increased risk of P. vivax infection and the growing clinical burden across
Africa, as well as in Duffy-negative individuals, certainly highlight the public health concern of
P. vivax malaria. Future studies should clarify the function and immunogenicity of various
candidate parasite ligand proteins and identify their corresponding receptors involved in
alternative Duffy-independent erythrocyte invasion, critically examine the host antibody
response with respect to P. vivax proteins across wide ethic groups, provide a rigid comparison
and analysis of asymptomatic reservoirs and transmission mechanisms of P. vivax in Duffy-
negative populations, and unveil the biological features of relapse infections in Africa.

Furthermore, future studies should investigate the biology of relapse infections, including the
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development and characteristics of hypnozoites in P. vivax, which remain largely unclear,
despite the overwhelming importance with regard to the impact of relapses on genetic variation

of the parasites, transmission, and antimalarial treatment of P. vivax cases.



1.7 Tables

Table 1. Currently known P. vivax genes and amino acid regions responsible for binding
human erythrocytes.

Amino Acid

Gene Name Binding Region Target Cell(s)
] Duffy-positive
PvDBP1 198-522(12) Erythrocytes
PYEBP/DBP2 171-484 (15) Erythrocytes
PvRBPla 352-599 (113) Reticulocytes
PvRBPLb 339-587 (82) Reticulocytes
Mature RBCs and
PvRBP2a 160—1000 (115) Reticulocytes
PvRBP2b 161-1454 (116) Reticulocytes
PvRBP2c Native protein (46) Reticulocytes
- 168-524 (170) 10% reticulocytes
464-876 (170) 349 reticulocytes
PvIRAg38 197-214 (125) Erythrocytes
PvTRAg35.2 155190 (126) Erythrocytes
263-283 (126) Erythrocytes
PvMSP1 280719 (59) Erythrocytes

1060—-1599 (59) Erythrocytes
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Chapter 2: Materials and Methods

2.1. Ethic’s Statement

Scientific and ethical clearance was obtained from the institutional scientific and ethical
review boards of Jimma University, Ethiopia and University of North Carolina, Charlotte, USA.
Written informed consent/assent for study participation was obtained from all consenting heads
of households, parents/guardians (for minors under 18 years old), and each individual who was

willing to participate in the study.

2.2 Study area and genotyping

Clinical samples were obtained from six different study sites, three from Ethiopia and
three from Sudan. Study sites in Ethiopia included Jimma (JM), Gojeb (GJ), and Arjo (AJ); and
study sites in Sudan included Khartoum (KH), River Nile (RN), and New Halfa (NH). These
sites are located around the Ethiopia-Sudan border area (Figure 1) and experience low to
moderate transmission (171). Samples were processed and screened for P. vivax following the
published protocol (172). A total of 305 and 107 P. vivax samples from Duffy-positive and
Duffy-negative individuals, respectively, were included in microsatellite analyses. These
included 150 samples from Duffy-positive and 83 samples from Duffy-negative individuals in
Ethiopia, and 155 and 24 samples, respectively, in Sudan. Eight microsatellites with tri- or
tetranucleotide repeats, which mapped to 6 chromosomes, were typed for P. vivax following the

published protocol (4).
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2.3 Linkage disequilibrium and multiplicity of infections

To examine whether the microsatellite loci are in linkage disequilibrium (LD),
multilocus LD was assessed among the parasite samples for each study site using LIAN version
3.7 (173). The standardized index of association (1a%), which measures the strength of linkage
disequilibrium and views as a function of the rate of recombination among samples, was
calculated. Due to small samples from Duffy-negatives in New Halfa, Sudan (N=2), this
population was excluded from LD analyses. The percentage of polyclonal infections, as well as
average multiplicity of infection (MOI), were estimated for each of the study sites and Duffy
groups. MOI was scored as the maximum number of alleles observed in each sample, when all

loci were considered.

2.4 Genetic diversity and population structure

Genotypic variation was calculated in GenoDive, version 2.0b27 based on the mean of
individual markers (174) and tested for significance by two-tailed T-tests. A model-based
Bayesian method implemented in STRUCTURE v2.3.4 (175) was performed separately at the
site and country levels to examine the partitioning of individuals to genetic clusters. The
partitioning of clusters was visualized with DISTRUCT (176). In addition, Discriminant
Analysis of Principle Components (DAPC) was performed to identify the optimal number of
components that best separate samples into pre-defined clusters (177). Phylogenetic analyses
were conducted at the population level to examine the relatedness of P. vivax from Duffy-

positive and Duffy-negative individuals.
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2.5 Identification of source-sink dynamics and direction of transmission

The StrainHub software (178) v0.2.0 was used to generate a transmission network from
the phylogeny of our samples. The squared Euclidean distances based on the number of times a
certain allele is found in two individuals were computed between each pair of individuals using
GenoDive and an unrooted neighbor-joining tree was constructed using the ape R package
v5.4 1 (179). StrainHub used the genetic relationships from the tree and the associated metadata
states to reconstruct an estimate of ancestral states. Samples were grouped by country, site, and
Duffy status to illustrate the directions of transmission. Values near 1 indicate a source, values
near O indicate a sink, and values in the middle suggest the node is a hub. It is worth noting that
StrainHub is a phylogenetic method that does not account for recombination among lineages.
To validate the results of StrainHub, relatedness among groups were also computed using the

identical-by-descent (IBD) method described in Taylor et al. (180).

2.6 Analyses of geographic and landscape factors

To test for isolation-by-distance, the Mantel test was performed on the matrix of
pairwise Fst-values. This test was conducted with the ade4 R package, version 1.7_15, with
10,000 permutations performed to estimate significance (181). For this analysis, the
geographical coordinates of the six study sites were used for estimating physical distances
between sites, and P. vivax samples from Duffy-positives and Duffy-negatives were combined
for each study site.

To determine whether the observed patterns of genetic differentiation are explained by

landscape factors, resistance surfaces were fit to the genetic data for a variety of gridded,
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environmental datasets. Specifically, these were: road density, as estimated by Meijer et al.
(182); elevation, as measured by the Shuttle Radar Topography Mission; and land cover,
obtained from the MCD12Q1 dataset (183). Road density was selected as a proxy for human
movement, whereas elevation and land cover were chosen to be representative of mosquito
habitat. The malaria samples were gathered between 2017 and 2019, so land cover data for 2018
was chosen as representative. The other two datasets are static and all three were projected to a
consistent coordinate system. Resistance surfaces based on these three environmental datasets
that best explain the observed genetic distances (pairwise Fst-values) were modeled using the
ResistanceGA R package, version 4.0-14 (184). Resistance surfaces were fit for each individual
environmental variable, and composite resistance surfaces were fit for each possible

combination of multiple environmental variables.

2.7 Sample preparation of the 10 Ethiopian P. vivax transcriptomes

For 10 Duffy positive P. vivax samples from Ethiopia, 10mL whole blood was preserved
into sodium heparin from microscopy-confirmed P. vivax patients at hospitals in Jimma, Ethiopia
area who had 4,000 parasites/uL parasitemia and had not received prior antimalarial treatment.
Blood samples were cryo-preserved with two times glycerolyte 57 and stored in liquid nitrogen.
Prior to culture, samples were thawed by adding 0.2V of 12% NaCl solution drop-by-drop
followed by a 5-minute room temperature incubation. Ten-times volume of 1.6% NaCl solution
was then added drop-by-drop to the mixture and the samples were centrifuged at 1000 rcf for 10
minutes to isolate the red blood cell pellet. This process was repeated with a 10x volume of 0.9%
NaCl. Following centrifugation, the supernatant was removed via aspiration, and 18mL of sterile

IMDM (added 2.5% human AB plasma, 2.5% HEPES buffer, 2% hypoxantine, 0.25% albumax,
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and 0.2% Gentamycin) per 1mL cryo mixture was added to each sample for a final hematocrit of
2%. 10% Giemsa thick microscopy slides were made to determine the majority life stage and
duration of incubation required, averaging 20-22 hours for the majority trophozoites and 40-44
hours for the majority ring. Samples were incubated at 37°C in a 5% 02, 5% CO2 atmosphere to
allow growth to the schizont stage. In vitro maturation was validated through microscopic smears
20-40 hours after the initial starting time, dependent on the majority stage, and subsequently
checked every one to two hours if immature.

