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The primary objective of the present part is to 
highlight major applicable outcomes from omics 
studies in Plasmodium, i.e., diagnostic, therapeutic, 
as well as prevention and control with subsequent 
elimination of malaria. Secondary objectives include 
other applications related to molecular epidemiology, 
drug resistance, as well as host resistance and 
susceptibility to malaria. The review based on PubMed 
research deals also with approaches and methods 
utilized in omics studies. 

Parasite omics provides unlimited datasets 
with revolutionary applications in several fields of 
molecular epidemiology, diagnostic biomarkers, 
drug resistance, and potential therapeutic targets or 
vaccine candidates. It is a comprehensive terminology 
involving genomic knowledge including several 
disciplinary biological fields, i.e., sequencing, function, 
evolution, and editing. Genetic mapping by linkage, 
also known as genome-wide associated studies 
(GWASs), are performed by selection of genomic 
regions under strong recent selection, e.g., candidate 
resistance loci, followed by genetic manipulations to 
demonstrate causality or wide expression analysis to 

identify genetic variation mapping[1]. Both functional 
omics studies (transcriptomics, and proteomics) 
refer to RNA transcription, and expressed proteins, 
respectively. They are performed to identify gene 
transcription with its protein expression that has 
an essential impact on the parasite survival, growth, 
and/or virulence[2]. Epigenomics, also GWAS, are 
performed to study the complete set of epigenetic 
modifications, i.e., stable changes regulating gene 
expression. Epigenetic landscape plays a fundamental 
role in understanding the biological processes that 
involve DNA manipulation and expression[3]. 

It is worth mentioning that functional genomics 
yielded several terms such as metabolomics, 
immunomics, phosphoproteomics, chemogenomics, 
kinomics, and secretomics. Metabolomics identify the 
functional metabolite profile expressed in different 
life cycle stages, i.e., metabolic enzymes and co-
factors maintaining the parasite cellular structures 
and their biological functions. Such studies strengthen 
knowledge of host-parasite interactions in each stage 
with relevant outcome in identifying novel potential 
drug targets[4]. While immunomics identify parasite 
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ABSTRACT
Over the last two decades, omics studies provide a revolutionary advance of datasets in the field of Medical 
Parasitology for understanding parasite system biology, host-parasite interactions, and phylogenetic analyses; 
i.e., genomics, transcriptomes, proteomics, metabolomics. Together with bioinformatics, genome-wide 
associated studies (GWASs) enabled scientists to identify diagnostic biomarkers, promising drug targets, 
and potential vaccine candidates for diagnosis, treatment, and protection against several neglected tropical 
diseases. Omics approaches are either structural (genomics) or functional (post-genomics). To survive, 
Plasmodium spp. are able to delete certain genes unessential for their survival and growth, enabling them 
to evade host immune response. In addition, they undergo antigenic variations that lead to gene mutations 
in enzymes controlling drug uptake. Previously unattainable goals, e.g., host immunoevasion, susceptibility 
or resistance to infection, drug resistance, novel drugs as well as prevention and control were achieved by 
omics studies powered by bioinformatics tools. This part of the present review aims to shed light on omics 
application outcomes regarding Plasmodium spp.

Abbreviations: GWAS: Genome-wide associated study; NGS: Next generation sequencing; PKs: Protein kinases; PTM: 
Post-translational modification; RNAi: RNA interference; SNP: Single nucleotide polymorphism. 
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epitopes recognized by host’s immune system at the 
molecular level. Simultaneous determination of the 
interaction between a specific molecule and chemical 
compounds is referred  to as chemogenomics[5]. The 
latter is an efficient approach for drug design. While 
kinomics refers to protein kinases (PKs) encoded in 
its genome, phosphoproteomics identify, catalog, and 
characterize proteins containing a phosphate group as 
a post-translational modification (PTM). Required for 
protein phosphorylation, PKs are essentially involved 
in signaling pathways that transmit cellular signals in 
all eukaryotes. In such a process, they regulate protein 
functions involved in the parasite survival, growth, 
differentiation, and virulence[6]. Phosphorylation is 
a key reversible modification that regulates protein 
function, subcellular localization, complex formation, 
degradation of proteins and therefore cell signaling 
networks. It was estimated that between 30-65% of 
proteins were phosphorylated[7]. Finally, secretomics 
refer to all the secreted proteins by a cell, tissue, or 
organism, explaining their role(s) in diseases pathology 
and immunomodulation of host immune response[8].

On the other hand, bioinformatics (omics backbone) 
constitutes an interdisciplinary digital approach 
with computational, mathematical, statistical, and 
physical analyses necessary to analyze sequencing 
and functional data obtained from genomic and post-
genomic studies, with subsequent conversion to useful 
information for further applicable outcomes[9], such as:
1.	 Understanding the molecular mechanisms of 

integrative parasite systems biology, and host-
parasite interactions might lead to discovery of new 
efficient candidates for diagnosis, as well as drug 
and vaccine design development[10].

2.	 Due to host-parasite interactions, there are changes 
in specific amino acids that affect their chemical 
properties, e.g., PTMs such as phosphorylation, 
acetylation, deacetylation, methylation, and 
glycosylation. In this regard, PTMs are metabolic 
fingerprints (biosensors) utilized in diagnosis. 
Mobile ultrasensitive protein detection devices are 
developed for use as point-of-contact devices for 
detection of specific biomarkers[11].

3.	 Phylogenetic tree construction: Recent phylogenetic 
analyses rely on sequencing of multiple genes from 
different genomic sources, or genes expected to 
evolve under different selective conditions. This is 
preferred to eliminate false homology resulted from 
natural selection[12].

4.	 Molecular epidemiology studies become valuable 
in waterborne outbreaks to identify the causative 
pathogen, species and source of infection[13-15].

5.	 Nowadays, it is possible to perform simultaneous high 
throughput screening in parallel DNA sequencing 
in several parasites in multiple samples, whether 
biological or environmental, i.e., metabarcoding. 
This allows identification of barcodes or short DNA 
sequences of a gene or multiple genes[16].

6.	 Landscape genetics is an interdisciplinary field 
correlating population genetics and landscape 
ecology. Utilizing bioinformatics, data obtained 
from landscape community genetics reveal how 
ecological variations can influence the genetic 
structure and in-turn explains the basis of resistance 
and susceptibility to diseases[17]. In this context, 
understanding the potential role of epigenetic 
factors and the molecular mechanisms occurring in 
the resistance and susceptibility to some parasitic 
diseases would explore novel strategies in control 
measures and prophylaxis regimens[3].

Approaches
Relative to microarrays, next-generation sequencing 

(NGS) becomes an option for genome or transcriptome 
or proteome sequencing since it provides more 
complete and accurate data in addition to its low cost. 
Moreover, it becomes easy to produce and sequence 
a great number of DNA fragments in parallel, without 
the need for bacterial cloning, in contrast to the other 
technologies previously used[18]. Rapidly promoted by 
NGS, transcriptome sequencing (RNA-seq) allowed the 
investigators to reconstruct the entire transcriptome in 
a selected species of interest and generate quantitative 
expression scores for each transcript. Analysis of results 
obtained from RNA-seq provide quantitative survey 
of RNA expression patterns in comparative genomic-
levels and identification of more molecular markers[1]. 
Spatial transcriptomics is a recent technology enabling 
biologists development of in situ single cell RNA 
sequencing, i.e., within a tissue or organ[19]. This is 
accomplished using either sequential-fluorescent in 
situ hybridization, or fluorescent-labeled cDNA. Such 
applications allowed investigators to discover novel 
anti-parasitic agents that target parasite crucial for its 
survival and virulence[20,21]. 

