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The human malaria parasite, Plasmodium falciparum, is a unicellular protozoan
responsible for over half a million deaths annually. With a complex life cycle
alternating between human and invertebrate hosts, this apicomplexan is
notoriously adept at evading host immune responses and developing
resistance to all clinically administered treatments. Advances in omics-based
technologies, increased sensitivity of sequencing platforms and enhanced
CRISPR based gene editing tools, have given researchers access to more in-
depth and untapped information about this enigmatic micro-organism, a feat
thought to be infeasible in the past decade. Here we discuss some of the most
important scientific achievements made over the past few years with a focus on
novel technologies and platforms that set the stage for subsequent discoveries.
We also describe some of the systems-based methods applied to uncover gaps
of knowledge left through single-omics applications with the hope that we will
soon be able to overcome the spread of this life-threatening disease.
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Introduction

The Plasmodium parasite is transmitted to human hosts by the female Anopheles
mosquito. This pathogen caused over 600,000 deaths worldwide in 2020, mostly affecting
children under the age of five in malaria endemic countries (WHO, 2021). It is also
important to note the global economic impact of malaria, in which roughly $4.3 billion
dollars were spent worldwide in the efforts to treat and control the spread of disease in the
year 2016 alone (WHO, 2021). Effective antimalarials and sensitive diagnostic kits play
important roles in the efforts to monitor its spread and quell potential outbreaks. Most
notably, the use of artemisinin-based combination therapies (ACTs) has had a prominent
effect upon treatment since its approval by the WHO in 2006 (Dondorp et al., 2009).
However, like several other antimalarial therapeutics discovered, evidence of resistance to
artemisinin has been on the rise, with earliest cases of resistance observed as early as 2009
(Dondorp et al., 2009; Haakenstad et al., 2019). ACTs are the last line of defense against
the most virulent species causing human malaria, P. falciparum (White et al., 2014;
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Noreen et al., 2021). Furthermore, over the past 2 years, control
efforts have been radically hindered with the onset of the Covid-
19 pandemic that resulted in drastic logistical impediments and
financial redistricting of global funds and resources to combat the
disease. This led to the sudden rise in death from 558,000 in the
year 2019 to 627,000 in 2020 (an increase of 12%) (WHO, 2021).
Moreover, with the lack of a highly protective vaccine, it is
imperative to gain better insight into the parasite to identify
novel therapeutic strategies and provide alternative diagnostic
tools to prevent the spread of disease. In this review we provide a
brief overview on some of the most important discoveries made
in Plasmodium research with an emphasis on the innovative
technologies used to advance our understanding of the parasite
through a multi-omics, systems -based lens of study. In contrast
to past decades of directed, reductionist biology research that
take on a one-sided view of specific proteins or pathways, systems
biology encompasses a multifaced vantage point of study. In
doing so, we can identify how individual components fit together
into the global scheme of a cell’s structure, behavioral responses
and development. In this review, we bring attention to each of the
major omics-based branches of study that serve as an important
element of systems biology. In discussing the history of
Plasmodium parasite research, we highlight some of the
groundbreaking contributions brought forth with emerging
innovations in technologies. We shed light on some of the
major benefits and limitations of these technologies and how,
through application of a systems-based approach, some of the
more complex characteristics of the parasite life cycle can be
understood and potentially overcome.

Plasmodium life cycle

P. knowelsi is a human infecting parasite but is listed among
the non-human infecting parasites. The Plasmodium species
belong to the SAR supergroup of pathogens which includes
Stramenopiles, Alveolates and Rhizaria. They can be
categorized by their major hosts, infecting human (P.
vivax, P. malariae, P. ovale, and P. falciparum), non-
human primates (P. reichenowi, P.
which

respectively), rodents (P. berghei, P.

cynomolgi and P.

knowlesi infect chimpanzees and macaques,
chabaudi, and P.
(P.

mexicanum), each of which hold particular interest in the

yoelii) birds (P. gallinaceum) and even reptiles
scientific community as they serve as important model
systems (Pacheco et al., 2013; Bohme et al., 2018; van de
Straat et al., 2022). Here we will primarily focus on human
infective parasites. Infection begins through the inoculation
of sporozoites into human hosts. Here, mature sporozoites
will enter the blood stream where they circulate until they
reach the liver within 30-60 min after first inoculation. Inside
the liver, parasites initiate a series of differentiation and
replication events to generate thousands of merozoites. It
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should be noted that the liver stages of the Plasmodium life
cycle can be unique to each species. For example, in P. vivax
and P. ovale, a dormant stage hypnozoite can persist for
months or even years in the liver before being reactivated and
released into the bloodstream (Mueller et al., 2007; Merrick,
2021; Mehra et al., 2022). After 6-10 days (sometimes longer
depending on the species), the merozoites leave the liver to
invade red blood cells where they initiate the asexual
intraerythrocytic developmental cycle (IDC). The asexual
cycle consists of a remarkable series of morphological
changes, from the relatively dormant ring stage to the
highly dynamic and rapidly metabolizing trophozoite stage
or to the dividing schizont stage. During this trophozoite
stage the parasite decondenses its chromatin to allow
intensive transcription and cellular activity leading to
parasite replication during schizogony. The asexual cycle
can last 24, 48 or 72 h—depending on the species, and
undergo asymmetric rounds of mitosis to produce 16 to
64 new infective merozoites that are then released to infect
new red blood cells (White et al., 2014). This phase of the
parasite life cycle is symptomatic and can cause febrile waves,
headache, vomiting, anemia, coma, and eventually death. The
IDC is repeated if the favored environmental conditions are
Should the
deprivation, changes in temperature or stress signaling, it

met. pathogen experience any nutrient
can shift from the IDC to the sexual stages of development.
During sexual development, parasites differentiate into male
and female gametocytes (Chawla et al., 2021). This stage
involves five morphologically unique steps that may last
2-3 weeks

circulate the mammalian host circulatory systems awaiting

to maturation. Once mature, gametocytes
uptake by a new Anopheles host. Inside mosquito gut lumen,
increased Ca®* levels, drop in pH and temperature levels
along with other signaling cues such as xanthurenic acid,
trigger the differentiation of the haploid gametocytes into
gametes. A female gametocyte develops into a macro-gamete
through a series of cytoplasmic reorganizing events and
remains immotile in the midgut. The male gametocyte, on
the other hand, morphs into a micro-gamete. The micro-
gamete nucleus undergoes three rounds of replication to form
6-8 nuclei and undergoes a process of ex-flagellation. This
cluster-like multinucleated cytoplasmic body subsequently
breaks apart into individual male gametes that are directed to
the macro-gamete. In the mosquito midgut male and female
gametes fuse to form a diploid zygote that will subsequently
develop into a motile ookinete. The ookinete travels and
penetrates the inner walls of the mosquito gut to undergo
encystation. Once encystation occurs, the ookinete (now
called an oocyst) continues to develop in the epithelium of
the midgut forming sporozoites. The mature sporozoites will
then erupt from the oocyst and migrate to the salivary glands
to infect a new human host (Figure 1) (Chawla et al., 2021;
Dvorin and Goldberg, 2022). This elaborate life cycle is
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FIGURE 1

Plasmodium Life Cycle. Illustration depicting Plasmodium parasite life cycle alternating from an invertebrate Anopheles (Left) host to a

mammalian human host (Right).
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controlled by complex networks of proteins that are tightly
regulated at the transcriptional and translational levels.