Cultured pellets were isolated via centrifugation and placed in 10x volume trizol for
RNA extraction. RNA extraction was performed using Zymo direct-zol RNA prep Kit according
to the manufacturer’s protocol, followed by two rounds of DNA digestion using the DNA-free
kit (Zymo). Samples were analyzed with a nanodrop 2000 and RNA Qubit to ensure sample
concentrations were above 150 ng total for library construction. For samples with no significant
amount of DNA or protein contaminants, RNA libraries were constructed using lHlumina rRNA
depletion library kits according to the manufacturer’s protocol. Completed libraries were quality
checked using a bioanalyzer to ensure adequate cDNA was produced before sequencing.
Sample reads were obtained using Illumina HiSeq 2x150bp configuration to obtain at least 35
million reads per sample. Sequence reads were aligned with HISAT2 (185), using the Rhisat2 R
package (186) to the PO1 P. vivax reference genome and all human reads were filtered out using
SAMtools (187) (implemented in the R package (188)). The alignment was mapped to the P01
reference annotation using the Rsubread package (189). Sequences for the 10 Ethiopian
transcriptomes are available on the National Center for Biotechnology Information Short Read
Archive under BioProject: PRINA784582. All code is available on GitHub at

https://github.com/colbyford/vivax_transcriptome_comparisons.
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2.8 Data analyses of the 10 Ethiopian P. vivax transcriptomes

To further confirm samples were majority schizont stage, sequence reads of each sample
were deconvoluted in CIBERSORTXx (190) based on P. berghei homologs as previously
described in Tebben et al (191). We used the established matrix to determine the frequency of
expression for each gene calculated for rings, trophozoites, and schizonts, respectively. Samples
that were expressed 30% or more were sorted into their respective stage(s). All reads were
annotated using the Rsubread package and classified into 12 different categories by function.
We then examined the top 30 transcribed genes using the counts per million (CPM) metric.

Our previously published whole genome sequence data identified several mutations and
structural polymorphisms in genes from the PvEBP, PvRBP, PvMSP, and PVTRAg gene families
that are likely to involve in reticulocyte invasion (24). Specific binding regions in some of
PvDBP1, PvEBP, PvRBP, and PvMSP genes have been identified (192). To further explore the
putative function, we compared relative expression levels of these genes in the 10 Ethiopian P.
vivax samples with other geographical isolates of majority schizont stage. We used the CPM
and TPM metric in R package edgeR (193). The CPM metric was used to obtain the top 30
transcripts overall and does not consider gene length, while TPM considers gene length for
normalization and allows an unbiased conclusion to be made relative between and to other
transcriptomes (194). We then transformed the data using log(2)TPM+1 to illustrate relative
expression levels via a heat map with an average abundance. We also selected 26 gametocyte
gene candidates from the literature (195) to assess their continental expression levels relative to

the standard Pvs25.
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2.9 Continental comparison of P. vivax transcriptomes

RNA-seq data of four in vitro Cambodian (52) and two Brazilian (194) P. vivax in vitro
samples were downloaded from the GitHub repository and analyzed with the same
bioinformatic methods described above to minimize potential batch effects. Samples were
deconvoluted using the same matrix and found to have a non-significant difference in troph or
schizont concentrations (P values: 0.14 and 0.41 respectively). The Ethiopian P. vivax samples
were cultured and sequenced using similar protocol as the Cambodian (52) and Brazilian (194)
ones except with slight modification in media and library preparation. We obtained the average
expression and standard deviation in TPM for each gene target and determined potential
difference in transcription levels by conducting pairwise differential expression (DE) analysis
among the Cambodian, Brazilian, and Ethiopian samples. The expression level of 6,829 genes
were examined for DE by edgeR dream (193, 196) and variancePartition (197), with adjusted p-
value>1.0e-6 for DE gene concordance. A linear mixed effects models was used to ensure
accuracy in triplicated Brazilian samples, and the Kenward-Roger method was used to estimate

the effective degree of freedom for hypothesis testing due to small sample sizes.
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Chapter 3: Plasmodium vivax from Duffy-Negative and Duffy-Positive Individuals Shares

Similar Gene Pool in East Africa

3.1 Rationale

Ethiopia and Sudan are two of the few African countries where P. vivax malaria is
prevalent (198), and Duffy-negative and Duffy-positive individuals coexist (14). P. vivax
prevalence is lower in Duffy-negative than Duffy-positive individuals (172, 199). In Central and
West Africa, more than 97% of the population is Duffy-negative (14). By contrast, in Ethiopia
and Sudan, about 35% and 50% of the general population, as well as 20% and 18% of the
hospitalized malaria patients, respectively, are Duffy-negatives (4, 14, 200). Other East African
countries such as Eritrea and Madagascar have also reported significant P. vivax infections in
Duffy-positive and Duffy-negative individuals who live side-by-side (1, 14), suggesting the
potential of between-host transmission. The genetic diversity and population structure of P.
vivax have been shown to be substantially different from P. falciparum (21, 201). P. vivax has a
higher nucleotide diversity than P. falciparum (201), likely due to frequent gene flow via human
movement, higher transmission intensity and recombination, as well as variation in host
susceptibility (21). In Papua New Guinea, P. vivax had a 3.5-fold higher rate of polyclonality
and nearly double the multiplicity of infection (MOI) than P. falciparum infections (202).
Similarly, in Cambodia (203), the Indo-West Pacific (204, 205), and the Brazilian Amazon
(206), P. vivax had a higher microsatellite diversity than its sympatric P. falciparum. These
findings highlight the potential for P. vivax to adapt to a wide range of landscapes and climates.

The questions of whether P. vivax infecting Duffy-negatives is genetically similar to that

from Duffy-positives in the same region, and how landscape or environmental factors influence
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P. vivax gene flow in Africa, remain unclear. This study has two objectives: 1) to examine
genetic variation and source-sink dynamics of P. vivax between Duffy-negative and Duffy-
positive populations in Ethiopia and Sudan; 2) to estimated how landscape and environmental
factors influence parasite gene flow. Findings provide critical insights into whether and how P.
vivax evolves and spreads in Duffy-negative individuals and highlight the need for P. vivax

diagnosis, tracking, and control in Africa.

3.2 Results
3.2.1 Linkage disequilibrium and multiplicity of infections

Clinical samples were obtained from six different study sites, three from Ethiopia and
three from Sudan. Study sites in Ethiopia included Jimma (JM), Gojeb (GJ), and Arjo (AJ); and
study sites in Sudan included Khartoum (KH), River Nile (RN), and New Halfa (NH). These
sites are located around the Ethiopia-Sudan border area (Figure 1) and experience low to
moderate transmission Significant linkage disequilibrium (LD) was detected for all pairwise
combinations of microsatellite loci (Bonferroni-corrected P<0.05). When all loci were pooled
together, P. vivax from Duffy-negatives in both countries showed a slightly higher level of
linkage and/or rate of recombination than samples from Duffy-positives (Table 2). 15 values of
P. vivax from Duffy-negatives ranged from 0.03 (Jimma, Ethiopia) to 0.77 (Khartoum, Sudan),
whereas 1,5 values ranged from 0.04 (Gojeb, Ethiopia) to 0.25 (Khartoum, Sudan) in Duffy-
positives.

P. vivax from Duffy-negatives and Duffy-positives showed a comparable rate of
polyclonal infections (15% and 14%, respectively; Table 2). Among the samples from Duffy-

negatives, the highest rate of polyclonal infections was observed in Jimma, Ethiopia (JM:
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17.2%), and no polyclonal infections in Khartoum, Sudan (KH) and Gojeb, Ethiopia (GJ),
although there were few samples from Duffy-negatives in these locations. Among the samples
from Duffy-positives, the highest rate of polyclonal infections was observed in Gojeb, Ethiopia
(30.7%), followed by River Nile, Sudan (21%); whereas the lowest was observed in Khartoum
(5.8%; Table 2). MOI was also similar between the Duffy-negative (mean = 1.17) and Duffy-
positive (mean = 1.16; Table 2) infections, with a maximum of three clones detected within a
sample. Because we were unable to confidently differentiate the genotypes of the different
clones in samples with more than 1 alleles in two or more loci, 16 of the polyclonal samples
were discarded in the genetic analyses.

3.2.2 Genetic diversity and population structure

In Ethiopia and Sudan, P. vivax in Duffy-positive individuals showed significantly higher
genotypic and allelic diversity than in Duffy-negatives (p<0.05; Table 3). Genetic diversity of
P. vivax in Duffy-positives was similar between Ethiopia and Sudan. However, the diversity of
P. vivax in Duffy-negatives from Ethiopia was much higher than that from Sudan, likely due to
the differences in sample size. Interestingly, genotypic evenness of P. vivax was higher in
Duffy-negative than Duffy-positive infections in both countries, though it was not significant
(p=0.076; Table 3). Given that P. vivax in Duffy-negative and Duffy-positive individuals shared
a similar set of alleles in each of the studied loci, we found no evidence of population bottleneck
in both Duffy groups.