Interference RNA (RNAi) or double stranded-RNA 
(dsRNA) treatment are the major methods utilized 
for functional genomics, i.e., studying gene impact on 
parasite phenotype by experimental gene knocking 
down experiments[22]. Generating new gene function 
(knock-in), gene editing, is nowadays performed by the 
recent evolutionary technology “clustered regularly 
interspaced short palindromic repeats-associated 
protein 9 (CRISPR-Cas9)”. In such technology, Cas9 
enzyme is bound experimentally with a short RNA 
guide sequence that targets a specific sequence of 
genomic DNA. Using CRISPR-Cas9, precise changes 
in the eukaryotic genome facilitates removal of 
genetic material or addition of a customized genome 
sequence[23,24]. In a recent review, Jacinto et al.,[25] 
discussed advances in genetic engineering to modify 
CRISPR-Cas9. The CRISPR-Cas9 system in bacteria 
was developed in which bacteria slices-DNA from 
invading bacteriophages to create DNA segments 
(CRISPR arrays) that recognize bacteriophages DNA on 
reinfection, i.e., bacterial infection by phages[25].
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Other technologies were also used in omics studies. 
Among them was RNA sequencing-based studies that 
identified the role of noncoding protein RNA (ncRNA) 
transcriptomes that play an essential role in parasite 
virulence[26]. It is worth mentioning that ncRNAs 
constitute heterogeneous RNA types that play crucial 
biological functions in eukaryotes, but not coding 
for protein synthesis. They include ribosomal RNA, 
transfer RNA, small nucleolar RNA, and long noncoding 
RNA[27].

High-resolution mass spectrometry was utilized in 
metabolomics studies to provide a chemical fingerprint 
of thousands of metabolites present in cells, tissues, 
or body fluids. Such metabolic phenotyping was 
successfully used to study various biologic processes 
(drug susceptibility or resistance) and disease states 
(subclinical, acute and chronic)[4]. Genome wide-single 
nucleotide polymorphism (SNP) analyses that involves 
germline substitution of a single nucleotide in the 
parasite genome to pinpoint gene mutation linked to 
drug resistance, was recently reviewed[28].

Two additional methodological strategies emerged 
in the field of bioinformatics, aptamers, and cell-
free expression systems. Aptamers are DNA or RNA 
oligonucleotides or peptides with protein-binding 
characteristics that interact with high affinity, to a 
specific target; either diagnostic biomarker, or drug 
target or vaccine candidate. Escort aptamers are 
new delivery systems carrying therapeutic agents or 
fluorescent particles targeting specific cell or pathogen, 
whereas systemic evolution of ligands by exponential 
enrichment (SELEX) technology is applied for 
selection and isolation of aptamers that target specific 
pathogens (aptasensors). It constitutes repeated cycles 
of oligonucleotides binding and amplification to reach 
highest affinity interactions[29]. On the other hand, 
absence of a cell wall and membrane provides an open 
environment allowing direct gene translation from 
linear DNA fragments without requiring DNA cloning 
into vectors, i.e., recombinant form. Escherichia coli or 
wheat germ cell-free is used as in vitro transcription and 
translation system. These cell-free expression systems, 
used in protein synthesis, are highly throughput, rapid, 
and consume less time in gene cloning by synthesizing 
proteins directly from PCR products[30].

Furthermore, there are several supportive websites, 
widely utilized by researchers across the world, for 
automated systems that enable storage and analysis 
of knowledge related to molecular biology, gene 
sequencing, and bioinformatics. Among them, National 
Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih), GenBank (http://www.ncbi.nlm.
nih.gov), and 70 best Bioinformatics Blogs and Websites 
(https://www.blog.feedspot.com/bioinformatics_
blogs/). Regarding malaria, a consortium of 15 leading 
scientific laboratories established an association 

termed ‘The Malaria Drug Accelerator (MalDA)’ and 
created a website (https://www.malariada.org/). Its 
main objective is to eliminate the structural barriers 
often encountered in approaches for drugs discovery, 
i.e., improving and accelerating antimalarial drugs 
development. To achieve this, it provides recent 
strategies to identify novel essential druggable targets; 
it seeks to produce early lead inhibitors for further 
preclinical development and subsequent clinical trials; 
and provides resources for researchers, e.g. expertise, 
knowledge, materials, and reagents. Moreover, malaria 
genomics has several central data repositories, e.g., 
PlasmoDB (http://www.plasmodb.org) and the Pf3K 
project (www.malariagen.net/projects/ parasite/Pf3k) 
for parasite data, as well as VectorBase (vectorbase.
org) and the Ag1000g project (www.malariagen.net/ 
projects/ vector/ag1000g) for vector data. 

Applications
Potential drug targets in apicomplexans 

Most apicomplexans lack transcription factors 
commonly detected in all eukaryotes, and this explains 
the expansion of new and specific transcription factors 
such as the apicomplexan enzyme, integrase DNA with 
a binding domain (AP2) that has high affinity primary 
and secondary binding motifs[31]. This complexity 
of expansion played a crucial role in chromosome 
biology, gametogenesis, stage-to-stage differentiation, 
invasion and egress cascade, and virulence[32]. On the 
other hand, synthesis of DNA and RNA copies is a 
multi-step process that requires tight regulation of 
translation initiation factors. It is carried out through 
either cap-dependent or cap-independent processes, 
i.e., in stress conditions. In P. falciparum and T. gondii, 
upstream open reading frame (UORF) pathway takes 
place to initiate gene expression in response to stress. 
Indian reviewers discussed UORFs involved in the 
majority of transcripts in both parasites, and concluded 
their essentiality in translational regulation of gene 
expression, i.e. promising drug targets[33].

In addition, apicomplexans mitochondria have 
an essential role in several biological functions, e.g., 
energy metabolism, respiration, iron-sulfur clustering, 
calcium homeostasis, phospholipid biosynthesis 
and apoptosis. Therefore, two wide-genomic studies 
demonstrated that apicomplexan mitochondria were a 
rich potential source for drug targets[34,35]. In contrast, 
Cryptosporidium spp. represent an exception where the 
classical double-membrane mitochondrion is absent 
and instead, a reduced form of the organelle is present 
(a mitosome) with few retained functions[36]. 