Laying the foundation for systems
biology in Plasmodium: Sequencing

the Plasmodium genome

Sequencing of the Plasmodium falciparum genome using the
Sanger sequencing technology began in 1997. It was completed
and published in 2002 (Gardner et al., 1998; Gardner et al., 2002a;
Gardner et al., 2002b). Sequencing, assembly, and annotation of
the P. falciparum genome was amongst the greatest achievements
made in the field. Accessibility to the genome helped shed light
on the remarkably unique nature of the pathogen that set the
groundwork for future scientific breakthroughs (Carlton et al.,
2005; Florent et al., 2010; Mu et al., 2010; Ponts et al., 2011). P.
falciparum has a characteristically high AT rich genome content
(up to 80.6%). Its genome is roughly 23 Megabases (mb) in size
organized into 14 chromosomes with an assessed 5,300 protein

coding genes (52.3% of its genome).

6 Kilobases (kb) mitochondrial genome encoding solely three
proteins (Cox1, Cox3, and Cytb) along with a 35 kb apicoplast
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P. falciparum also has a

organelle genome which encodes 30 proteins (Jongwutiwes et al.,
2005; Vaidya and Mather, 2009; Evers et al., 2021). Not long after
gaining access to the genome, malariologists set forth to catalog
the entire transcriptomic (Bozdech et al., 2003; Le Roch et al.,
2003) and proteomic (Florens et al., 2002; Cooper and Carucci,
2004; Hall et al., 2005; Acharya et al., 2011) repertoire of P.
falciparum along with another Plasmodium spp. With the
genome characterized, identification of several important
genetic markers for resistance genes such as the chloroquine
resistance transporter gene (pfcrt) were established (Warhurst,
2001).

In 2005, Illumina (formally known as Solexa) sequencing
technologies pioneered the development of next generation
sequencing (NGS) through platforms such as the Genome
Analyzer. NGS platforms gave researchers a more convenient
and cost-effective means of high throughput sequencing
techniques (Wadman, 2008; Wheeler et al., 2008; Bright et al.,
2012). NGS technology was applied to the P. falciparum genome
(Zhou et al., 2006; Taylor et al., 2013; Rao et al., 2016; Nag et al.,
2017) and subsequently to the P. vivax genome (Carlton, 2003;
Feng et al., 2003; Carlton et al., 2008), the latter of which was
drastically hampered by the inability to be successfully cultured
in vitro (Dharia et al., 2010; Gunalan et al., 2020; Noulin et al.,
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1912-2012). The ultra-high throughput sequencing of targeted
DNA or RNA gave headways to the characterization of several
novel genes responsible for drug resistance. The most prominent
example lies in the mutation found in Pfkelch (Pf3d7_1343700) to
be associated with dihydroartemisinin (DHA) resistance (Su
et al, 2019). Similar associations were made in later studies
that exposed the importance of polymorphic markers such as
Nucleotide (SNPs),
microsatellite parasite
adaptations (Gorobets et al., 2017).

First and second-generation sequencing platforms can

Single Polymorphisms indels and

mutations  in drug resistance

provide remarkable depth and precision at the nucleotide
level. Yet, these technologies have drawbacks when resolving
regions of higher complexity or stretches of repetitive DNA.
This is mainly due to the relatively short reading contigs to
which these platforms are constrained (roughly 150-300bp).
Genome segments consisting of Structural variants (SVs),
Copy Number Variations (CNV), as well as segments of
frequent recombination, are often beyond the sequencing
capabilities of these platforms. Instead, third generation
sequencing platforms that use single molecule sequencing
technologies without any genome amplification, such as Pac-
Bio (van Dijk et al., 2018) along with Oxford Nanopore

Technologies (ONT) (Schatz, 2017), have helped
researchers’ piece together these unresolved regions.
PacBio technology uses labeled dNTPs that release

fluorescent signals activated by a laser as they are added
directly to the DNA templates. These signals are recorded by
a camera system in real-time through flow cells equipped
with Zero mode waveguides (ZMVs). Alternatively, ONT
measures characteristic current disruptions of molecules
passing through nanopores inserted in an electrical
resistance membrane. DsDNA with bound polymerase or
helicase enzymes, move across the membrane producing
characteristic disruptions in the electrical currents of the
membrane during sequencing (Xiao and Zhou, 2020). These
sequencing technologies were used to analyze the genomic
diversity of drug resistance genes (Runtuwene et al., 2018), as
well as the diversity of genes involved in antigenic variation
(var genes). There are roughly 60 var genes in the P.
falciparum genome that can encode for P/EMPI1, a protein
exported on the surface of the infected erythrocytes that
mediates the binding of infected erythrocytes to vascular
endothelial cells. This binding allows the parasite to
sequester in the microvasculature of the organs to avoid
spleen clearance. One var gene of interest is the gene coding
for VAR2CSA protein which plays a critical role in
pathogenesis of placental malaria in pregnant women
(Kim, 2012; Dara et al., 2017). P. falciparum-infected cells
expressing VAR2CSA bind to the chondroitin sulfate A
(CSA) expressed at the surface of placental tissues.
Vaccines designed against VAR2CSA have been shown to
be successful in preclinical studies. var genes are extremely
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polymorphic in field isolates and can code for proteins of up
to 340 kDas, making sequencing a challenge. PacBio
technology was successfully applied to characterize the
extent of the genetic diversity across Plasmodium clinical
specimens (Benavente et al., 2018; Bryant et al., 2018; Zhang
etal., 2021). It was also recently applied to piece together the
regions of high sequence repetition to resolve the P. knowlesi
genome and annotate the SICAvar genes, an antigenic
variant gene family similar to P. falciparum var genes. In
this study the PacBio platforms were applied alongside High-
throughput Chromosome Conformation Capture (Hi-C),
which will be discussed later, to reorient and assemble the
scaffoldings of misassembled repeat regions of the genome
(Lapp et al., 2018).

One drawback of current sequencing platforms is a result
of bulk sample preparation. Oftentimes, major genetic
variants are lost or obscured by dominant genotypes
within a population. Single-cell genomic sequencing (sc-
seq) is a relatively novel technology that can capture these
missed genetic variations. The sc-seq protocol begins with
preparation of isolated single cells of interest, either through
fluorescence activated cell sorting (FACS) or microfluidic
cell sorting instruments where they are tagged with unique
molecular identifiers (UMIs). These identifiers serve as
barcodes allowing the identification of individual cells
within the sequenced population. Single-cell instruments
allow for both genomic and transcriptomic sequencing
(Tang et al., 2009; Bai et al., 2021). Single-cell genomics
was used to generate multiple P. vivax genomes from patients
sampled during sequential febrile episodes. These genome
sequences revealed hundreds of de mnovo mutations and
that be
conventional sequencing technologies (Dia et al., 2021).

variations may otherwise lost  through

Single-cell genome technology was also applied to
characterize parasite relatedness and identify distinct
haplotypes during co-infection (Nkhoma et al, 2020;
Siegel and Rayner, 2020).