STRUCTURE analyses indicated two most probable genetic clusters among all samples
at the site level (purple and yellow clusters; Figure 2). In Ethiopia, most of the samples from
Arjo, Gojeb, and Jimma predominately belonged to the purple cluster. No distinguishable

differences were detected between samples from Duffy-positive and Duffy-negative infections.
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In Sudan, however, a mixed clustering pattern was observed. About 80% of the samples from
Duffy-positives in Khartoum belonged to the yellow cluster (Figure 3), whereas those in New
Halfa and River Nile had a mixture of yellow and purple clusters. When the samples were
analyzed by country and Duffy status rather than by site, three clusters were indicated (purple,
blue, and yellow; Figure 4). In Ethiopia, P. vivax from Duffy-positive individuals had majority
purple cluster and P. vivax from Duffy-negatives had both purple and blue clusters. In Sudan, P.
vivax from Duffy-positive individuals had mostly the yellow cluster and P. vivax from Duffy-
negatives had mixed yellow, blue, and purple clusters. No marked difference was observed
between Duffy-positive and Duffy-negative individuals in respective countries. Similar to
STRUCTURE results, DAPC analyses showed that P. vivax from individuals in Khartoum,
Sudan was distinct from the others (Figure 3). In general, P. vivax from Duffy-positive and
Duffy-negative individuals in the same site were not clearly distinguishable, except for samples
in Jimma and Gojeb. In Jimma, samples from Duffy-negatives were slightly separated from
Duffy-positives. In Gojeb, the number of Duffy-negative samples was too small to indicate clear
differentiations. Analyses at the population levels also showed no clear distinction among

samples by Duffy status or country (Figure 5).

3.2.3 Source-sink dynamics and direction of transmission

The transmission networks produced by StrainHub showed that P. vivax from Duffy-
positive and Duffy-negative individuals in Ethiopia served as the primary source, and P. vivax
from the Sudanese Duffy-negative individuals was the sink population (Figure 6a). It is noted
that the weight of the arrows was not normalized by sample size. Although the Ethiopian Duffy-

negative population had a high Source Hub Ratio, the weight of the arrows leading from this
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population was not the thickest compared to Duffy-positives indicating that fewer transitions of
P. vivax were from Duffy-negatives in Ethiopia. Based on IBD analyses, the average relatedness
of P. vivax between Duffy-negative and Duffy-positive individuals was low but not significantly
different to the values with the same Duffy status (Table 4). Despite smaller samples from
Duffy-negatives, these results suggested similar levels of transmission and recombination of P.
vivax in individuals regardless of Duffy status and supported the StrainHub network showing
that transition occurred both ways between Duffy-negative and Duffy-positive individuals
(Figure 6a). At a site level, P. vivax from Arjo (AJ) was a source, and P. vivax from infections
in New Halfa (HA) was a sink (Figure 6b) for both phenotypes. The weight of the arrows
suggest that Arjo had more transitions with the other populations in Ethiopia (GJ and JM) than

those in Sudan.

3.2.4 Influence of geographic and landscape factors

The Mantel test indicated a pattern of isolation-by-distance in the population Fst-values
(rm-value=0.325; p-value=0.017). Using a confidence threshold of 0.05, the null hypothesis of
no relationship between genetic and geographic distance should be rejected. Based on the AlCc
score and ranking, the resistance surface based on a single covariate that best fit the Fst-values
was land cover (Figure 7a), while road density and elevation comprised the best-fitting
combination surface (Figure 7b). All resistance surfaces were significant (p-value < 0.05; Table
5), and the analysis showed that geographic distance alone does not explain the genetic
distances in our dataset (p-value>0.025 for a two-tailed test). ResistanceGA weighted elevation
as 92% of the combination surface (Figure 7b), constituting most of the variation in resistance.

Visual inspection suggests the exception is in the vicinity of Khartoum, where high resistance
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values were associated with high road density. On the other hand, land cover had the lowest
AlCc of any of the individual surfaces and all composite surfaces containing land cover were
ranked close behind, with slightly higher AICc scores, suggesting land cover played an
important role in explaining genetic distances, despite lower-ranked surface. Of the different
land cover classes, grasslands and croplands were associated with low resistance, while
savannas and open shrublands were modeled to have higher resistance. Taken together, the
Mantel test and ResistanceGA analyses indicated that elevation and land cover were key factors
in explaining P. vivax gene flow among our study sites in Ethiopia and Sudan, while geographic

distance alone is less important.

3.3 Discussion

P. vivax malaria was previously thought to be rare or absent in African populations who
lack the Duffy blood group antigen expression (2). However, recent studies reported several
cases of P. vivax infection in Duffy-negative people in different parts of Africa (199), including
countries where Duffy-negatives are predominant (16). Such a distribution raises important
questions of whether P. vivax is transmitted among Duffy-negative individuals and between
Duffy-negative and Duffy-positive populations, and what landscape factors govern P. vivax
transmission. This information is crucial to estimating the ability of P. vivax malaria to transmit
and spread through Duffy-negative populations in Africa. This study provides critical insights
into these questions using samples from Duffy-negative and Duffy-positive individuals in
Ethiopia and Sudan. These countries were chosen because many P. vivax cases were recorded
(24, 200) and Duffy-negative and Duffy-positive individuals live together in the same areas (14,

198).
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No clear differentiation was detected in P. vivax between Duffy-positives and Duffy-
negatives for most of the studied sites. The StrainHub network indicated that transmission of P.
vivax occurred from Duffy-positives to Duffy-negatives and vice versa. This suggests that
Duffy-negative hosts are not a dead-end for P. vivax that only result in infection and/or clinical
symptoms, but that the parasite can also spread from one Duffy-negative host to another. P.
vivax from Duffy-negative individuals in Sudan was identified as a sink population. While this
might imply limited onward transmission, larger samples are needed to confirm this finding.
Interestingly, our findings showed that the MOI was similar between the Duffy-negative and
Duffy-positive infections. Based on microsatellites, about 9-18% of the samples were
polyclonal, consistent to our recent study that showed 18% (8 out of 44) of P. vivax in Duffy-
positives from Ethiopia were polyclonal by whole genome sequences (24). Such moderate
levels of polyclonality could be due to relapse clones (207) or submicroscopic infections,
especially in Duffy-negative individuals with low parasitemia where different parasite clones
may persist in the host for a long-time without detection and treatment (208). Additionally,
transmission intensity, demographic factors, mosquito density, and vectoral capacity may
contribute to the differences in MOI among the study populations. Previous studies on P.
falciparum have shown that areas with a higher abundance of mosquitoes, higher population
density, and a younger age group are associated with a higher entomological inoculation rate
(209). These factors may apply equally to P. vivax in Duffy-negative and Duffy-positive
populations, and consequently increase MOL.

The significantly lower genetic diversity observed in Duffy-negative infections
compared to Duffy-positive infections suggested a lower transmission frequency and possibly

less infectious amongst Duffy-negative Africans. It is noteworthy that the low number of Duffy-
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negative infections in Gojeb, Khartoum, and New Halfa might also influence genetic diversity
measures. While P. vivax from Duffy-negative individuals in Sudan was identified as a sink
population and may imply limited onward transmission, further study is needed with larger
samples to confirm these findings. To allow transmission in Duffy-negative individuals, P.
vivax merozoites may have used non-Duffy receptors to invade human erythrocytes. Candidate
genes for invasion such as glycophosphatidylinositol-anchored micronemal antigen (GAMA)
and tryptophan-rich antigens have been shown to be expressed in patients with low parasite
density. Also, CD71 (Transferrin Receptor 1, TfR1) has been shown to bind readily with the
reticulocyte binding proteins based on in-vitro experiments (210). These alternative
ligand/receptor proteins may play a key role in erythrocyte invasion (16). Further investigations
at the whole-genome level are needed to uncover the Duffy-independent invasion pathway and
transmission mechanism in Duffy-negative individuals (211).

Parasite populations from Ethiopia and Sudan showed overlapping clustering patterns,
except for Khartoum that was slightly different from the other samples. Low levels of linkage
disequilibrium were observed among samples in most of our study sites, except for Khartoum
that showed a high Ia5-value, likely due to low parasite transmission in the capitol of Sudan, an
urban setting with adequate local public health infrastructure (212). While the Mantel test
indicated that gene flow is associated with geographical distance, the resistance surface analysis
suggested that landscape factors including land cover and elevation play a more important role
in determining gene flow. The only exception was in Khartoum, where road density has been fit
to a high resistance value, likely to explain the considerable genetic differentiation between
Khartoum and the other populations. This could be attributed to road density indicating greater

infrastructure, resulting in less transmission. The results suggest that P. vivax gene flow
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occurred more readily in the rural parts of Ethiopia and Sudan than in the more urban setting of
Khartoum, consistent with other studies that showed higher diversity of P. vivax in areas close
to the country border of Sudan and in agriculture areas outside the capitol (213). These findings
show that while sheer geographic distance serves as a barrier to gene flow, the specific features
of the rural landscape in East Africa likely do not. Given that the Mantel test provides low
analytical power (214) and there were few sample sites in this study, further investigations with
additional sites, higher coverage of urban areas, and genome-wide data to investigate P. vivax
adaptations to Duffy-negative red blood cells are suggested to confirm these findings.
Additionally, it might be informative to explore other environmental variables related to human

activities and/or mosquito habitats, beyond the landscape data examined here.
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Table 2. Host duffy status, linkage disequilibrium, and complexity of infection among P. vivax

samples by study site. Asterisk denotes a significant level at P<0.05.