Besides, PTMs are essential for viability and growth, 
developmental transformation, asexual reproduction, 
invasion and egress cascade, as well as pathogenesis, 
and virulence[37]. These PTMs are highly noticed 
in the molecules comprising the gliding motility in 
apicomplexans. Phosphoproteomic studies revealed 
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three issues. First, PTMs modified by methylation 
or phosphorylation enhanced invasion and egress 
cascade[38]. Second, calcium dependent PK (CDPK) 
was involved in phosphorylation essentially required 
for gliding motility in P. falciparum (PfCDPK1)[38], and 
T. gondii (TgCDPK3)[39]. Third, marking of the target 
protein by ubiquitin molecule for degradation was 
linked in cytoskeletal rearrangement of Toxoplasma 
gliding motility[39].

A group of Ras superfamily, Rab cell membrane-
bound proteins, control the surface proteins trafficking 
and fusion of transport vesicles. They are small 
guanosine triphosphate (GTP)-binding membrane 
proteins, amd their encoding genes are of particular 
interest in apicomplexans. The Rab proteins act as 
molecular intracellular switches through regulation of 
trafficking between secretory organelles and cellular 
pathways. They switch between active and inactive 
forms, where the former binds with GTP, and the latter 
with guanosine diphosphate (GDP). To activate Rab 
proteins, Rabs A guanine nucleotide exchange factor 
catalyzes the conversion from both forms[40]. 

Plasmodium spp.
Host parasite interactions
•	A study analyzing the transcriptome of P. falciparum 

intra-erythrocytic stages, proved that Plasmodium 
spp. possessed a specialized mode of transcriptional 
regulation facilitating RBCs invasion. They 
demonstrated that some regions of Plasmodium 
chromosomes varied between different Plasmodium 
strains and played key role in enabling erythrocytic 
stages transcriptomes, i.e., evidence of their ability 
for instantaneous on and off strategy according to 
erythrocytic cycle differentiation[41]. Later, similar 
results were obtained when British investigators 
conducted a single cell transcriptomic study that 
facilitated analysis of cell-cell transcriptomic 
variability. The investigators demonstrated two genes 
(var and pir) acting independently by switching on and 
off in each individual erythrocytic stage. They proved 
that both genes were involved in RBCs sequestration, 
chronic infection, and host immunoevasion. Moreover, 
sex-specific expression of var and pir genes suggested 
their role in microgametocytes fertility. Accordingly, 
both genes were suggested as novel potential 
therapeutic targets and vaccine candidates[42].

•	Utilizing a proteome-reverse genetic approach, 
American investigators conducted a study in the 
mosquito vector. They observed differences in 
proteins mastering two types of sporozoites collected 
from salivary glands and developed oocysts. Proteins, 
assigned for hepatocytes invasion, predominated in 
the former such as sporozoite microneme protein, 
apical membrane antigen and surface protein P36. In 
contrast, a membrane antigen erythrocyte binding-
like protein, important for salivary glands invasion, 
was detected in sporozites in developed oocysts. 

Other proteins, e.g. thrombospondin-related protein 
and circumsporozoite surface protein were observed 
in both sporozoites, suggestive of sporozoite 
development[43]. 

•	Utilizing RNA interference (RNAi) knockdown, the 
investigators demonstrated that P. falciparum egress 
from hepatocytes and erythrocytes were dependent on 
a host signaling cascade in which guanine nucleotide-
binding protein subunit alpha q (GNAQ) was the key 
factor. The latter activates intracellular signaling 
pathways in response to activation of cell surface G 
protein-coupled receptors (GPCRs)[44]. Host signaling 
cascade was stimulated by P. falciparum GPCR ligands 
and PK C activation with subsequent calcium influx 
and stimulation of host cysteine protease (calpain 1). 
Its increased expression resulted in weakening and 
digestion of host cells cytoskeleton with subsequent 
egress[45]. Later, an omics study attributed merozoites 
egress from hepatocytes to merosomes formation 
carrying egressed merozoites into the blood stream 
and infecting erythrocytes, i.e., parasitophorous 
vacuole (PV) rupture without lysis of host cell 
membrane. However, merozoites egress from the 
infected erythrocytes is by simultaneous lysis of both 
PV membrane and host cell membrane[46]. Utilizing 
CRISPR-Cas9 technology to produce GNAQ-deficient 
HeLa cells, the investigators recently confirmed the 
previous hypothesis (merosomes formation). Egress 
of P. berghei hepatic stages from HeLa cells was was 
not dependent on GNAQ in contrast to the erythrocytic 
stages[47].

•	It was documented that Plasmodium spp. release 
exported proteins into the host cells that have a 
crucial role in host-parasite interactions and parasite 
development within the host. A recent omics study 
showed Plasmodium utilization of host specific 
pathways in order to survive and develop. To 
investigate the role of the host trafficking processes 
in extra-erythrocytic liver-stages development, and 
hepatocytes invasion, American investigators used 
a systematic RNAi screen of P. berghei genome. 
The most common were genes involved in protein 
transport between Golgi network and endosomal 
system, as well as genes encoding lipid endocytosis 
(clarthin-mediated trafficking). The latter facilitates 
lipids trafficking internalized across the plasma 
membrane into the mitochondria. This translates the 
subversion of host vesicular trafficking pathways by 
P. berghei genes for host hepatocytes invasion[48].

Pathogenesis
In P. falciparum, rigidity of infected RBCs and their 

adherence to the capillary blood vessels was attributed, 
in part, to increased RBC phospholipid levels with 
increased ratio of unsaturated to saturated fatty 
acids. In addition, production of micro-vesicles blebs 
out of the lipid rafts of the cell membrane of infected 
RBCs promote cellular signaling for gametocyte 
development[49,50]. 
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Diagnosis and molecular barcoding
•	Since P. falciparum metabolomics were extensively 

investigated, a study conducted in 2015 demonstrated 
a valuable approach to assess and predict the 
course of acute falciparum malaria in children. The 
investigators conducted a metabolomics study on P. 
berghei-experimentally infected mice to determine 
parasite metabolic profile during acute infection. For 
determination of several metabolites, blood samples 
were collected from infected children categorized into 
mild, moderate and severe according to their clinical 
conditions, as well as from controls. A multi-variant 
correlation analysis demonstrated usefulness of 
metabolic profile in categorization of malaria without 
depending on the clinical examination. Besides, it 
guided clinicians to assess disease progression, and 
evaluate therapy efficacy[51]. 

•	Molecular barcoding of P. falciparum showed 24 SNPs 
that in combination created a fingerprint or signature 
for its genome. Characteristics of SNPs enabled the 
clinicians and health authorities to 1) distinguish 
recrudescence from re-infection in field trials, 2) 
monitor P. falciparum frequency and distribution in a 
patient population undergoing drug treatment, and 3) 
identify geographic origin of P. falciparum strains to 
regional level[52].

•	Recently, a study developed a novel low cost, high 
throughput, automated method to identify mixed 
infections of P. vivax and P. falciparum with the exact 
proportion of each species in infected patients from 
Pakistan and Afghanistan. Utilizing metabarcoded 
DNA sequence of 18 subunit ribosomal DNA (18S 
rDNA), the investigators demonstrated the differential 
expression of certain parts of the genome in different 
stages of infection in humans. This molecular 
barcoding approach enabled the investigators to 
identify the causative Plasmodium spp., and its 
evolution during the cycle of infection. Besides, 
it allowed monitoring intra-species differences 
according to the geographical area[53]. 