Growing access to Plasmodium sequence information helped
widen the scope of knowledge in the field of parasitology
(Jayakumar and Sakakibara, 2019). Over subsequent years, the
advancements of sequencing platforms will be further refined
and will open the door new avenues of genetic information along
with the discovery of novel drug resistance genes. The previous
decade had celebrated the capabilities of these technologies and
raced to collect a formerly untapped source of data. Today,
genome sequencing may set an important backbone of
information, but this information serves little without the
means to derive accurate connections or logical sequence
offer

appropriate means to decode some of the complex genomic

networks.  Systems-based  applications may an
information by applying multiple platforms concurrently to
fill in gaps of knowledge that sequencing alone cannot resolve

(Figure 2).
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FIGURE 2

Schematic representation of hierarchical chromatin organization along with the technologies applied for their characterization. The
hierarchical chromatin landscape can be broken down to three major compartments. (A) Hi-C provide 3D spatial architectural landscapes of
chromosomes within the cell. These chromatin architectural analyses uncover important chromosomal territories, topologically associating domain
(TAD) and chromatin contacts required for gene regulation. (B) Chromosomal landscape is divided into territories of heterochromatin and
euchromatin. The chromatin is regulated by histone modifying enzymes to open (euchromatin) or close (heterochromatin) chromatin boundaries.
Tools such as ChlP-sequencing, MNase, FAIRE-seq, DNase-seq, ATAC-seq serve as important means to uncover important PTMS and gene
regulators. (C) DNA sequencing platforms provide high-throughput WGS capable of identifying genomic variations such as SNPs and CNVs. Over the
past decade these sequencing have evolved drastically in the depth of sequencing capabilities.

Discovering the Plasmodium
transcriptome

Gene regulation is a major foundation of cell development,
differentiation, and adaptation. A cell’s gene expression pattern is
dynamically dependent on internal and environmental stimuli.
Understanding how the human malaria parasite regulates its
transcription profile will open the door to novel therapeutic

Frontiers in Systems Biology

strategies. As previously stated, one of the first efforts to
characterize the full Plasmodium transcriptome repertoire was
followed shortly after publication of the P. falciparum genome
sequence (Bozdech et al., 2003; Le Roch et al., 2003). Researchers
developed specific P. falciparum DNA microarrays, either
through Affymetrix technology or DNA spotted microarrays,
and applied this technology to examine the expression profiles
throughout different time points of the parasite life cycle
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including the gametocyte and sporozoite stages (Le Roch et al.,
2003).
transcriptome of P. berghei, P. yoelii and P. vivax across the

Microarrays were also used to characterize the
different stages of development (Bozdech et al., 2008; Tarun et al.,
2008; Zhou et al., 2008; Hoo et al., 2016). Such studies helped in
understanding genes involved in cell cycle development
including mechanisms of transcriptional control and drug
resistance.

The advent of NGS platforms brought new opportunities and
applications for high-throughput transcriptome studies. RNA
sequencing (RNA-seq) results provided details on alternate
splicing events (Otto et al, 2010), identified lowly expressed
transcripts at single-base level resolution, and even characterized
overlapping, sense/anti-sense, and non-coding transcripts. With
advances in NGS platforms and development of targeted RNA-
seq came a boom in comparative transcriptomic expression
studies. Global transcriptome patterns and the mechanisms
regulating post-transcriptional gene expression profiles became
more apparent (Bunnik et al., 2016; Lee et al., 2018a; Chappell
et al., 2020). Sequencing of polysome-associated mRNA (Poly-
seq) (Lacsina et al., 2011; Bunnik et al., 2013) or ribosome foot-
printing (Ribo-seq) (Caro et al.,, 2014) identified key regulatory
mechanisms involved in translational regulation. Some of these
regulatory mechanisms were found to be involved in upstream
open reading frames that control translational repression of
major virulence factors. Other works even shed light on the
mechanisms of alternative splicing events in the parasite (Sorber
et al, 2011). Today, advances in NGS technologies give
researchers the opportunity to study parasite development at a
systems-wide level by examining the interaction between several
omics’-based technologies simultaneously (Liu et al, 2019).
such as RNA
enhanced cross-linking and immunoprecipitation (eCLIP-seq),

Tools immunoprecipitation (RIP-seq) or
characterize the interactions between RNAs and their associated
proteins. These tools are being applied to uncover major
the
mechanism

mechanisms regulating gene expression at post-

transcriptional level. For example, a major
recently found to be involved in regulating the atypical
biogenesis of the mitoribosome in Plasmodium parasites were
identified through eCLIP sequencing (Bunnik et al., 2016; Hollin
et al., 2022). These technologies will undoubtedly lead to the
discovery of novel key regulators of parasite development in the

future.

The next generation of RNA
expression analysis and what it means
for Plasmodium research

With increasing specificity and resolution of new sequencing
technologies along with improvement in RNA extraction
protocols, researchers were able to undertake more systems-
based approaches to understanding the dynamic nature of the
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pathogen’s transcriptome. From the study of transcriptional
field
transcriptomic analyses within a population, these studies

variation ~within parasite isolates to single-cell
helped gain new knowledge on the pathogen’s behavioral
responses to different environmental conditions. As an
example, parasite transcriptomes extracted from patients
during the dry or rainy season were found to have distinctly
extended circulation cycles during the dry season when mosquito
populations were low. This unique behavioral shift results in
increased parasite clearance to levels below host immune
activation to enable the parasite to survive until the end of the
dry season (Andrade et al., 2020; Thomson-Luque et al., 2021).
Another example of the power of NGS technology is the ability to
dual  transcriptomic-sequencing  (Dual-RNA

of both the host and  pathogen

simultaneously. These methods can be applied to monitor the

undertake

sequencing) cell
unique temporal responses and cellular interplay during
infection. Studies offered a more comprehensive analysis of
with
uncomplicated or severe malaria (Westermann et al., 2012).

host-pathogen  interactions in infected patients
Researchers identified hundreds of distinct expression profiles
of with

uncomplicated malaria associated with coma, hyperlactatemia,

between patients severe malaria over those
and thrombocytopenia symptoms. These studies also revealed
positive correlations between human neutrophil granule protein
(GBP) expression with onset of severe malaria symptoms (Lee
etal., 2018b). More recent studies have applied this technology to
identify the human mucosal immunity gene, mucin-13.
MUCI3 acts as an innate immune response mechanism
against parasite infection similar to what was observed in
defense mechanisms against several forms of cancer and
(LaMonte et 2019). Dual-RNA

sequencing has yet to find solid and widespread application in

bacterial infections al,
the field of Plasmodium research, but this system wide approach
can be a promising tool to be implemented into future
exploration of the parasite mechanism of pathogenesis in
human patients.