Country ~Site Duffy Status Sample e Numberof polyelonal - Mean MO\ Median
Ethiopia
Arjo (AJ) Duffy-Positive 56 0.07* 4 (7.14%) 1.08, 1 (1-2)
Duffy-Negative 15 0.15* 2 (13.33%) 1.13,1(1-2)
Gojeb (GJ) Duffy-Positive 62 0.04* 19 (30.65%) 1.44,1(1-2)
Duffy-Negative 4 0.26* 0 1,1(2)
Jimma (IM) Duffy-Positive 32 0.07* 4 (12.5%) 1.18, 1, (1-3)
Duffy-Negative 64 0.03* 11 (17.19%) 1.21,1(1-2)
Total Duffy-Positive 150 0.03* 27 (18%) 1.20,1 (1-3)
Duffy-Negative 83 0.04* 13 (15.66%) 1.18,1(1-2)
Sudan
Khartoum (KH) Duffy-Positive 86 0.25* 5 (5.81%) 1.06, 1 (1-2)
Duffy-Negative 7 0.77* 0 1,1(1)
New Halfa (HA)  Duffy-Positive 36 0.04* 3(8.33%) 1.09, 1 (1-2)
Duffy-Negative 2 N/A 1 (50%) 1.5,1(1-2)
River Nile (RN) Duffy-Positive 33 0.08* 7 (21.21%) 1.31,1 (1-3)
Duffy-Negative 15 0.12* 2 (13.33%) 1.15,1 (1-2)
Total Duffy-Positive 155 0.12* 15 (9.68%) 1.11,1 (1-3)
Duffy-Negative 24 0.20* 3 (12.50%) 1.14,1(1-2)
All Sites Duffy-Positive 305 0.05* 42 (13.77%) 1.16, 1 (1-3)
Duffy-Negative 107 0.04* 16 (14.95%) 1.17,1(1-2)
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Table 3. Comparison of genetic diversity based on microsatellite markers in Duffy-negative and
Duffy-positive P. vivax infections. Statistical tests were performed between Duffy-positive and

Duffy-negative individuals of all study sites. Asterisks indicate p-values <0.05 that are

significant.
Country Study site Duffy status Sar_nple Genotypic diversity Gene diversity
size
G o E Ne He
Ethiopia
Arjo Duffy-positive 56 41 0.94 0.44 §.48 0.87
Duffy-negative 15 15 0.93 1 548 0.85
Bonga Duffy-positive 62 35 0.94 0.49 8.07 0.85
Duffy-negative 4 2 0.38 0.80 1.95 0.65
Jimma Duffy-positive 64 40 0.94 0.71 8.47 0.84
Duffy-negative 32 24 0.91 0.29 T.72 0.58
Total Duffy-positive 182 116 0.94 0.55 25 0.85
Duffy-negative M 41 0.74 0.70 15 0.79
Sudan
Khartoum Duffy-positive 86 39 0.88 0.27 565 0.81
Duffy-negative 7 3 0.57 1 2.20 0.63
New Halfa Duffy-positive 36 22 0.83 0.27 §.00 0.58
Duffy-negative 2 1 0 1 113 0.13
River Nile Duffy-positive 33 19 0.83 0.43 7.00 0.36
Duffy-negative 15 6 0.60 0.42 5.82 0.91
Total Duffy-positive 155 80 0.86 0.32 20.65 0.85
Duffy-negative 24 10 0.39 0.81 9.15 0.56

P-value - 0.025" 0.076 0.009" 0.103

G: Number of multilocus genotypes corrected for sample size

I Simpson's diversity index corrected for sample size

E: Genotypic evenness

Ne: Number of effective alleles (Nielsen et al. 2003)

He: Expected heterozygosity corrected for sample size (Ng1 1978)
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Table 4. Average genetic relatedness among individuals by site and host Duffy status using the
identical-by-descent (IBD) method described in Taylor et al. IBD calculates the probability of
alleles sampled from two individuals at any loci being identical due to inheritance from a
common ancestor rather than by chance. Thus, the average relatedness between two groups
provides a measure of genetic similarity that accounts for recombination.

Pairwise IBD of

individuals Arjo GD]ED Jimma Khartoum MNew Halfa River Nile A\rerage
Duffy - and Duffy - 0.169 0.448 0.164 0.355 1 0.091 0.371m
Duffy + and Duffy - 0.125 0.105 0.092 0.143 0.042 0.087 0.099"s
Duffy + and Duffy

+ 0.13 0.121 0.116 0.182 0.119 0.128 0.133"

* Only one comparison was made in New Halfa with two Duffy-negative
individuals.
ns: not significant at P =0.05
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Table 5. Fit criteria used to rank the resistance surfaces, and the slope and significance of the

relationship between resistance and genetic distance for each surface.

Resistance surface AlC AlCe Delta AlCc Slope coefficient p-value
Road Density and Elevation -75.834 -125.834 0.000 0.011 0.009
Land Cover -75.665 -102.331 23.503 0.015 0.010
Road Density and Land Cover -76.988 -101.988 23.846 0.014 0.005
Road Density. Land Cover, and Elevation -76.965 -100.965 24.869 0.015 0.005
Land Cover and Elevation -79.413 -100.413 25422 0.015 0.011
Null -71.127 74127 51.707 NA NA
Distance -73.208 -73.208 52.626 0.006 0.028
Elevation -f5.770 -35.770 90.064 0.011 0.009
. Road Density -73.887 -33.887 91.948 0.007 0.021
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3.5 Figures

Figure 1. Study sites with P. vivax incidence heatmap for reference. Each point corresponds to
one of the six sample locations, and the gray lines represent the borders of Ethiopia and Sudan.
The incidence layer was modeled by Battle et al. and represents the estimated cases per 1000

people in 2017.
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Figure 2. Bayesian inferences of the K cluster estimated by STRUCTURE for the P. vivax

samples, according to host Duffy status and location. The most probable clusters are labeled by

different colors, and individuals are represented as columns.
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Figure 3. Results of DAPC analyses showing the first two principal components of the data

grouped by site and host Duffy status. Dots are individuals, and clusters are identified by

symbol color, symbol shape, and inertia ellipses. Eigenvalues are shown in the inset.
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Figure 4. Bayesian inferences of the K cluster estimated by STRUCTURE for the P. vivax
samples, according to host Duffy status and country. The three most probable clusters are

labeled by different colors and individuals are represented by columns.
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Figure 5. (A) Genetic relatedness among P. vivax populations with a large sample size (i.e., P.
vivax from Duffy-negatives at sites GJ, NH, and KH was excluded) organized by country of
origin, shown by color, and host Duffy status, shown by shape. The tree had relatively short
internodes with long terminal branches, suggesting the parasite lineages rapidly diverged from
one another. (B) Two-dimensional MDS of genetic distance between the same populations (i.e.,
P. vivax from Duffy-negatives at sites GJ, NH, and KH was excluded). Not all Duffy-positive
and Duffy-negative infections from the same area were clustered together. No clear distinction
was detected among samples from Duffy-positives or Duffy-negatives. (C) Due to the low
sample size of Duffy-negative infections in sites GJ, NH, and KH that may skew branch length
and the observed clustering pattern, a phylogenetic tree was constructed without these three
populations. Similar genetic relationships were observed. (D) The MDS results with reduced
Duffy-negative populations mirrored the tree clustering patterns, showing no clear distinction

among samples by Duffy status or country.
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Figure 6. Source Hub Ratio (SHR) networks generated from (A) samples grouped by country

and host Duffy status and (B) samples grouped by site. The size of each node is proportional to

the node’s SHR value. Node colors were randomly assigned to each unique SHR value present

in the plot to improve readability. Similarly, arrow colors are paired with the color of the node

from which they begin to aid with interpretation. The weight of each arrow is proportional to the

number of transitions between those two nodes. The position of nodes is arbitrary and is not