Drug resistance
The worldwide antimalarial resistance network 

(wwarn.org), a global network of academic experts, 
was established aiming to identify and track the global 
spread of malaria drug resistance. As previously 
reviewed[28], anti-malarial drugs resistance are 
associated with established definitive genetic markers. 
In vitro evolution and whole-genomic analysis is 
nowadays a new approach to identify the molecular 
mechanisms of anti-malarial drugs resistance, i.e., 
Plasmodium resistome[54]. Therefore, identification of 
molecular markers is a valuable tool for strengthening 
resistance monitoring, confirming resistance, and 
providing an early warning signal, and for assessing 
resistance trends[55]. To demonstrate the resistance 
mechanism, a study conducted against a synthesized 
endoperoxide compound (N89), showed anti-malarial 
potency in vitro, and in vivo[56]. Using whole-genome 

sequencing, the investigators compared and described 
gene mutations in the susceptible and emerging 
resistant strains. Among the detected seven genes with 
mutations, only the gene encoding multidrug resistance 
protein 2 showed the highest mutation in N89 P. 
falciparum resistant strains, while the gene encoding 
endoplasmic reticulum-resident calcium binding 
protein (PfERC), N89 drug target showed similar gene 
mutations in both strains[56].

Potential drug targets
Several omics studies were conducted and revealed 

molecules essential for Plasmodium survival and some 
of them were established virulence factors. 
•	In 2004, British investigators[57] used a variety of 

bioinformatics tools to identify and characterize 65 
Plasmodium eukaryotic PKs (ePKs) sequences aiming 
to classify them according to the established ePKs 
groups. Unfortunately, results revealed that several 
ePKs sequences did not cluster within any ePKs group. 
However, the highest number of ePKs involved in 
proliferation of erythrocytic stages included mitogen-
activated PK (MAPK) and cyclin-dependent kinases 
(AGC group). The later included cyclic adenosine, 
guanine, and cytosine MP-dependent PKs (PKA, 
PKG, and PKC, respectively). The investigators also 
observed that none of the ePKs clustered within the 
tyrosine kinase group[57].

•	In 2008, a comparative genomic study of apicomplexans 
Rab GTPases, identified and characterized peptide 
motifs of Plasmodium Rab GTPases involved in 
regulating membrane proteins trafficking from the 
apical secretory organelles (rhoptries, micronemes 
and microspheres) to cell cytosol, apicoplast, food 
vacuoles and Maurer's clefs. In contrast, motifs 
involved in the other direction (intracellular 
pathways → secretory organelles) were not identified. 
Because apicomplexans Rab GTPases are promising 
drug targets, the investigators recommended future 
studies focusing on identification of the peptide 
motifs of Plasmodium Rab GTPases to develop novel 
anti-malarial drugs[40].

•	In 2009, two studies were conducted. The first study 
utilized RNA aptamers and intramers as treatment 
tools to target erythrocyte membrane protein 1 and 
intracellular parasite proteins of P. falciparum[58]. 
Metabolic labeling by radioisotopes demonstrated 
that P. falciparum synthesized carotenoids, an absent 
pathway in mammals, for parasite antioxidant 
protection. Accordingly, the investigators proposed 
carotenoid synthesis pathway a promising drug target 
and/or vaccine candidate[59]. 

•	In 2010, another two studies were conducted. 
Spermidine synthase (SpS) enzyme, involved 
in de novo synthesis of Plasmodium polyamine 
spermidine, proved essential for survival, growth, 
and proliferation. Since cyclohexylamine exhibited 
inhibitory activity against SpS, the investigators 
suggested Plasmodium SpS a novel drug target[60]. 
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Another metabolomic study demonstrated the 
essentiality of peroxisomes, specific P. falciparum 
organelles, in redox signaling and lipid homeostasis. 
Utilizing a comparative genomics approach, the 
investigators predicted peroxisomal proteins in silico. 
Since purified peroxisomes contained a highly diverse 
enzymatic network, the investigators observed 
that these proteins contributed to several crucial 
metabolic processes, e.g., fatty acid oxidation, ether 
lipids biosynthesis, and free radical detoxification. 
Due to their essentiality in survival and growth 
corresponding to the metabolic requirements of fast 
P. falciparum growth, peroxisomal proteins were 
suggested as potential drug targets[61].

•	Rapid erythrocytic cycles require well-regulated 
lipid metabolic pathways that are essentially 
involved in survival, proliferation, and life cycle 
stages differentiation. Accordingly, proteomic and 
metabolomics studies on the role of phospholipases in 
Plasmodium spp., suggested phospholipid-hydrolyzing 
esterases virulence factors for their crucial role in 
membrane dynamics during de novo invasion and 
egress cascade, i.e., promising drug targets[62]. In this 
context, two additional events were observed. First, 
Plasmodium phosphatidyl-inositol-phospholipase 
C (PI-PLPC) was activated after RBCs invasion and 
induced high levels of intracellular calcium, with 
subsequent translocation of the molecules expressed 
from micronemes onto the parasitophorous 
vacuole membrane. Keeping in mind that increased 
intracellular calcium is the initial trigger for egress[63]. 
Second, since Plasmodium apicoplast is unique in its 
lipid composition such as cholesterol, sphingomyelin 
and ceramide, the investigators demonstrated 
that these lipids regulated apicoplast membrane 
permeability and activated membrane transporter 
proteins[64].

•	Luth et al.[65] conducted Plasmodium genomic analyses 
and suggested dipeptidyl aminopeptidase 1 (a cysteine 
protease), and cyclin-dependent-like kinase 3 (a PK) 
as potential drug targets. Since genetic changes such as 
SNPs and copy number variants (CNVs) have essential 
roles in P. falciparum proteasome, the investigators 
recommended further analyses to identify novel drug 
targets[65].

•	Severity of falciparum malaria is attributed partially 
to its ability to export atypical PKs (FIKKs) into 
infected RBCs causing major structural and functional 
changes. Members of FIKKs family are unique in P. 
falciparum with no orthologues in humans. Utilizing 
RNAi, the investigators succeeded to identify and 
characterize eight FIKKs as potential drug targets. 
Several functions were assigned including growth 
and survival via mitotic nuclear division, merozoites 
egress and de novo RBC invasion, as well as their role in 
infected RBC adhesive properties and cytoadherence 
phenomenon[66].

•	Since P. falciparum potentiates a complex interaction 
with its host, a network-based integrative 

computational approach was utilized to conduct a 
GWAS study. The investigators analyzed the host-P. 
falciparum networks and the results revealed 
identification of two malaria disease-related genes 
with essential roles in enhancing parasite survival and 
development: C6KTD2 and C6KTB7[67]. The former 
was previously proposed as vaccine candidate[68]. 
However, a knockout study showed its essentiality in 
chromatin structure, histone lysine methylation, and 
gene expression. Thus, C6KTD2 proved essential for 
survival, growth and development of the erythrocytic 
stages, i.e., a potential drug target[69]. The second 
(C6KTB7) was previously established virulence factor 
due to its involvement in the ubiquitination pathway 
required for regulation of several cellular signaling 
crucial for P. falciparum virulence[70]. Notably, 
ubiquitination is the process of attaching ubiquitin, 
eukaryotic molecule to the protein of interest to be 
degraded.