One of the more advanced technologies currently
available for transcriptomic analysis is through single-cell
RNA sequencing (scRNA-seq). This technology can be
applied in developmental or precision medicine studies to
detect discrete differences in gene expression patterns among
individual cells within a population. This level of detection
allows the identification of cell-to-cell variations that are
often masked by classical population “bulk” RNA-seq. It
shows major promise in the study of drug therapies to
distinguish effective treatment options or even identify
gene expression profiles between sensitive and drug
scRNA-seq has
successfully used in Plasmodium to better understand the

resistant  isolates. experiment been
role of AP2-G, a master regulator on sexual commitment and
development (Rawat et al., 2021). These platforms were also

applied to uncover previously hidden transcriptional
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Cons: Produces high signal to noise ratio
output.

Computationally more complex than bulk
RNA-seq data.
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Schematic illustration of major tools and technologies used to characterize a cell's transcriptome. Gene expression is a major factor of cell
development, regulation, and response to stimuli. Thus, adaptations in tools and technologies have provided new opportunities to study a cell
transcriptome at all stages pre and post transcriptional levels. Unique tools have now allowed for the capture of actively transcribing genes by
targeting RNA-ribosome interactions. Other platforms seek to decipher RNA-protein interactions. RNA sequencing platforms have also shown

great improvement overtime.

signatures in more than 500 individual parasites in both
rodent and human malaria infected cells comprising asexual
and sexual life-cycle stages. The data suggested that gene
expression during parasite development was not as
continuous as commonly thought. In focusing attention
on the transcriptional shifts and variations that did not
expected incremental paths during

proceed along
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development, researchers bring doubt on the notion of the
cascading nature of the transcription initiation asexual cycles
(Reid et al., 2018). These findings can help researchers
characterize novel transcriptional and
differential that

expose previously overlooked therapeutic targets. More

signatures

expression patterns may potentially

recently, researchers at the Wellcome Sanger Institute
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generated the first malaria single-cell gene expression profile
in P. berghei. Over 1780 individual parasites were profiled to
define a high-resolution transcriptional atlas of the entire P.
berghei life cycle. This atlas was later used to precisely define
developmental stages of single cells from three different
human malaria parasite species (P. knowlesi, P. malariae
and P. falciparum), including parasites isolated directly from
infected individuals (Howick et al., 2019). Other studies
focused on understanding P. vivax blood-stage parasite
expression patterns (Sa et al, 2020) and cultivated our
knowledge on the transcriptome across the mosquito
midgut to the salivary glands in P. falciparum (Real et al,,
2021). Very recently, single-cell analyses performed on both
parasites and host transcripts in individual hepatocytes were
able to capture host- and state-dependent transcriptional
signatures throughout the course of liver infection (Mancio-
Silva et al., 2022). The authors identified replicative and non-
that with
transmissive forms. They also discovered that infection

replicative parasites share features sexual
suppresses transcripts of key hepatocyte genes that control
anti-parasite innate immune responses. These works have
provided a comprehensive view of genes expressed
throughout all parasitic stages of several malaria parasite
species. They also revealed insights into the biology of
malaria parasites including the P. vivax dormancy and
transmission stages and even provided a reference dataset
for understanding host-parasite interactions in clinical
samples.

The field of transcriptomics research has made remarkable
headways over the years to provide a more rounded
understanding of the unicellular pathogen that genomic
studies alone simply cannot uncover. What was previously
denoted as redundant transcriptional sequences or simple
“noise” was later recognized as a major focal point of
organismal study. From transcription initiation, post-
transcriptional regulation and eventually post-translational
regulatory functions, the parasite transcript can give insight
on all aspects of the parasite behavior and development.
Refinement of extraction protocols and new systems-based,
multi-omics approaches along with the progressively lower
costs of NGS technologies are changing the landscape of the

field of parasitology (Figure 3).

Understanding chromosomal
architecture and the effects of
chromatin remodeling in Plasmodium

There has been growing interest in the field of epigenetics
and the 3D architectural framework of the plasmodial
genome that establishes the parasites’ genomic regulatory
patterns. The spatial layout and architectural organization of
the genome have been found to play important roles in the
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modulation of major biological processes during cell
division. Evidence has revealed the dynamic nature of the
chromatin during the important transitory stages of the
Plasmodium developmental cycles (Batugedara et al., 2017;
Davis et al., 2021). Among chromatin conformational
and moderators nucleosome

regulatory features are

positionings, histone post-translational modifications
(PTMs), DNA methylation and transcription activating or
(TFs). the

heterochromatin and euchromatin arrangements of the

repressing factors These features control

genome leading to regulation of gene expression
throughout the parasite’s life cycle (Rivera et al, 2014;
Hollin and Le Roch, 2020; Hollin et 2021).
Micrococcal nuclease sequencing (MNase-seq) (Kaplan
et al., 2009; Ponts et al.,, 2010a; Kensche et al., 2016),

Formaldehyde-Assisted Isolation of Regulatory Elements

al.,

sequencing (FAIRE-seq) (Giresi et al., 2007; Ponts et al,,
2010a; Ponts et al., 2010b), chromatin immunoprecipitation
sequencing (ChIP-seq) (Ponts et al., 2010b), methylome
profiling methods such as Bisulfite sequencing (BS-seq)
(Lister et al., 2009) as well as Assay for Transposase-
(ATAC-seq)
(Toenhake et al., 2018) have all been applied to profile

Accessible Chromatin using sequencing
chromatin landscapes within the parasite to characterize
the

positioning of histone modification, the identification of

some important epigenetic landscapes including

transcriptional start sites (TSS) regions, some enhancer-
like the
expression of clonally variant gene families (CVGs),

elements, and mechanism regulating gene
including eba, phist, var and clag genes (Ruiz et al., 2018;
Toenhake et al., 2018).

Earliest insight on the role of chromatin architecture on
parasite development arose through fluorescence in situ
hybridization (FISH), a technique only applicable to
known gene target sites (Yokota et al, 1995; Walczak
et al., 2018). More recently, the development of chromatin
conformation capture technologies, including Hi-C (Dekker
et al., 2002), allowed the identification of chromatin contact
loops, topologically associating domains (TADs) and cis-
and trans-elements at the genome-wide level (Dostie et al.,
2006; Simonis et al., 2006; Zhao et al., 2006; Lieberman-
Aiden et al., 2009; van de Werken et al., 2012). When applied
to Plasmodium, Hi-C technology allowed researchers to gain
a macro-level representation of the chromatin interactions
during important developmental stages of the parasite life
cycles in an “all-vs-all” approach. Surprisingly, loops and
TADs were not identified. Instead, the chromatin was shown
to adopt an open structure and increased chromosomal
interactions during stages of high transcriptional activity
and revealed patterns of heterochromatin and virulence gene
clusters present. Altogether these findings revealed a strong
between

correlation gene

organization and validate the importance of genome

expression and genome
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architecture during the parasite’s life cycle (Ay et al., 2014;
Mumbach et al., 2016; Bunnik et al., 2018).