equivalent to the position of sample sites in geographic space.
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Figure 7. Resistance surfaces fit to genetic distances based on (A) land cover alone and (B) a
combination of road density and elevation. Higher values indicate greater obstruction to gene

flow. Study sites are denoted by points, and the lines indicate the borders of Ethiopia and Sudan.
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Chapter 4: East African Plasmodium vivax transcriptomes reveal differences in gene expression
profiles related to erythrocyte invasion and gametocyte detection from other geographical

isolates

4.1 Rationale

Plasmodium vivax is closely related to a large clade of malaria parasites that infect lesser
apes and ceropithecoids (old world monkeys) of Southeast Asia (215, 216). The exact origin of
human P. vivax is still heavily debated, with evidence of P. vivax originating in Africa (215)
and in Asia (217, 218) both being supported. The first reference genome of P. vivax was
Salvador I, isolated from Saimiri boliviensis monkeys in El Salvador in 2008 (110), followed by
the PO1 genome isolated from a P. vivax patient in Indonesia in 2016 (219). The P. vivax
nuclear genome is 29 megabases with a 39.8% G-C composition and 6,642 genes distributed
amongst 14 chromosomes (219). Several large gene subfamilies have been identified in the PO1
genome, including the most abundant Plasmodium interspersed repeat (pir) genes in the
subtelomeric region, followed by unclassified Plasmodium exported proteins and tryptophan-
rich antigen proteins (219). Remarkably, across the genome, approximately 77% of genes are
orthologous between P. falciparum, P. knowlesi, and P. yoelii (110). Genes involved in key
metabolic pathways, housekeeping functions, and membrane transporters are highly conserved
between P. vivax and P. falciparum (110). However, P. vivax isolates from Africa, Southeast
Asia, South America, and Pacific Oceania have significantly higher nucleotide diversity at the
genome level compared to P. falciparum (20, 24), likely due to variations in transmission
intensity, frequency of gene flow via human movement, age of host-pathogen interactions, and

host susceptibility (21).
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Recent advance in short-term in vitro culturing and schizont-enrichment methodologies
have enabled transcriptomic sequencing of P. vivax enabling a comprehensive review of stage-
specific gene expression profile and structure, of which thousands of splices and unannotated
untranslated regions were characterized (220). The transcriptomes of Cambodian (52) and
Brazilian (194) P. vivax field isolates showed high expression levels and large populational
variation amongst host-interaction transcripts. For example, the MSP1 gene family was highly
upregulated in the Cambodian P. vivax compared to the Brazilian ones. Similar trends were also
observed in PvDBP1, PVEBP, PYMA, PVRA, PvRBP2a, PvMSP5, and PvMSP4, highlighting
geographical differences in the gene expression profile. In P. falciparum, distinct phenotypic
and expression levels of erythrocyte binding antigen (EBA) and reticulocyte binding-like
homologue (Rh) gene families were observed among geographical isolates due to varying
immunogenic pressures (221). Heterogeneity of gene expression has been documented amongst
P falciparum-infected samples, implying that the parasites can modulate the gene transcription
process through epigenetic regulation (222). However, the transcriptomic profile of African P.
vivax remains unexplored, and it is unclear if there is heterogeneity among the continental
isolates.

In this study, we aimed to 1) examine the overall gene expression profile of 10 Ethiopian
P. vivax with respect to different intraerythrocytic lifecycle stages; 2) determine the expression
levels of previously characterized erythrocyte binding gene candidates (24); 3) compare gene
expression profiles of the Ethiopian P. vivax with the Cambodian (52) and Brazilian (194)
isolates from in vitro especially on the erythrocyte binding. These findings are the first to
describe P. vivax transcriptomes from East Africa and provide critical insights into parasite

ligand proteins that may be involved in a non-Duffy invasion pathway. A systematic
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comparison of gene expression profiles among the African, Southeast Asian, and South
American isolates will deepen our understanding of P. vivax transcriptional machinery and

invasion mechanismes.

4.2 Results

4.2.1 Overview of the Ethiopian P. vivax transcriptomes

About 64% (4,404 out of 6,830) genes were detected with transcription in the Ethiopian
P. vivax genome. Of the 4,404 genes, 69% (2,997) were annotated with known functions and
31% (1,407 genes) remain uncharacterized (Figure 8A). Nearly 52% of the detected genes
(2,288 genes) were expressed at a higher threshold of 20 TPM (Figure 8B). We normalized each
sample expression profile based on the total number of reads in the sample to TPM to remove
technical bias in the sequences and ensure gene expressions were directly comparable within
and between samples and isolates. Of the 2,997 genes detected with annotation, 21.7% are
responsible for housekeeping, and 14.2% genes responsible for post-translation modifications
(PTMs) and regulation. The PIR proteins account for 4.8% (212) of all identified genes
processes. About 2.8% of the genes are known to be involved in host-pathogen interaction
genes, with genes from the RBP and MSP3 families expressed the highest (Figure 8A). Highly
transcribed (TPM>20) transcripts showed similar proportions in gene categories including
unknown, PTM/regulatory, DNA regulation, replication/elongation, host interaction, cell
signaling, and resistance. Only transcripts involved in transport and housekeeping showed a
slight increase of 2.9% and 1.48%, respectively, indicating a higher activity relative to the other

categories. By contrast, transcripts involved in RNA regulation, PIR, and ribosomal activity
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showed a slight decrease of 2.19%, 1.79%, and 1.71%, indicating an overall lower activity

compared to other categories (Figure 8B).

4.2.2 Top 30 transcripts of Ethiopian P. vivax

Based on deconvolution, all 10 Ethiopian P. vivax samples were majority troph and
schizont stage, with nine out of 10 being roughly 50% schizont (Figure 9). Schizont proportions
were not statistically different between deconvolution and microscopy (Figure 10). Only less
than 1% belong to the ring stage and thus were not included. Overall, four genes including
PVPO01_1000200 (PIR protein), PVP0O1 0202900 (18s rRNA), PVP01 0319600 (RNA-binding
protein), and PVPO1 0319500 (unknown function) were shown to be most highly expressed
among the others (Figure 11). Transcripts involved in housekeeping and PTM regulation each
account for 23.3% (7/30) of the top 30 highly expressed genes. Among genes involved in host-
interactions, PVP01_0715400 (merozoite organizing protein), PVP01 0816800 (protein RIPR),
PVPO01_1402400 (reticulocyte binding protein 2a), and PVP01_1469400 (reticulocyte binding
protein 3) are highly expressed. For the 10 Ethiopian P. vivax transcriptomes, five gene
transcripts including PVP0O1_1000200 from the PIR family, PVPO1 0319500 of unknown
function, PVP01_0202900 a 18S rRNA, PVP01 1329600 a putative glutathione S-transferase,
and PVP01 0418800 a putative pentafunctional AROM polypeptide showed most variable
expression, with a standard deviation of 20,000 and higher CPM (Figure 11). Three other genes
including PVP01 0202700 (28S ribosomal RNA), PVP01 1137600 (basal complex
transmembrane protein 1), PVP01_1243600 (replication factor C subunit 3) showed moderate
variation ranging from 1,397 to 1,033 CPM. All other genes such as PVPO1_1206500
(elongation factor Tu) and PVPO1 1011500 (an unclassified protein) showed consistent

expression level with variation under 1,000 CPM among samples (Figure 11).



52

4.2.3 Differentially expressed genes among continental P. vivax

The overall gene expression profile was similar between the Ethiopian and Cambodian
P. vivax, but different from the Brazilian ones (Figure 12A). Several genes involved in DNA
regulation, host-interactions, replication, ribosomal, and transportation were upregulated in the
Ethiopian and Cambodian isolates but showed considerable downregulation in Brazilian ones.
Based on the Kenward-Roger DE analyses, a total of 1,831 differentially expressed genes were
detected between the Cambodian and Brazilian isolates (CvB), 1,716 between the Ethiopian and
Brazilian (EvB), and 721 between the Ethiopian and Cambodian (EvC) isolates (Figure 12B-D).
The EvC analysis showed the lowest differentiation with only 10.6% of the entire transcriptome
(Figure 12B), while EvB (Figure 12C) and CvB (Figure 12D) showed a greater differentiation
of 25.1% and 26.8%, respectively. For the 721 genes that were differentially expressed between
the Cambodian and Ethiopian P. vivax, nearly half of them were significantly upregulated in
Ethiopia compared to Cambodia (Figure 12B). Four genes including PVP01 0208700 (V-type
proton ATPase subunit C), PVP01 0102800 (chitinase), P\VP01 0404000 (PIR protein), and
PVP01_0808300 (zinc finger (CCCH type protein) showed significant levels of downregulation
(logioP-value > 50; Figure 12B) compared to other DE genes; two genes including
PVP01_1329600 (glutathione S-transferase) and PVPO1l _MIT03400 (cytochrome b) were
shown to be overexpressed (logzfold change > 10) in comparison. For the 1,716 genes that were
differentially expressed between the Ethiopian and Brazilian P. vivax, 914 of them were
significantly upregulated, slightly higher than those downregulated ones (Figure 12C). Of these,
three genes including PVP0O1_1412800 (M1-family alanyl aminopeptidase), PVP01 0723900
(protein phosphatase-beta), and PVP01_0504500 (28S ribosomal RNA) showed a logioP-value