Prevention and control
With the aim of reducing malaria transmission 

and subsequent eradication, applications of genomic 
data on protection and control programs against 
malaria were reviewed. The researchers focused 
on population genomic strategies dependent on 
connected metadata, e.g. clinical, epidemiological, 
and biological information[71]. In contrast, another 
review reported that although NGS technologies 
enabled researchers addressing a diverse range of 
biological and epidemiological questions regarding 
malaria transmission’ dynamics, population genomic 
approach remains an inappropriately utilized resource 
for surveillance due to several reasons. They included 
1) lack of local awareness and capacity, 2) limited 
access to sensitive laboratory methods, 3) shortage 
of associated computational tools, and 4) difficulty 
in interpreting genetic epidemiology data[72]. On the 
other hand, asymptomatic infections sustain malaria 
transmission since they provide a silent undetected 
source of infection, i.e., a major obstacle for malaria 
control and elimination programs. Kenyan reviewers 
recommended utilizing NGS technology, e.g., RNA 
sequencing (RNA-seq) for transcriptomic analysis 
of field samples collected from clearly defined 
asymptomatic patients[73].

One of strategies of prevention and control is acting 
against parasite epigenetic modifications with their 
crucial role in immunomodulation of host immune 
response. Epigenetic modifications also regulate 
protection and susceptibility to malaria. Among 
Plasmodium epigenetic modification were molecular 
mechanisms inducing phenotypic changes without 
genome alteration, e.g. epigenetic mechanisms that 
involve DNA methylation and histone modification. 
These epigenetic modifications showed modulation of 
gene expression regulating host immune response, e.g. 
activated T- and B-lymphocytes of the adaptive immune 
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response exhibited phenotypic changes[74]. A series 
of GWASs was reviewed with the aim of discovering 
genes, antigens, and molecules potentially suitable 
for development of an efficacious malaria vaccine. 
Such approaches enabled the biologists discovering 
new antigenic targets of antibody or T-cell responses 
suitable for further evaluation in clinical trials. The 
reviewers concluded that understanding the molecular 
mechanisms underlined Plasmodium epigenetic 
modifications on host T and B cell development and 
differentiation would certainly provide a new strategy 
for malaria prevention and control[75]. 

In fact, the potential role of epigenetic factors and 
their regulation in the protection of or susceptibility 
to malaria gained much attention in the last decade. 
Growing evidence suggested that epigenetics play a key 
role on multiple levels, including host immunoevasion 
and immunomodulation, tolerance, and host adaptive 
response. Further understanding of the mechanisms 
and functional significance underlying chromatin 
and DNA methylation changes, responsible for PTMs, 
will generate more strategies to develop a promising 
malarial vaccine[3].

Prevention of transmission
•	Inhibition of zygote formation with subsequent 

failure of ookinete development was demonstrated by 
suppression of genes encoding certain components of 
ribonucleoprotein complex[76]. 

•	Deletion of two Plasmodium genes, p48/45 coding for 
6-Cys repeat domain protein, and hap2 led to complete 
sterility of the male gamete and failure to attach to the 
female gamete[77]. 

•	Since xanthurenic acid (XA) is critical for ookinete 
development, isolated and purified organelles 
expressing XA enabled the investigators to identify 
XA metabolites essential for ookinete survival 
and development. An American review discussed 
applications of metabolomics with emergence of new 
strategies for prevention of malaria transmission, and 
proposal of a XA vaccine candidate[78]. 

•	British scientists reviewed functional studies using 
reverse genetics aiming to discover several aspects 
of Plasmodium sexual development. They proposed 
several genes encoding certain molecules in sexual 
differentiation, fertility and transmission. They  
included mitogen activated PK-2, never in mitosis/
aspergillus (NIMA) related PKs 2 and 4, and armadillo 
repeat motif. While the first PK-2 was proved essential 
for P. falciparum sexual replication, the second NIMA 
PKs were crucial for ookinete maturation. On the 
other hand, armadillo repeat motif is a characteristic 
repetitive amino acid sequence (~40 residues) found 
in several proteins that typically contain several 
tandemly repeated copies. Abnormal movement 
and sterility of microgametocytes was observed in 
the absence of armadillo repeat motif. Accordingly, 
the reviewers recommended further studies using 
CRISPR-Cas9 technology to express transgenic 

population of mosquitoes unable to transmit 
malaria[79].

Vaccine trials
•	Indian reviewers claimed that P. falciparum 

proteomics and genomic sequence facilitated the 
discovery of novel subunit vaccines composed of 
purified proteins and polysaccharide antigens, and 
DNA vaccines, respectively. In the latter, an antigen-
coding gene was inserted into suitable expression 
vector (plasmid) and the purified recombinant vector 
encoding the immunogen was injected into the host[80].

•	An American proteomic study analyzed proteins 
expressed on the surface of P. falciparum infected 
RBCs, and identified two surface proteins (erythrocyte 
surface proteins 1 and 2). These were acknowledged 
for being encoded by a single gene copy and are 
conserved among the parasite isolates from different 
geographic areas; two criteria that make the 
identified proteins promising vaccine candidates as 
they bypassed the challenges of antigenic variations 
and genetic polymorphisms commonly observed in 
Plasmodium spp.[81].

•	Utilizing mass spectrometry, a study analyzed the 
proteins on the surface of salivary gland sporozoites 
of P. falciparum. American investigators identified 
several expressed proteins that proved to have 
a crucial role in infection and RBCs invasion. 
Among them were circumsporozoite protein (CSP), 
sporozoite surface protein 3, thrombospondin-
related anonymous protein (TRAP), apical membrane 
antigen 1 (AMA1), 6-Cys protein (P38) and heat 
shock protein 70 (HSP70). Since CSP and TRAP were 
glycosylated in Plasmodium sporozoites, both proteins 
were proposed as promising vaccine candidates for 
falciparum malaria[82].

CONCLUDING REMARKS
1.	High-resolution mass spectrometry approach is a 

useful technique for both proteomics and proteomics 
related studies as metabolomics. While NGS and 
RNAi are used for gene sequencing and knockout, 
respectively, CRISPR-Cas9 is a new technology for 
gene editing. 

2.	The proteome-reverse genetic approach allows the 
study of the parasite systems biology. Understanding 
of the molecular mechanisms in host-parasite 
interactions was achieved by GWASs involving 
coding and non-coding RNA, metabarcoding studies, 
and SNP analyses.

3.	Both P. falciparum metabolomics and molecular 
barcoding provide unique methods for diagnosis 
especially in asymptomatic patients. Plasmodium 
resistance studies identified molecular genetic 
markers in resistant strains that were valuable tools 
for drug resistance monitoring.

4.	Plasmodium genome shows unique complex genomic 
plasticity, and drug resistance is the main obstacle in 
malaria elimination. This necessitates identification 
of novel potential drug targets and vaccine 
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candidates. Due to the advance in evolutionary 
technology by bioinformatics, few drugs, and 
vaccines for prevention of malaria transmission are 
now in clinical trials.