Major regulatory participants of
chromatin arrangement and the
effects on gene expression

have

Scientists long established the

positioning on gene

importance of

by
regulating access of transcription factors and other DNA

nucleosome expression levels
binding proteins to the DNA. These nucleosomes encapsulate
approximately 147 DNA base pairs wrapped around a histone
octamer consisting of two H2A, two H2B, two H3, and two H4.
One widely used technique used to reveal the role of histone
PTMs on chromatin remodeling and gene expression in
Plasmodium research is through chromatin-
immunoprecipitation sequencing (ChIP-seq) (Solomon et al.,
1988; Johnson et al., 2007). The identification of the genome-
wide distribution of the H3K9me3 histone represents a classic
example of well-studied repressive markers mainly associated
with telomere ends and repressed genes like the var genes. Other
histone markers including H3K4me3, H3K9ac and H4K8ac
represent some substantiated players of the epigenetic
pathway that lead to gene activation throughout the IDC cycle
(Salcedo-Amaya et al., 2009; Ay et al., 2015; Saraf et al., 2016;
Bunnik et al., 2018). Most recent work surveyed the regulatory
roles and the network of apicomplexan AP2 (ApiAP2)
heterochromatin-associated transcription factors (PfAP2-HFs)
to characterize eight previously unknown PfAP2-HFs. These
PfAP2-HFs were shown to exhibit preferential enrichment
within heterochromatic regions. Subsequent knockout of these
PfAP2-HFs correlated with significant changes in var gene
These validated the of the
ApiAP2 family in gene repression and regulatory networks
(Campbell et al., 2010; Shang et al., 2022). The importance of

the ApiAP2 DNA-binding proteins as master regulators of sexual

expression. findings role

development in Plasmodium has been well established in the field
(Pieszko et al., 2015; Josling et al., 2020). Other regulators such as
AP2-1, on the other hand, was shown to adopt a more targeted
role in its control of genes involved in merozoite invasion into red
blood cells (RBCs) (Kafsack et al., 2014; Sinha et al., 2014; Santos
et al, 2017). Recently, another important regulator of
transcription, HDPI, was found to serve as a positive
regulator and enhancer of key genes required for sexual
differentiation (Campelo Morillo et al., 2022).

In higher eukaryotes, ChIP technology has been applied in
congruence with other chromatin capture techniques to
understand the broader implications of these pairwise
chromatin contacts within individual parasites and between
parasite-host cells (Zhao et al., 2006; Beagrie et al.,, 2017; Han
et al,, 2018; Quinodoz et al., 2018; Cook et al., 2020). These

studies have even been assessed at the single-cell level to divulge
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these regulatory features and associations within cells in a
population. Single-cell sequencing platforms are used in hand
with tools such as ChIP and Hi-C. Although not yet widely
available in the field of Plasmodium research, it is not difficult to
envision that these technologies could soon be adapted to
Plasmodium cultures. These applications may provide great
promise in detection of discrete and complex transcriptional
networks regulating the variant parasite development throughout
its life cycle (Clark et al., 2016; Luo et al., 2020).

A first look at parasite proteomes:
Cataloging protein networks and
regulators

Like a cell’s transcriptome, a cell’s proteome is distinct within
individual cell types and is temporally dynamic. The domain of
proteomics explores quantitative gene expression levels to study
the structure and function of proteins. In a systems biology facet,
the branch of proteomics often fell behind genomics and
transcriptomics interests. This was mainly a result of the lack
of appropriate tools needed to capture distinct and fleeting
protein interactions, phosphorylation, and other modifications
associated with more elusive protein pathways. A major advent of
genomic and RNA expression analyses came through the ability
to amplify targeted genome fragments, giving researchers the
ability to recognize, replicate and manipulate target segments.
Proteins, on the other hand, cannot be amplified and thus rely
solely on capture technology that is often-times lost in the
background noise or simply too unstable to be properly
collected and studied. Thus, researchers were limited to
capturing only highly expressed and stable proteins with little
understanding on the complex modulators and regulars
associated with these networks. Earlier methods of protein
identification focused simply on two-dimensional (2-D) gel
electrophoresis with the purpose of cataloging presence or
absence of targeted protein interactions. The advances of
Mass-spectrometry (MS) platforms, in contrast, were capable
of large-scale, high throughput analysis that allowed detecting the
parasite proteomes with significantly higher accuracy and
specificity, giving researchers to ability to capture and
catalogue complex cascading protein networks at play during
important cellular processes. The initial characterizations of P.
falciparum and P. yoelii proteomes were first published in 2002
(Florens et al., 2002). Ultimately, the proteomes of P. berghei and
P. chabaudi identified 4,500 conserved core Plasmodium genes
that were categorized according to different expression stages
during parasite development. These technologies have now been
applied to record the proteomic profiles of Plasmodium parasites
at all stages of development (Hall et al., 2005) including zygote,
ookinete (Patra et al., 2008), sporozoite and the intra-hepatic
parasite stages (Doolan et al, 2003). Advanced proteomic
approaches have also supported the detection of parasite-
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encoded surface proteins of infected erythrocytes (PIESPs) to
better understand mechanisms regulating pathogenesis and
immunity (Florens et al., 2004).

Protein interactomes: a means to
capture and understand protein
networks

Understanding the dynamics of protein interaction within an
organism will provide a more detailed framework of complex
regulatory networks at play during cell development and
homeostasis (Ramaprasad et al., 2012). One early publication
generated an extensive protein-interaction analysis using the
yeast-two hybrid (Y2H) technology. This study detected
2,846
associations, and predicted novel protein functions involved in

unique interactions, identified major protein
chromatin modification, mRNA stability, ubiquitination, and
host cell invasion (LaCount et al., 2005). In recent years,
BioID (proximity-dependent biotin identification) has been a
favored tool for unbiased proteomic profiling. These tools are
also used for protein—protein interaction detection and
subcellular proteome characterizations ex vivo (Kimmel et al.,
2022). Proximity labeling methods have been used for proteomic
profiling of targeted subcellular compartments in various
parasitic unicellular organisms, including Plasmodium spp. Yet
older techniques resulted in high false positive reads and was
relatively unstable and untargeted. BioID, in comparison was
successfully applied to uncover 19 previously unknown Inner
(IMC)
compartments of Toxoplasma gondii (Chen et al., 2015). In

Membrane Complex proteins in sub-organellar
Plasmodium, this technology was used in characterization of
the interactome of Tail-anchored (TA) proteins and their
association with Guided Entry of TA (GET) machinery. This
machinery is involved in several cellular processes including
vesicular trafficking and protein translocation (Kumar et al.,
2021a).
compartmentalized proteins within the parasite’s organelles.
Using photosensitized INA-Labeled protein 1 (PhILI) as a

bait protein, researchers successfully enriched for several

Similar approaches have been wused to target

established IMC marker proteins along with 12 known and
six unknown IMC proteins expressing distinct apical
localization within cells (Wichers et al, 2021). Although
relatively new in the field of Plasmodium research, these
methods can provide new insight on the parasite proteomic
networks.