greater then 75, indicating substantial expressional differences. For the 1,831 genes that were
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differentially expressed between the Cambodian and Brazilian P. vivax, 948 of them were
significantly upregulated, higher than the downregulated ones (Figure 12D). Four genes
including PVPO1 1005900 (ATP-dependent RNA helicase DDX41), PVP01 0318700
(tRNAHis guanylyltransferase), PVP01 1334600 (60S ribosomal protein L10), and
PVP01 1125300 (SURP domain-containing protein) showed substantial expressional
differences with logioP-value greater than 75. Two genes, PVPO1 0010550 (28S ribosomal
RNA) and PVP01 0422600 (early transcribed membrane protein), were shown to be highly
downregulated (logiofold change > -12) while one gene PVVP01_0901000 (PIR protein) showed
substantial upregulation (logiofold change > 12). These comparisons further demonstrated the

differences in transcriptional patterns between the Old and New World P. vivax.

4.2.4 Expression of genes related to erythrocyte invasion

Of the 43 genes associated with erythrocyte binding function, PvDBP1 on average
showed about 10-fold higher expression than PvEBP/DBP?2 in the Ethiopian P. vivax, which
failed to be expressed in four samples (Figure 13). PvRBP2b showed four-fold higher expression
than PvEBP/DBP2, but 50% less than PvDBP1. PvRBP2a showed consistently the highest
expression across all samples, with about 6-fold, 67-fold, and 15-fold higher expression than
PvDBP1, PVvEBP/DBP2, and PVvRBP2b, respectively. Other genes including PvMSP3.8,
PVTRAg14, and PvTRAg22 also showed higher expression than PvDBP1. Of the 15 PVTRAg
genes, only PvTRAg14 and PvTRAg22 showed expression higher than PvDBP1; PvTRAg23 and
PVTRAQ24 showed the lowest expression. Other putatively functional ligands including PVRA
and PVRON4 showed 7-10 times lower expression compared to PvDBP1, though PvGAMA,

PvRhopH3, PVAMA1, and PvRON2 were expressed higher than PvEBP/DBP2.
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We further compared the expressional pattern of these 43 genes in the Ethiopian P. vivax
with the Cambodian and Brazilian isolates (Figure 14). Members of the PvDBP and PvRBP gene
family showed generally higher expression in the Cambodian P. vivax than the other isolates
(Figure 14A). For instance, the expression of PvDBP1, PvRBP1a, and PvRBP1b were
significantly higher in the Cambodian isolates (P<0.01), whereas PvRBP2a and PvRBP2b in the
Ethiopian P. vivax showed higher expression than the others. Compared to the PvDBP1, PVEBP,
and PVRBP gene family, the expression patterns of the MSP family were different (Figure 13B).
Most of the MSP gene members including PvMSP3.5, PvMSP3.11, and PvMSP4 showed
substantially higher expression in the Brazilian P. vivax than the other isolates (P>0.01). Only
PvMSP3.8 of the 12 PVMSP genes was expressed significantly higher in the Ethiopian than the
others (P>0.01; Figure 14B). Of the 16 PVTRAg genes, PvTRAg14 and PvTRAg22 showed
significantly higher expression in the Ethiopian isolates compared to the others (P>0.05; Figure
14C). Eight other members including PvTRAg2b, PvTRAg7, PVvTRAg19, PvTRAQ20, PvTRAg21,
PVTRAg23, PvTRAQg24, and PvTRAg38 showed significantly higher expression in the Brazilian
isolates than the others (P<0.05; Figure 14C). The remaining nine putatively functional ligands
showed relatively similar expression levels, except PvMA, PvRhopH3, and PvTrx-mero that were

highly expressed in the Brazilian isolates (P<0.05; Figure 14D).
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4.3 Discussion

Approximately 32% of all detected transcripts are of unknown function, of which some
of these such as PVP01 0319500, PVP01 1011500, and PVP01 1228800 were among the
highest expressed. It is not surprising to see 23% of the highly expressed transcripts belong to
housekeeping function, such as several zinc fingers and ATP-synthase proteins. However, there
is also a large number of highly expressed protein regulators and PTMs that have not been
thoroughly examined. For example, PVP01 1444000, a ubiquitin-activating enzyme, was
among the highest expressed transcripts but with no recorded function. Several other protein
kinases, lysophospholipases, and chaperones were highly expressed but their role in intercellular
signaling pathways is unclear. It is worth noting that a greater proportion of transcripts
responsible for ribosomal protein production were upregulated (TPM > 20) than other gene
categories, likely from increased production due to merozoite development in the schizont
cultures.

Four genes involved in host interactions, two of which belong to the RBP family
PvRBP2a and PvRBP3, were among the top 30 highly expressed gene transcripts. In addition,
PvRBPla, PvRBP2e, PvRBP2a and PvVRBP2b were also found to be consistently highly
expressed (TPM > 40) across the Ethiopian and Cambodian but not the Brazilian isolates,
indicative of potential functional differences in erythrocyte invasion. Recent studies showed that
the binding regions of PvRBP1a and PvRBP1b are homologous to that of PfRh4, and the amino
acids at site ~339-599 were confirmed to interact with human reticulocytes (113). Though the
host receptors of both PvRBP1a and PVvRBP1b proteins are unclear, their receptors have been
shown to be neuraminidase resistant (82). Recently, transferrin receptor 1 (TfR1) has been

identified as the receptor for PvRBP2b and the PvRBP2b-TfR1 interaction plays a critical role in
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reticulocyte invasion in Duffy-positive infections (116). PvRBP2d, PvRBP2e, and PvRBP3 are
pseudogenes that share homology with other PVRBPs but encode for nonfunctional proteins
(117). The extent to which of these PVRBP genes involve, if any, in erythrocyte invasion
remains unclear and requires further functional assays with a larger sample size. The
expressional differences in PvRBP genes in Ethiopia could be due to a greater proportion of
individuals having low levels of Duffy expression (i.e., Duffy-negatives) (14), where P. vivax
can infect and adapt to both Duffy-positive and Duffy-negative populations (223); whereas in
Cambodia and the inland regions of Brazil populations are predominantly Duffy-positive (14).
Given that P. falciparum can modulate gene expression in response to their hosts through
epigenetic regulation (52, 222), higher PvRBP expression in the Ethiopian P. vivax could be a
response to the host Duffy phenotype, though this has not been studied in P. vivax. Further
investigation on the expression and binding affinity of these PVRBP genes with varying
expression levels of Duffy is needed for validation.

Another invasion protein, RIPR, was also among the highly expressed transcripts. RIPR
is currently known as a vaccine target in P. falciparum (224), where RIPR (PfRH5) binds to the
erythrocyte receptor basigin (85, 86). The PfRh5 complex is composed of PfRh5, Ripr, CyRPA,
and Pf113, which collectively promote successful merozoite invasion of erythrocytes by binding
to basigin (BSG, CD147) (84, 85). A BSG variant on erythrocytes, known as Ok*, has been
shown to reduce merozoite binding affinities and invasion efficiencies (86), though this has only
been reported in individuals of Japanese ancestry (87). Despite the clear role of RIPR in P.
falciparum, P. vivax RIPR does not seem to bind to BSG (225) and the exact role of RIPR and

its binding target(s) remains unclear in P. vivax.
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The KR-DE analysis showed 10-26% variation among the transcriptomes of the three
countries, with the Ethiopian and Cambodian P. vivax being most similar whereas the
Cambodian and Brazilian P. vivax most different. Genes that showed the highest levels of
variation among all countries were those involved in housekeeping, PIR, or ribosomal functions.
The exact reason for such differences amongst the continental P. vivax remains unclear, though
prior studies in P. falciparum have shown host nutrition can significantly alter gene expression
related to housekeeping, metabolism, replication, and invasion/transmission (226). In addition,
malnourishment was shown protective to P. vivax subsequent infections in the Western
Brazilian Amazon (227). Furthermore, in zebra fish, sex determination can cause significant
expressional differences in the housekeeping genes (228), suggesting that sexual development
factors may also alter expression profiles.