5.	Bioinformatics tools were utilized to identify and 
characterize several potential drug targets including 
histone modifying enzymes involved in PTMs, 
established virulence factors, and apicoplast unique 
lipid composition. Besides, P. falciparum exported 
atypical PKs (FIKKs), and two malaria disease-
related genes (C6KTD2 and C6KTB7) were recently 
identified.

6.	Plasmodium epigenetic modifications showed several 
modulations of gene expression that regulate host 
immune response and confer innate protection. The 
recent technology of CRISPR-Cas9 was utilized to 
delete two Plasmodium genes (p48/45) developing 
an efficient transmission vaccine that led to complete 
sterility of microgametocytes. Genetically attenuated 
vaccines (pre-erythrocytic and erythrocytic stages) 
are now in clinical trials for protection against P. 
vivax and P. falciparum.

Acknowledgment: The authors would like to express 
their gratitude to Dr. Sherif M. Abaza, Professor 
Emeritus of Medical Parasitology, Faculty of Medicine, 
Suez Canal University, Ismailia, for his suggestion of the 
review topic.
Author contribution: Both authors contributed equally 
in data search, collection of the scientific material, 
writing the review, and revising the manuscript. Both 
authors accepted the final version. 
Conflict of interest: No conflict of interest.
Funding statement: None.

REFERENCES                                                            

1.	 Gunawardena S, Karunaweera ND. Advances in genetics 
and genomics: Use and limitations in achieving 
malaria elimination goals. Pathog Glob Health 2015; 
109(3):123-141.

2.	 Lee HJ, Georgiadou A, Otto TD, Levin M, Coin LJ, 
Conway DJ, et al. Transcriptomic studies of malaria: 
A paradigm for investigation of systemic host-
pathogen interactions. Microbiol Mol Biol Rev 2018; 
82(2):e00071-17.

3.	 Arama C, Quin JE, Kouriba B, Farrants Ö� AK, Troye-
Blomberg M, Doumbo OK. Epigenetics and malaria 
susceptibility/protection: A missing piece of the 
puzzle. Front Immunol 2018; 9:1733.

4.	 Salinas JL, Kissinger JC, Jones DP, Galinski MR. 
Metabolomics in the fight against malaria. Mem Inst 
Oswaldo Cruz 2014; 109(5):589-597.

5.	  Rognan D. Chemogenomic approaches to rational drug 
design. Br J Pharmacol 2007; 152(1):38-52.

6.	 Manning G, Plowman GD, Hunter T, Sudarsanam S. 
Evolution of protein kinase signaling from yeast to 
man. Trends Biochem Sci 2002; 27(10):514-520.

7.	 Vlastaridis P, Kyriakidou P, Chaliotis A, Van de Peer Y, 
Oliver SG, Amoutzias GD. Estimating the total number 
of phosphoproteins and phosphorylation sites in 
eukaryotic proteomes. Gigascience 2017; 6(2): 1-11.

8.	 McVeigh P. Post-genomic progress in helminth 
parasitology. Parasitology 2020; 147(8):835-840. 

9.	 Yu-Dong C, Tao H, Lei C, Bing N. Application of systems 
biology and bioinformatics methods in biochemistry 
and biomedicine. BioMed Res Int 2013; 651968.

10.	Mahanta A, Ganguli P, Barah P, Sarkar RR, Sarmah N, 
Phukan S, et al. Integrative approaches to understand 
the mastery in manipulation of host cytokine networks 
by protozoan parasites with emphasis on Plasmodium 
and Leishmania species. Front Immunol 2018; 9:296.

11.	Sin ML, Mach KE, Wong PK, Liao JC. Advances and 
challenges in biosensor-based diagnosis of infectious 
diseases. Expert Rev Mol Diagn 2014; 14:225-244.

12.	Abaza SM. What is and why do we have to know 
phylogenetic tree? PUJ 2020; 13(2):68-71.

13.	Feng Y, Ryan UM, Xiao L. Genetic diversity and 
population structure of Cryptosporidium. Trends 
Parasitol 2018; 34(11):997-1011.

14.	Tsui CK, Miller R, Uyaguari-Diaz M, Tang P, Chauve 
C, Hsiao W, et al. Beaver fever: Whole-genome 
characterization of waterborne outbreak and sporadic 
isolates to study the zoonotic transmission of giardiasis. 
mSphere 2018; 3(2):e00090-18.

15.	Thompson RCA, Ash A. Molecular epidemiology of 
Giardia and Cryptosporidium infections: What's new? 
Infect Genet Evol 2019; 75:103951.

16.	Burki F, Sandin MM, Jamy M. Diversity and ecology of 
protists revealed by metabarcoding. Curr Biol 2021; 
31(19):R1267-R1280.

17.	Schwabl P, Llewellyn MS, Landguth EL, Andersson B, 
Kitron U, Costales JA, et al. Prediction and prevention 
of parasitic diseases using a landscape genomics 
framework. Trends Parasitol 2017; 33(4):264-275.

18.	 Le Roch KG, Chung DW, Ponts N. Genomics and 
integrated systems biology in Plasmodium falciparum: 
A path to malaria control and eradication. Parasite 
Immunol 2012; 34(2-3):50-60. 

19.	Svensson V, Vento-Tormo R, Teichmann SA. Exponential 
scaling of single-cell RNA-seq in the past decade. Nat 
protocols 2018; 13(4):599-604.

20.	Goh JJ, Chou N, Seow WY, Ha N, Cheng CP, Chang YC, et 
al. Highly specific multiplexed RNA imaging in tissues 
with split-FISH. Nature Methods 2020; 17(7): 689-693.

21.	Liao J, Lu X, Shao X, Zhu L, Fan X. Uncovering an organ’s 
molecular architecture at single-cell resolution by 
spatially resolved transcriptomics. Trends Biotechnol 
2021; 39(1):43-58.

22.	 Deol AK, Fleming FM, Calvo-Urbano B, Walker M, 
Bucimi V, Gnandou I, et al. Schistosomiasis-assessing 
progress toward the 2020 and 2025 global goals. NEJM 
2019; 381:2519-2528.

23.	Gang SS, Castelletto ML, Bryant AS, Yang E, Mancuso 
N, Lopez JB, et al. Targeted mutagenesis in a 
human– parasitic nematode. PLoS Pathogens 2017; 
13:e1006675.



PARASITOLOGISTS UNITED JOURNAL

152

24.	Ittiprasert W, Mann VH, Larinshak SE, Coghlan A, Rinaldi 
G, Sankaranarayanan G, et al. Programmed genome 
editing of the omega-1 ribonuclease of the blood fluke, 
Schistosoma mansoni. Elife 2019; 8:e41337.

25.	Jacinto FV, Link W, Ferreira BI. CRISPR/Cas9-mediated 
genome editing: From basic research to translational 
medicine. J Cell Mol Med 2020; 24:3766-3778.

26.	Raabe CA, Sanchez CP, Randau G, Robeck T, Skryabin BV, 
Chinni SV, et al. A global view of the nonprotein-coding 
transcriptome in Plasmodium falciparum. Nucleic Acids 
Res 2010; 38(2):608-617.