Additional mass spectrometry approaches including the
cellular thermal shift assay coupled with mass spectrometry
(MS-CETSA) bolster

understanding of the mechanisms of action for known or

are now being used to our

novel drugs. Despite decades of research, the specific
mechanisms of action and direct cellular and biochemical

targets of most antimalarial drugs remained elusive. MS-

Frontiers in Systems Biology

10

10.3389/fsysb.2022.940321

CETSA defines direct interactions between small molecules
and protein targets in cells. It involves two strategies that
enable proteome-wide target screening: a melt curve and an
isothermal dose-response (ITDR) approach. A recent study
demonstrated the capabilities of CETSA to successfully detect
the direct drug interactions of previously known antimalarial
compounds including the PfDHFR-TS
pyrimethamine (Dziekan et al, 2019; Dziekan et al., 2020).
Such an approach is expected to gain widespread application

interaction with

in mechanistic and pharmacokinetic studies as it can greatly
benefit drug and resistome based research.

The regulatory role of kinases in
Plasmodium

PTMs present an additional hurdle to overcome when
analyzing cell proteomes and protein features involved in
major  biological  pathways. Protein  phosphorylation,
acetylation, methylation, glycosylation, and ubiquitylation, are
some examples of PTMs that regulate parasite infection and
disease progression (Rashidi et al., 2021). With over 60% of most
eukaryotic organismal proteins capable of phosphorylation,
phosphoproteomics research opens a significant window into
the multifaceted and dynamic biochemical mechanisms at play
during parasite development. The apicomplexan kinome is
relatively distinct from most eukaryotes. It is characterized by
the absence or loss of the tyrosine kinase (TK) protein families
that are involved in cellular regulatory mechanisms. It also has a
uniquely reduced STE group, that include homologs of the yeast
sterile kinases which activate the Mitogen-activated protein
kinases (MAP). They have instead adapted an expanded
repertoire of CMGC Kinases involved in cell proliferation and
development. These CMGC Kinases that include a group of
Cyclin-dependent kinases (CDKs), MAP kinases, Glycogen
synthase kinases (GSKs) and CDXK-like kinases control cell
proliferation and developmental processes in the pathogen
(Khan et al., 2002; Gubbels et al., 2008; Francia and Striepen,
2014). Earliest studies applied in silico analyses report
approximately 84 (Ward et al, 2004) or 99 (Anamika and
Krupa, 2005) genes encoding protein kinases, including the
discovery of 20 serine/threonine kinases (FIKK family)
restricted to apicomplexans. These 20 kinases comprise the
largest kinase family in P. falciparum with roughly
21 members identified to date. Through combined kinome-
wide gene knockouts, reverse genetics approaches and global
phosphoproteomics, these kinases have been confirmed to play a
role in parasite viability, maintenance, invasion, and cyto-
adherence (Solyakov et al, 2011). When analyzing the
enriched peptides of P. falciparum schizonts or merozoites
during invasion or egress using LC-MS/MS, researchers
revealed over 5,000 specific phosphorylation sites (Treeck

et al,, 2011). Calcium-independent protein kinases (CDPKs), a
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family of kinases that are restricted to plants and alveolates, have
been established as essential in the parasite life cycle. As an
example, PfCDPK4 has been involved in gametogenesis.
CDPK1 and CDPK5 have been shown to play a role in
merozoite egress (Bansal et al, 2013; Govindasamy and
Bhanot, 2020) while PfCDPK7 seems to be involved in
signaling regulation of phospholipid biosynthesis (Maurya
et al, 2022). Most recently, PfCDPK4 was also proven to
serve as a central regulatory kinase in male gametocyte
making PfCDPK4
transmission into the invertebrate vectors (Kumar et al.,

exflagellation, critical for parasite
2021b). Other studies were applied to determine 29 protein
kinases and phosphatases involved in previously unknown
sex-specific regulatory pathways of P. berghei parasites, many
of which found to be gender specific. They also demonstrated
that the mitogen-activated protein kinase 2 (MAP2) was involved
in male gametocyte cell differentiation while the NIMA-related
(NEK4)
transformation, by regulating DNA replication that precedes
meiosis (Khan et al., 2005; Reininger et al., 2005). Altogether

these studies uncovered the role of kinases and their dynamics in

kinase was responsible for zygote-to-ookinete

regulating major parasite developmental cycles. They can also
reveal parasite-host interactions at play and serve as a diagnostic
tool. Using Phos-tag and magnetic TiO, beads, comparison of
the phosphoproteome of P. falciparum infected and un-infected
RBC membrane extracts showed identifiable sickle cell traits
along with notable associations with parasite infections, bringing
renewed optimism in clinical and diagnostic research (Chauvet
et al., 2021). Phosphoproteome capture technology has been
refined to increase the specificity, stability, and spatial
resolution across different conditions. Advancements in
Immobilized metal ion affinity chromatography (IMAC),
Phos-tag and magnetic TiO, beads have been used over the
years to refine the current phosphoproteome repertoire
(Lindeberg et al., 1991; Lasonder et al., 2012). Understanding
of phosphorylation events will reveal the cross-talks and complex
networking pathways required for the parasite development.
Recently, researchers at the university of Cambridge have
uncovered a means of subcellular localization of proteins and
determinization of their spatial organization and relative
compartmentalization in T. gondii parasites (Barylyuk et al,
2020). Through application of the hyperplexed localization of
organelle proteins by isotope tagging (hyperLOPIT), they
localized over 4,100 proteins. This was determined by
identifying the distinctive distribution patterns formed post
biochemical fractionation and nitrogen cavitation. It is likely
that such technology will soon be adapted to Plasmodium to
support our understanding of one of the deadliest protozoa
parasites. While proteomics-based technologies and mass
spectrometry tools have improved significantly over the past
few years, these methods are still facing prominent limitations.
One major example arises from protein sequestration protocols
that require large volumes of parasite sample input that are often
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difficult to procure due to protein degradation. Another
obstruction is a result of limited sensitivity of current mass
spectrometry platforms that may yield false negative signals.
Despite the growth in the protein capture technology, the field
of proteomics leaves much to be discovered.