P. vivax PIR genes support a wide range of functions, including antigenic variation,
immune evasion, sequestration, and adhesion (229, 230). Gene expression studies suggested
their prominent role in virulence and chronic infections. In P. berghei, the pir transcriptional
repertoire is diverse with different members or subfamilies expressed at different time
throughout the parasite developmental cycle (231). PIR proteins have been shown to be targeted
by antibodies (232). The high expression observed for some PIR proteins, such as
PVPO01_1000200, in the Cambodian and Ethiopian P vivax may indicate epigenetic regulation
associated with host exposure and immune responses (52, 222). Varying expression of
ribosomal proteins, such as P\VP01_0827400 (60S ribosomal protein L26) and PVP01_1013900
(40S ribosomal protein S9, putative) may be attributed to host nutrition, which is directly
proportional to the speed of replication in P. berghei (226). Future studies should examine

factors associated with the expression of these genes in P. vivax.
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The deconvolution of stage-specific transcripts from the RNA-seq data was based on the
P. berghei orthologues due to a lack of single-cell RNA-seq data ring-staged P. vivax. To date,
P. berghei remains the most comprehensively characterized single-cell data for both sexual and
asexual blood stages of Plasmodium (233, 234). P. berghei orthologues have been previously
shown to be reliable for determination of stage-specific transcripts (235). In primates, P vivax
has been shown to transcribe most genes during a short period in the intraerythrocytic cycle
(236) with a high proportion of late-schizont transcripts shown to be expressed as early as the
trophozoite stage. In P. berghei, the process of gametocyte development and genes involve in
sequestration are transcribed much earlier during the trophozoite-schizont transition stage.
Furthermore, male gametocyte development precursors are expressed in the asexual stages
despite gametocyte development not taking place (237, 238). These factors hinder
deconvolution efforts and make it challenging to classify which genes are transcribed in each
stage computationally, while the speed of gametocyte development in trophozoites can lead to
false negatives when using microscopy (239). Future studies should seek both combinations to
eliminate false positives and negatives from stage determination until a reliable species-specific

single cell model is available.
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Figure 8. Categorization of (A) all detectable transcripts and (B) upregulated (TPM >

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

number of transcripts along with the overall percentage compared to all detected transcripts.

Transcripts that were not detected were removed from the analysis. Only transcripts involved in

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

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

By contrast,
transcripts involved
in RNA regulation,
PIR, and ribosomal
activity showed a
slight decrease of
2.19%, 1.79%, and
1.71%, indicating an
overall lower activity
compared to other

categories.
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Figure 9. CIBERSORTXx deconvolution of the 10 Ethiopian P. vivax transcriptomes, the

four Cambodian P. vivax transcriptomes, and the two Brazilian transcriptomes using a P.

berghei homologue matrix. No significant difference was observed between the amount of

trophozoites or schizonts amongst the isolates (P>0.05).
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Figure 10. Microscopy analysis of five Ethiopian P. vivax samples. No significant difference

was observed between microscopy and computational deconvolution (P>0.05).
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Figure 11. Heat map showing the top 30 highly transcribed genes based on log(2)CPM+1.
Genes are arranged by different functions as indicated on the y-axis. Overall, four genes
including PVP0O1_1000200 (PIR protein), PVPO1 0202900 (18s rRNA), PVP01 0319600
(RNA-binding protein), and PVP01_0319500 (unknown function) from four different functional
groups were shown to be most highly expressed among the others. Of interest, PVP01_ 0715400
(merozoite organizing protein), PVP01_0816800 (protein RIPR), PVP0O1 1402400 (reticulocyte
binding protein 2a), and PVP01_1469400 (reticulocyte binding protein 3) were among the top

30 highly expressed genes involved in host interactions.
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Figure 12. (A) Comparisons of the entire transcriptomes with genes sorted by
functionality among the Ethiopian, Cambodian, and Brazilian P. vivax. The overall gene
expression profile was nearly identical between the Ethiopian and Cambodian P. vivax, but
different from the Brazilian isolates. Several genes involved in DNA regulation, host-
interactions, replication, ribosomal, and transportation were upregulated in the Ethiopian and
Cambodian isolates but showed considerable downregulation in Brazilian ones. (B-D) Volcano
plots based on the Kenward-Roger DE analyses comparing differentially expressed genes
between the (B) Ethiopian and Cambodian; (C) Ethiopian and Brazilian; (D) Cambodian and
Brazilian isolates. Blue dots represent single genes that are downregulated in the comparison
while red dots represent upregulated genes by comparison. About 10% of the detectable
transcripts were differentially expressed between the Ethiopian and Cambodian P. vivax, but
about 25% and 27% variations were detected between the Ethiopian and Brazilian as well as the
Cambodian and Brazilian P. vivax, respectively. Overall, the Brazilian isolates had more genes

that were upregulated compared to the Ethiopian and Cambodian ones.
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Figure 13. Heatmap showing 43 genes associated with erythrocyte binding function in the

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

expression on average than PVvEBP/DBP2, but 50% less than PvDBP1.

PvRBP2a showed

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

higher expression than PvDBP1, PvVEBP/DBP2, and PVRBP2b, respectively. Other genes

including PvMSP3.8, PvTRAg14, and PvTRAg22 also showed higher expression than PvDBPL1.
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Figure 14. Comparisons of 43 genes associated with erythrocyte binding function based on
log(2) TPM+1 values across the Ethiopian, Cambodian, and Brazilian P. vivax for (A) PvDBP1,
PVEBP, and PvRBP genes; (B) PvMSP genes; (C) PVTRAg genes; (D) other putatively

functional ligands. * denotes P-value > 0.05; ** denote P-value >0.01.
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Chapter 5: From Genes to Biomarkers: Understanding The Biology of Malaria Gametocytes and
their Detection

5.1 Rationale

The lifecycle of Plasmodium is divided into two stages: the human asexual reproduction
stage (also known as the erythrocytic stage) and the mosquito sexual reproduction stage (known
as the sporogonic cycle) (240), both of which are necessary for population growth and genetic
diversification (241). The parasite first enters the human body in the form of sporozoites through
the infected salivary gland of an Anopheles mosquito during a blood meal. Within minutes,
sporozoites infect the liver and begin asexual replication to form schizonts (a process called
exoerythrocytic schizogony) within a few days to a few weeks (240). Once matured, schizonts
bust to release hundreds of merozoites into the blood stream (240). P. falciparum, P. ovale, P.
malariae, and P. simium infect mature erythrocytes (241-243) while P. vivax and P. knowlesi
infect younger reticulocytes (241, 242, 244-246) to feast on hemoglobin and further reproduce
asexually (241, 242). At this stage, the intracellular Plasmodium is considered as a ring stage
parasite because the young parasite takes up hemoglobin in a single, large vacuole that looks like
a ring. Once the hemoglobin is engulfed, the parasite then begins feeding and hemoglobin is
acquired by endocytosis of erythrocyte cytoplasm within cytostomes, known as the trophozoite
stage. After the hemoglobin is consumed, the trophozoite may either undergo schizogony to
asexually reproduce and start the erythrocytic cycle with new merozoites or mature into a
macrogametocyte (egg) or microgametocyte (sperm). Because human body temperature is
considerably warm for Plasmodium sexual reproduction (247), both forms of gametocytes are
taken up by an Anopheles mosquito where sexual reproduction occurs within the gut of the

mosquito producing zygotes. Once matured, the zygote will become mobile and elongated,
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developing into ookinete to infect the midgut wall of the mosquito (248) and develop further into
oocyst. Oocysts asexually divide and eventually rupture into sporozoites that travel to the
salivary gland of the mosquito to infect a new human host (241, 242).

All six human malaria parasites require gametocytes to infect female Anopheles mosquito
to reproduce sexually and continue development into sporozoites before infecting a new human
host (249). This has led to complications in the control of malaria transmission and gametocyte
detection (250). Furthermore, P. vivax and P. ovale’s unique ability to form dormant stage
hypnozoites complicates parasite clearance and can reintroduce old parasite strains into
transmission reservoirs (241, 242) Gametocytes are critical for malaria transmission and possible
immune evasion in both the human and mosquito hosts (192, 251), emphasizing the importance
of accurate detection. The current standard for P. vivax gametocyte detection involves PCR
screening for Pvs25 and Pvsl6, which only accounts for female gametocytes; may grossly
underestimate true gametocyte load and transmission potential. This research aims to examine
the transcriptional activity of 25 previously published P. vivax gametocyte genes across three
continental isolates. While these genes have a potential to be used for gametocyte detection, it

remains unclear if such expressional patterns are similar in other geographical isolates.