27.	Diamantopoulos MA, Tsiakanikas P, Scorilas A. Non-
coding RNAs: The riddle of the transcriptome and their 
perspectives in cancer. Ann Transl Med 2018; 6(12):241.

28.	Abaza SM. Recent advances in identification of potential 
drug targets and development of novel drugs in parasitic 
diseases. Part I: Drug resistance. PUJ 2021; 14(3):244-
260.

29.	Ospina-Villa JD, Zamorano-Carrillo A, Castañón-Sánchez 
CA, Ramí�rez-Moreno E, Marchat LA. Aptamers as a 
promising approach for the control of parasitic diseases. 
Braz J Infect Dis 2016; 20(6):610-618.

30.	Tsuboi T, Takeo S, Iriko H, Jin L, Tsuchimochi M, Matsuda 
S, et al. Wheat germ cell free system-based production of 
malaria proteins for discovery of novel vaccine candidates. 
Infect Immun 2008; 76:1702-1708. 

31.	Campbell TL, De Silva EK, Olszewski KL, Elemento O, 
Llinás M. Identification and genome-wide prediction 
of DNA binding specificities for the ApiAP2 family of 
regulators from the malaria parasite. PLoS Pathog 2010; 
6(10):e1001165.

32.	Kaneko I, Iwanaga S, Kato T, Kobayashi I, Yuda M. Genome-
wide identification of the target genes of AP2-O, a 
Plasmodium AP2-family transcription factor. PLoS Pathog 
2015; 11(5):e1004905.

33.	Kaur C, Patankar S. The role of upstream open reading 
frames in translation regulation in the apicomplexan 
parasites P. falciparum and Toxoplasma gondii. 
Parasitology 2021; 148(11):1277-1287.

34.	Santos HJ, Makiuchi T, Nozaki T. Reinventing an organelle: 
The reduced mitochondrion in parasitic protists. Trends 
Parasitol 2018; 34(12):1038-1055.

35.	Maclean AE, Bridges HR, Silva MF, Ding S, Ovciarikova J, 
Hirst J, et al. Complexome profile of Toxoplasma gondii 
mitochondria identifies divergent subunits of respiratory 
chain complexes including new subunits of cytochrome bc 
1 complex. PLoS Pathog 2021; 17(3):e1009301.

36.	Putignani L, Tait A, Smith HV, Horner D, Tovar J, Tetley L, et 
al. Characterization of a mitochondrion-like organelle in 
Cryptosporidium parvum. Parasitology 2004; 129(1):1-18.

37.	Yakubu RR, Weiss LM, de Monerri SNC. Post-translational 
modifications as key regulators of apicomplexan biology: 
Insights from proteome-wide studies. Mol Microbiol 
2018; 107(1):1-23.

38.	Alam MM, Solyakov L, Bottrill AR, Flueck C, Siddiqui FA, 
Singh S, et al. Phosphoproteomics reveals malaria parasite 
protein kinase G as a signaling hub regulating egress and 
invasion. Nat Commun 2015; 6(1):1-5.

39.	Gaji RY, Johnson DE, Treeck M, Wang M, Hudmon A, 
Arrizabalaga G. Phosphorylation of a myosin motor 

by TgCDPK3 facilitates rapid initiation of motility 
during Toxoplasma gondii egress. PLoS Pathog 2015; 
11(11):e1005268.

40.	Langsley G, van Noort V, Carret C, Meissner M, de Villiers 
EP, Bishop R, et al. Comparative genomics of the Rab 
protein family in apicomplexan parasites. Microbes Infect 
2008; 10(5):462-470.

41.	Bozdech Z, Llinás M, Pulliam BL, Wong ED, Zhu J, 
DeRisi JL. The transcriptome of the intra-erythrocytic 
developmental cycle of Plasmodium falciparum. PLoS Biol 
2003; 1(1): E5. 

42.	Reid AJ, Talman AM, Bennett HM, Gomes AR, Sanders MJ, 
Illingworth CJR, et al. Single-cell RNA-seq reveals hidden 
transcriptional variation in malaria parasites Elife 2018; 
7:e33105.

43.	Vignali M, Speake C, Duffy PE. Malaria sporozoite 
proteome leaves a trail. Genome Biol 2009; 10:216. 

44.	Friedrich N, Hagedorn M, Soldati-Favre D, Soldati T. Prison 
break: Pathogens' strategies to egress from host cells. 
Microbiol Mol Biol Rev 2012; 76(4):707-720.

45.	Millholland MG, Mishra S, Dupont CD, Love MS, Patel B, 
Shilling D, et al. A host GPCR signaling network required 
for the cytolysis of infected cells facilitates release 
of apicomplexan parasites. Cell Host Microbe 2013; 
13(1):15-28.

46.	Hale VL, Watermeyer JM, Hackett F, Vizcay-Barrena G, 
Van Ooij C, Thomas JA, et al. Parasitophorous vacuole 
poration precedes its rupture and rapid host erythrocyte 
cytoskeleton collapse in Plasmodium falciparum egress. 
Proc Natl Acad Sci 2017; 114(13):3439-3444.

47.	Burda PC, Bisio H, Marq JB, Soldati-Favre D, Heussler VT. 
CRISPR/Cas9-based knockout of GNAQ reveals differences 
in host cell signaling necessary for egress of apicomplexan 
parasites. mSphere 2020; 5(6):e01001-20.

48.	Raphemot R, Toro-Moreno M, Lu KY, Posfai D, Derbyshire 
ER. Discovery of druggable host factors critical to 
Plasmodium liver-stage infection. Cell Chem Biol 2019; 
26(9):1253-1262.

49.	Mantel PY, Hoang AN, Goldowitz I, Potashnikova D, Hamza 
B, Vorobjev I, et al. Malaria-infected erythrocyte-derived 
microvesicles mediate cellular communication within the 
parasite population and with the host immune system. 
Cell Host Microbe 2013; 13:521-534.

50.	Gulati S, Ekland EH, Ruggles KV, Chan RB, Jayabalasingham 
B, Zhou B, et al. Profiling the essential nature of lipid 
metabolism in asexual blood and gametocyte stages of 
Plasmodium falciparum. Cell Host Microbe 2015; 18:371-
381.

51.	Surweic I, Orikiiriza J, Karlsson E, Nelson M, Bonde M, 
Kyamanwa P, et al. Metabolic signature profiling as a 
diagnostic and prognostic tool in pediatric Plasmodium 
falciparum malaria. Open Forum Infect Dis 2015; 
2(2):ofv062.

52.	Daniels R, Volkman SK, Milner DA, Mahesh N, Neafsey DE, 
Park DJ, et al. A general SNP-based molecular barcode 
for Plasmodium falciparum identification and tracking. 
Malaria J 2008; 7(1):1-11.

53.	Wahab A, Shaukat A, Ali Q, Hussain M, Khan TA, Khan 
MAU, et al. A novel metabarcoded 18S ribosomal DNA 
sequencing tool for the detection of Plasmodium species 



   Omics and Plasmodium spp.                                                                                                                                      Younis and Diab 

153

in malaria positive patients. Infect Genet Evol 2020; 
82:104305.