Metabolomics and its role in
Plasmodium research

Persistent prevalence of drug resistance to antimalarials has
sparked deeper interest in the global metabolic profiles of
parasitic pathogens. The branch of metabolomics presents a
uniquely sensitive perspective on small and transient
metabolic fluxes such as oxidative stress responses or non-
enzymatic processes that other omics-based datasets cannot
offer. This makes it a powerful tool for identifying specific
drug targets and resulting metabolic cascade consequences
2020) as

mechanisms of action disrupt important metabolic pathways

(Carolino and Winzeler, many antimalarial
(Linares and Rodriguez, 2007). For example, it is suggested that
Dihydroartemisinin  (DHA) directly inhibits pyrimidine
biosynthesis (Cobbold et al., 2016; Murithi et al, 2020).
Categorization of the metabolomic changes of infected hosts
has also shown some application in clinical diagnostics research.
Studies done in cerebral malaria patients have demonstrated a
significant increase in arachidonic acid levels, a precursor for
inflammation responses and molecules associated with seizure
symptoms (Leopold et al, 2019). In addition, P. falciparum
infected patients with varying severities of disease progression,
exhibited a rise in malaria-specific plasma lipoproteins as well as
a decrease in plasma glycoproteins (Sengupta et al., 2016). Other
studies have revealed significant metabolic changes in the
activation of hypnozoites of P. vivax and P. ovale parasites in
patient livers, which can serve to uncover new information on the
distinct nutrient and metabolic requirements between
Plasmodium species (Mueller et al., 2009; Sengupta et al., 2016).

Advances in the detection rate, sensitivity and scope of LC-
MS/MS and NMR spectroscopy technologies has promoted
significant headways in parasite global metabolic profile
the

its

analyses and exposed notable characteristics of

apicomplexan host-parasite interactions throughout
growth. Parasite metabolomic and lipidomic profiles across
the asexual cycle are spatially and temporally regulated. They
are also highly dependent on environmental signals (Koyama
etal., 2009). One study unveiled an estimated 100-fold increase in
host glucose consumption in P. falciparum parasite infected
erythrocytes relative to uninfected RBCs, shedding light on
the striking metabolic activity by malaria-causing agents
(Mehta et al, 2006). Characterizing the pathogen’s overall
metabolomic and lipidomic profiles presents a significant
achievement that sets a solid baseline from which more

complex regulatory networks and mechanistic pathways can
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be inferred (Kafsack and Llinas, 2010). Overall, the patterns of
these nutrient requirements and metabolomic changes can serve
to identify new drug targets and help understand important
pathways that have remained unidentified. For example,
(IPP) is
essential product of the apicoplast organelle that is required

although Isopentenyl pyrophosphate a known
for many downstream cellular processes, its complete metabolic
pathway remains elusive. Recent knockout studies have
discovered polyprenyl synthase (PPS) as an essential factor for
this pathway that functions in the synthesis of the long chain
polyprenols ultimately used for apicoplast organelle biogenesis.
The PPS functions in the formation of farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP), which form
the synthase FPPS/GGPPS. FPPS/GGPPS is involved in the
condensation of isoprenoids precursors into long chain
the of DMAPP
(dimethylallyl pyrophosphate) and IPP. Parasites subjected to
PPS-KO were only rescued though IPP and long- (Cs) chain
prenol alcohols, bringing some clarity to the biological

polyprenyl-PPs  through condensation

mechanisms involved in the biogenesis and function of the
apicoplast and exposing a previously unknown drug target
(Okada et al., 2022).

While metabolomic studies have been directed towards drug
mechanisms of action and targeted clinical diagnostic
investigations, profiling of the global metabolome across
Plasmodium spp. at specific stages of the parasite life cycle has
improved significantly (Tewari et al, 2021). However, to
establish sound metabolic associations and understand how
these changes may regulate the cell’s transcriptomes and
proteomes, global metabolomic profiles across Plasmodium
spp. in vitro and in vivo must be chronicled. Prolonged
extraction protocols, inadequate sample preservation and
inefficient enrichment methods remain a challenging facet in
metabolomics acquisition that must be supplemented with

transcriptomics and proteomics data sets.

Functional genomics approaches to
understanding Plasmodium

A notable feature of P. falciparum is the configuration of its
genome, with up to 80.6% composed of Adenine and Thymine
bases. This unique aspect of the pathogen’s genome has, much to
the dismay of researchers, presented an additional obstacle in
genome editing efforts. Recently, researchers were able to identify
essential genes through transposon-based mutagenesis. This
functional genomic approach used a piggyBac system for the
random integration of transposons into parasite genome sites
(Zhang et al., 2018). Results were shared and served as a critical
source of knowledge when other means of gene manipulation
were more challenging. One important factor in genome editing
tools is the reliance on the double stranded breakage (DSB) of
target genes to induce homology repair mechanisms (HR) with
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introduction of the desired recombination fragment through
donor DNA or nonhomologous end-joining (Orr-Weaver
et al., 1981; Goonewardene et al., 1993; Rouet et al., 1994).
However, Plasmodium is found to be deficient in canonical
NHE] and subsequently hindered attempts at gene editing.
The first successful attempt at gene editing in P. falciparum
was performed by Fidock et al. in 1997 (Fidock and Wellems,
1997). Shortly thereafter an episomal plasmid “single-site
crossover” method was used to create dhfr resistant P. berghei
and P. falciparum parasite lines. This work, along with several
other ensuing successful publications set the framework for
central advances in the study of these apicomplexans (Wu
et al., 1996; Ghorbal et al., 2014; Lee et al., 2014). Different
techniques were developed and modified with varying success.
Some of which involved the homologous recombination through
electroporation of circular or linear DNA, double strand break-
based genome editing techniques, such as Zinc Finger Nucleases
(ZFNs), and Plasmodium Artificial Chromosomes (PACs)
(Iwanaga et al.,, 2010; Straimer et al., 2012).

Recent success was achieved using the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/Cas9 gene
editing tools to knock-out or knockdown essential and non-
essential genes in P. falciparum (Bryant et al., 2020; Vieira et al.,
2021). Improvements made in transfection protocols including
the use of the 4D-Nucleofector X electroporator increased
transfection efficiency rates by 3-4 logs in P. berghei (Janse
et al, 2006). By combining these novel functional genomics
tools with transcriptomics, epigenomics and proteomics
studies, we have improved our ability to understand the core
drivers of Plasmodium cell cycle progression and parasite fitness
(Siciliano and Alano, 2015; Wang et al., 2022). Despite the
success made in our abilities to alter this pathogen’s genome,
CRISPR/Cas9 tools remain a component of targeted bottom-up
research approaches. Many aspects of the Plasmodium genome
have hindered capabilities for targeted genome-wide knockouts
for malaria researchers and we remain reliant on the transposon-
based genome-wide mutagenesis accomplishments of the
CRISPR/
Cas9 screens across the Plasmodium genome will assess the

previous decades. Ultimately, genome wide
contributions and roles of individual genes throughout its life
cycle. These genome-wide screens are already performed in the
human T. gondii parasite. The screens were used to identify
previously uncharacterized conserved proteins and novel
(Wu et 2019). The

accomplishments made on this Plasmodium relative gives

essential invasion factors al.,
foresight on the opportunities CRISPR/Cas9 tools can offer in
malaria studies on a system-wide scale. Sequencing of the
pathogen genome set an important framework from which
most omics-based studies have originated but the ability to
undergo functional genomic screens on the parasite can
greatly support and solidify our research findings. The
capability to genetically modify the malaria parasites gives

researchers a key advantage: the objective to elucidate its
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FIGURE 4