5.2 Results

5.2.1 Sub-microscopic gametocyte densities

Previous study has indicated that approximately 60% of P. vivax infections had
concurrent detectable low-density gametocytemia (252). Gametocyte densities are directly
associated with total asexual parasite densities (Figure 15A) and typically lower than asexual

parasite densities (Figure. 15B). Given the relatively low gametocyte densities, it is conceivable
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that many of these infections are submicroscopic and remain undetected in communities where

malaria occurs, contributing to continuous transmission.

5.2.2 Expression of female and male P. vivax gametocyte genes

Based on the expression level of AP2-G and Pvs25 (PvP01_0616100), all 10 in vitro P.
vivax samples from Ethiopia contained submicroscopic gametocytes, in addition to the four
schizont samples from Cambodia and two samples from Brazil (Figure 16). Amongst the
gametocyte-positive samples, PVP01 1403000 (gametocyte associated protein, GAP) and
PVP01 1208000 (Pvs47) from female and male gametocytes, respectively, showed the highest
expression across Ethiopian, Cambodian, and Brazilian isolates, and were consistently higher
than Pvs25. This expression pattern suggests the potential utility of these two genes as female
and male gametocyte detection biomarkers. The female gametocyte gene PVP01_ 0904300
(CPW-WPC family protein) showed consistently high levels of expression in both the Ethiopian
and Cambodian isolates, though much lower in the Brazilian ones. This gene was also found to
be highly expressed (TPM>100) in both the trophozoite and schizont stages of the Ethiopian
isolates (Figure 16). On the other hand, PVVP01_ 1302200 (high mobility group protein B1) and
PVP01 1262200 (fructose 1,6-bisphosphate aldolase) from the female and male gametocytes
showed the highest expression levels in Brazilian P. vivax but not the Ethiopian and Cambodian

ones, highlighting differential expression patterns between continents.
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5.3 Discussion

For P. vivax, Pvs 25 and Pvsl16 that are specific to female gametocytes are two
conventional gene markers for gametocyte detection (253). One gametocyte roughly
corresponds to 4 Pvs25 transcripts per cell (254), and Pvs25 can detect from a mean of 0.34
gametocytes per uL blood from P. vivax patients in Papua New Guinea (253) to a mean of 2
gametocytes per UL blood in patients from Ethiopia (252). Such low gametocyte densities make
them extremely difficult to be detected by microscopy. The number of Pvs25 gene transcript
copes detected by qRT-PCR directly correlates with the number of mature gametocytes as well
as the overall parasite densities (255, 256) and was shown a nearly normal distribution with a
mean of 1.2x107 copies/uL (ranging from 1.1 to 4.8x10® copies/uL) blood among 42
symptomatic P. vivax patients from northwestern Brazil (257). Prior studies showed that age is
tightly associated with gametocytemia. A lower proportion of infections with gametocytes was
found with increasing age (254, 258). Gametocytes are generally detected in ~20% of the
infections among adults (256), but at much higher proportions in children under the age of 12
(258, 259). Yet, gametocytemia in adults is up to 20-fold higher than in children (260, 261). In
areas with low levels of transmission, a large proportion of infections that are undetected by
microscopy could be reservoir for parasites with high infectious gametocytes (262). In Ethiopia,
symptomatic P. vivax infections are nearly four times more infectious than asymptomatic ones
(263). Other factors such as host immune response, parasite strains, red blood cell density,
antimalarial drug use, and relapse can also affect gametocyte production (254, 264, 265).

Prior studies have demonstrated that low density P. vivax gametocytes in asymptomatic
carriers significantly contribute to transmission and genetic diversity (266, 267). In areas with

low levels of transmission, submicroscopic infections could be hidden reservoirs for parasites
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with high proportions of infectious gametocytes (262). Pvs25 and Pvs16 only account for
female gametocytes, grossly underestimating the total gametocyte densities that include male
gametocytes. We previously described two alternative female (PVP0O1 0415800 and
PVP01 _0904300) and one male (PVP01_1119500) gametocyte genes that show higher
expression than Pvs25 in the Ethiopian isolates (268). The two female gametocytes genes were
moderately expressed (TPM > 10) in the Cambodian and Brazilian isolates, but the male
gametocytes gene showed low expression (TPM > 3). In comparison, PVP0O1 1403000 of the
female gametocytes and PVP01_ 1208000 of the male gametocytes were moderately expressed
(TPM >15) across all continental isolates. Further investigations on the polymorphic nature and
the utility of these genes as gametocyte biomarkers, as well as their exact role in gametocyte

development are needed.
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5.4 Figures

Figure 15. (A) Comparison of infected red blood cells and gametocytemia among P. vivax
infections from Ethiopia. (B) Significant correlation was observed between asexual parasitemia

and gametocytemia.
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Figure 16. Heatmap comparing 26 P. vivax gametocyte biomarker candidates across the
Ethiopian, Cambodian, and Brazilian P. vivax. Based on the expression level of AP2-G and
Pvs25, all 10 in vitro P. vivax samples from Ethiopia contained gametocytes, in addition to all
four samples from Cambodia and four samples from Brazil. Two genes, PVP01 1403000
(gametocyte associated protein, GAP) and PVP01 1208000 (Pvs47) from female and male
gametocytes, respectively, showed the highest expression across all continental isolates, and

were consistently higher than Pvs25.
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Chapter 6: Summary Conclusions

6.1 Plasmodium vivax from Duffy-Negative and Duffy-Positive Individuals Shares Similar Gene
Pool Indicative of Between-Host Transmission

Our study is the first to show that P. vivax can transmit to and from Duffy-negative
individuals and shed light on the transmission pathways of Duffy-negative P. vivax in endemic-
regions of East Africa. Apart from the spread of P. vivax between Duffy-positive and Duffy-
negative hosts, this study also reveals the potential of P. vivax to spread through the physical
environments in East Africa This was performed through integrating genetic with landscape
data and found that urban environments pose a greater hindrance to the transmission of P. vivax
than rural and less-developed areas. The generally high genetic diversity of P. vivax in most
study sites could be related to high transmission and frequent gene flow between Duffy-negative
and Duffy-positive individuals as well as across country-border. Future investigations using
whole genome sequence data with expanded P. vivax samples in East Africa are imperative to
confirm these findings. Knowledge of P. vivax transmission mechanisms involving gametocyte
infectivity experiments and in vitro invasion assays in Duffy-negative individuals would bring

attention to the need for diagnosing and controlling P. vivax in Africa.
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6.2 East African Plasmodium vivax transcriptomes are different in gene expression profiles
related to erythrocyte invasion

This study characterized the first P. vivax transcriptome from the African field isolates
and identified several host-interaction gene transcripts, including PvRBP2a, PvMSP3.8,
PVTRAg14, and PvTRAQ22 that were highly expressed compared to PvDBP1 in Duffy-positive
individuals. We further demonstrated 10% to 26% differences in the gene expression profile
amongst the continental isolates, with the Ethiopian and Cambodian P. vivax being most
similar. Furthermore, we compared the expressional pattern of 43 erythrocyte invasion gene
candidates and found differential expression amongst the three isolates. Specifically, PvRBP1a,
PvVRBP2a, and PVvRBP2b showed high expression in the Ethiopian P. vivax, while PvTRAg3,
PVTRAg14, PvTRAg22, and PvVTRAg35 showed high expression in both the Ethiopian and
Cambodian isolates. These findings provide an important baseline for future comparisons of P.
vivax transcriptomes with Duffy-negative infections. Further investigations examining binding
affinity and functionality of P. vivax ligands, especially PvRBP2a, PvMSP3.8, PvTRAg14, and

PVTRAQ22 are imperative to identify Duffy-independent invasion pathways.
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6.3 Alternative biomarkers for male and female P. vivax detection show higher expression
compared to Pvs25 and Pvs16

Gametocytogenesis and gametocyte transmission tracking remained largely
uncharacterized due to low prevalence and technological hurdles. As several countries approach
the elimination phase for malaria, the need for sensitive and reliable biomarkers for gametocyte
detection is more urgent than ever. Microscopy has low detection limit to overcome low
parasitemia loads and existing gPCR biomarkers fail to accurately detect both sexes of the
parasites. Knowledge of gametocyte reservoirs and their interactions with host immune system
will help develop effective treatment and preventive strategies to minimize the risk of malaria
transmission. we successfully identified one female (PVP01_1403000) and one male
(PVP01_1208000) gametocyte gene markers showed higher expression than the standard Pvs25
consistently in all three continental P. vivax isolates. These gene markers may provide alternative
biomarkers for field P. vivax gametocyte detection. Future studies should evaluate the sensitivity
and specificity of these biomarkers for female and male gametocyte detection, especially in low
parasitemia infections. We also recommend studies focus on gene interactions and protein
functions involved in gametocyte development, as well as polymorphisms in novel gametocyte

genes that could be targets for developing better diagnostics or transmission blocking vaccines.
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