54.	Carolino K, Winzeler EA. The antimalarial resistome: 
Finding new drug targets and their modes of action. Curr 
Opin Microbiol 2020; 57:49-55.

55.	Ndwiga L, Kimenyi KM, Wamae K, Osoti V, Akinyi M, 
Omedo I, et al. A review of the frequencies of P. falciparum 
Kelch 13 artemisinin resistance mutations in Africa. Int J 
Parasitol Drugs Drug Resist 2021; 16:155-161.

56.	Morita M, Hayashi K, Sato A, Hiramoto A, Kaneko O, 
Isogawa R, et al. Genomic and biological features of 
Plasmodium falciparum resistance against antimalarial 
endoperoxide N-89. Gene 2019; 716:144016.

57.	Ward P, Equinet L, Packer J, Doerig C. Protein kinases of 
the human malaria parasite Plasmodium falciparum: The 
kinome of a divergent eukaryote. BMC Genomics 2004; 
5:79.

58.	Barfod A, Persson T, Lindh J. In vitro selection of RNA 
aptamers against a conserved region of the Plasmodium 
falciparum erythrocyte membrane protein 1. Parasitol 
Res 2009; 105:1557-1566.

59.	Tonhosolo R, Fabio LD, de Rosso VV, Gazarini ML, 
Matsumura MY, Peres VJ, et al. Carotenoid biosynthesis in 
intra-erythrocytic stages of Plasmodium falciparum. J Biol 
Chem 2009; 284(15):9974-9985.

60.	Becker JV, Mtwisha L, Crampton BG, Stoychev S, van 
Brummelen AC, Reeksting S, et al. Plasmodium falciparum 
spermidine synthase inhibition results in unique 
perturbation-specific effects observed on transcript, 
protein and metabolite levels. BMC Genomics 2010; 
11(1):1-6.

61.	Schlüter A, Real-Chicharro A, Gabaldon T, Sánchez-
Jiménez F, Pujol A. Peroxisome DB 2.0: An integrative view 
of the global peroxisomal metabolome. Nucleic acids Res 
2010; 38(1): 800-805.

62.	Flammersfeld A, Lang C, Flieger A, Pradel G. Phospholipases 
during membrane dynamics in malaria parasites. Int J 
Med Microbiol 2018; 308(1):129-141.

63.	Cowman AF, Berry D, Baum J. The cellular and molecular 
basis for malaria parasite invasion of the human red blood 
cell. J Cell Biol 2012; 198:961-971.

64.	Botte CY, Yamaryo-Botté Y, Rupasinghe TWT, Mullin KA, 
MacRae JI, Spurck TP, et al. Atypical lipid composition in 
the purified relict plastid (apicoplast) of malaria parasites. 
Proc Natl Acad Sci 2013; 110:7506-7511.

65.	Luth MR, Gupta P, Ottilie S, Winzeler EA. Using in vitro 
evolution and whole genome analysis to discover next 
generation targets for antimalarial drug discovery. ACS 
Infect Dis 2018; 4(3):301-314.

66.	Siddiqui G, Proellochs NI, Cooke BM. Identification 
of essential exported Plasmodium falciparum protein 
kinases in malaria-infected red blood cells. Br J Haematol 
2020; 188(5):774-783.

67.	Agamah FE, Damena D, Skelton M, Ghansah A, Mazandu 
GK, Chimusa ER. Network-driven analysis of human–
Plasmodium falciparum interactome: Processes for 
malaria drug discovery and extracting in silico targets. 
Malaria J 2021; 20(1):1-20.

68.	Villard V, Agak GW, Frank G, Jafarshad A, Servis C, Nébié 
I, et al. Rapid identification of malaria vaccine candidates 
based on alpha-helical coiled coil protein motif. PLoS One 
2007; 2(7):e645.

69.	Jiang L, Mu J, Zhang Q, Ni T, Srinivasan P, Rayavara K, et 
al. PfSET vs methylation of histone H3K36 represses 
virulence genes in Plasmodium falciparum. Nature 2013; 
499(7457):223-227. 

70.	Ponts N, Yang J, Chung DW, Prudhomme J, Girke T, Horrocks 
P, et al. Deciphering the ubiquitin-mediated pathway in 
apicomplexan parasites: A potential strategy to interfere 
with parasite virulence. PLoS One 2008; 3(6):e2386. 

71.	 Neafsey DE, Volkman SK. Malaria genomics in the era 
of eradication. Cold Spring Harb Perspect Med 2017; 
7(8):a025544.

72.	Tessema SK, Raman J, Duffy CW, Ishengoma DS, Amambua-
Ngwa A, Greenhouse B. Applying next-generation 
sequencing to track falciparum malaria in sub-Saharan 
Africa. Malar J 2019; 18(1):268.

73.	Kimenyi KM, Wamae K, Ochola-Oyier LI. Understanding P. 
falciparum asymptomatic infections: A proposition for a 
transcriptomic approach. Front Immunol 2019; 10:2398.

74.	Zan H, Casali P. Epigenetics of peripheral B-cell 
differentiation and the antibody response. Front Immunol 
2015; 6:631.

75.	Davies DH, Duffy P, Bodmer JL, Felgner PL, Doolan DL. 
Large screen approaches to identify novel malaria vaccine 
candidates. Vaccine 2015; 33(52):7496-7505. 

76.	Mair GR, Braks JA, Garver LS, Dimopoulos G, Hall N, 
Wiegant JC, et al. Translational repression is essential 
for Plasmodium sexual development and mediated by a 
DDX6-type RNA helicase. Science (New York, NY) 2006; 
313(5787):667.

77.	Liu Y, Tewari R, Ning J, Blagborough AM, Garbom S, Pei J, et 
al. The conserved plant sterility gene HAP2 functions after 
attachment of fusogenic membranes in Chlamydomonas 
and Plasmodium gametes. Genes Dev 2008; 22(8):1051-
1068.

78.	Lakshmanan V, Rhee KY, Daily JP. Metabolomics and 
malaria biology. Mol Biochem Parasitol 2011; 175(2):104-
111.

79.	Guttery DS, Holder AA, Tewari R. Sexual development 
in Plasmodium: Lessons from functional analyses. PLoS 
Pathog 2012; 8(1):e1002404. 

80.	Verma P, Sharma YD. Malaria genome project and its 
impact on the disease. J Vector Borne Dis 2003; 40(1-2):9-
15.

81.	Florens L, Liu X, Wang Y, Yang S, Schwartz O, Peglar M, 
et al. Proteomics approach reveals novel proteins on the 
surface of malaria-infected erythrocytes. Mol Biochem 
Parasitol 2004; 135(1):1-11. 

82.	Swearingen KE, Lindner SE, Shi L, Shears MJ, Harupa A, 
Hopp CS, et al. Interrogating the Plasmodium sporozoite 
surface: Identification of surface-exposed proteins and 
demonstration of glycosylation on CSP and TRAP by 
mass spectrometry-based proteomics. PLoS Pathog 2016; 
12(4):e1005606.