Systems-Wide Approach to Determine the Cell's Functional Organization. Genomics, Transcriptomics, Proteomics, and Metabolomics based
techniques are applied towards precision medicine against malaria. These multi-omics-based approaches are used to understand the intrinsic
characteristics of the human host and Plasmodium involved in clinical malaria as well as the complex host-parasite interactions that occur. Complex
mathematical models provide opportunities for precision based computational inferences to better uncover new potential drug targets.
Ultimately, the integration of various layers of regulatory and structural and computational level analysis will help in developing precision medicine

against malaria.

biology and provide stronger weapons to fight malaria. Systems
biology brings together a global understanding of the internal
and external stimuli along with the multi-player interactions that
have allowed the pathogen to thrive in its niche environments. It
is through the use of global gene knockouts experiments followed
by multi-omics studies including those designed for more
targeted approach such as the kinome-wide gene knockouts
(Solyakov et al, 2011), that we will be able to fully
understand the function of each of the proteins in the parasite

genome.
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Data analysis platforms and
mathematical modeling algorithms

Malaria eradication is a key global health objective that

requires contemporary efforts to combat the adaptive

capabilities of the pathogen. Using systems-wide experimental
approaches, researchers have now opened new avenues to tackle
the spread of the disease. To help process these vast datasets,
have made achievements  in

researchers significant

bioinformatics tools and databases. These accomplishments
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have helped create complex computing platforms, machine
learning algorithms and mathematical modeling systems
dedicated to extrapolating meaningful information and pattern
detection. These tools are necessary to uncover important
networks and interactions that can oftentimes be hidden
among the background “noise” of data outputs. Tools such as
Altered Chromatin COnformation STatistics (ACCOST) is an
example of a modeling algorithm used to better understand the
many aspects of epigenetic features critical to regulate gene
expression in the parasite (Cook et al., 2020). Many of the
mathematical modeling tools currently available are generally
applied as predictive models for potential host-pathogen,
(HP-PPIs) or
interactome models to better predict and uncover novel

protein—protein interactions intra parasitic

parasite vulnerabilities for potential therapeutic targets.
Machine learning algorithms can detect regions of homology
using sequence-based similarity approaches, domain or motif-
based approaches or potential epitope target models. Machine
learning software undergo a method of computational inference
to predict HP-PPIs by first collecting directories of sequencing
information to identify patterns of similarity or trends within the
Plasmodium parasite pathways. As of recently, these algorithms
have also been adapted to identify patterns within interspecies
systems through data mining. In deriving shared intra- and
of these

modeling systems formulate inferred maps of homologous or

interspecies sequences or domains interaction,
orthologous interaction sites in different organisms. For example,
a recent publication identified several HP-PPIs between P.
falciparum and Helicobacter pylori within host systems
of
mathematical modeling systems (Krishnadev and Srinivasan,
2008; Lee et al, 2008; Tyagi et al, 2009; Mariano and
Wuchty, 2017).

One powerful application of computer simulation is through

through sequences and domain-based approaches

structural based approaches that allow virtual screening to make
predictions about the behavior of proteins and/or compounds.
Such methodology can analyze in silico the physiochemical and
electrostatic properties between host cell and pathogen surface
proteins to detect components critical for pathogen host invasion
and serve as attractive epitope target sites for vaccine discovery.
Other machine learning platforms have been applied to
spearhead the advances in drug discovery. As an example,
researchers successfully trained supervised classifiers to screen
and validate compounds from Traditional Chinese Medicine
Databases (Maindola et al., 2015). This was achieved using the
physicochemical properties of the compounds available from a
confirmatory high throughput screening against the interaction
between the conserved Apical Membrane Antigen (AMA1) and
Rhoptry Neck (RON2) proteins. These
components are known to be essential for successful invasion

two molecular
of erythrocyte by Plasmodium and were used to validate their

findings. Another study was able to test the dosing regimens of
primaquine, a cure for the treatment and relapse prevention of P.
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vivax parasites. Treatment entails multiple doses of the drug for
parasite clearance and has a major safety risk of hemolysis,
especially in patients with glucose-6-phosphate dehydrogenase
deficiency (G6PDd). G6PD is an enzyme involved in protecting
RBCs from oxidative stress. In this study, mathematical modeling
systems analyzed the RBC clearance and production to
hemoglobin and reticulocyte levels of young patients (believed
to have highest G6PD enzyme activity) and older parents with
G6PDd. The models were used to predict the optimal dosing
pattern that would minimize hemolysis in patients. These
powerful predictive tools give researchers an informed
standing on predictive treatment regimens that can have a
direct impact on future clinical studies (Watson et al., 2017).

Other applications for these mathematical modeling systems
have been used to uncover relationships between parasite
dynamics and host erythrocyte age. Malaria infection has been
found to impact a dispersed age range based on the species. P.
vivax, for example, is associated with increasing levels of
infection in reticulocytes and P. falciparum lines are more
ubiquitous in the infection of RBC age. In this study,
mathematical models tested and validated the notion that
RBC selectivity was a significant determinant of infection
outcome. These studies tested variations of HbAlc levels over
time and exposed hematologic perturbations that could be
applied to assess disease severity. Their finding’s showed
parasites were efficiently invading younger erythrocytic cells
and were able to cause severe anemia at relatively low levels
of parasite burden (Malka et al.,, 2016; Foy et al., 2020).

Overall, advances in measurements and computation will help
researchers better correlate important mechanisms of parasite cellular
pathways. It may also spearhead the efforts in drug therapeutic
studies. Machine learning programs have already begun to make
headways in the realms of clinical and diagnostic research. They have
been used to offer optimized predictive accuracy, risk-sensitive
clinical decisions, and reliable recommended treatment regimens
for compounds of some health concern. Access to greater multi-
omics-based research provides additional resources to refine the
mathematical modeling platforms and help future researchers
understand the parasite pathophysiology.

With increased resistance to all clinically administered anti-
malarial drugs and no fully protective vaccines available to date, it is
wise to propose that future eradication efforts will require new
approaches to better understand the pathogen and the environment
in which it thrives. Systems biology can be applied to uncover
complex hidden networks that are normally overlooked using a
single-omic branch of study. Previous fundamental technologies
were restricted, and encouraged linear and direct, cause-and-effect
associations that were commonly reduced to a single or di-omic
branch of research. Yet with innovation and advancements in
modern day technologies researchers have unlocked previously
untapped sources of information that now allow the study of
biological mechanisms through innovative planes of view.
multi-omics and  mathematical

Collectively, technologies
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modeling systems are increasingly being used to study, not only how
Plasmodium parasites affect their hosts but also how the host
environment affects the parasite. Altogether, these novel
approaches can help lead to a systems wide understanding of
host-parasite interactions necessary for new drug targets and
vaccine development in the fight against malaria (Figure 4).
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