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ABSTRACT: Malaria is a vector-borne disease. It is caused by
Plasmodium parasites. Plasmodium yoelii is a rodent model parasite,
primarily used for studying parasite development in liver cells and
vectors. To better understand parasite biology, we carried out a
high-throughput-based proteomic analysis of P. yoelii. From the
same mass spectrometry (MS)/MS data set, we also captured
several post-translational modified peptides by following a
bioinformatics analysis without any prior enrichment. Further, we
carried out a proteogenomic analysis, which resulted in improve-
ments to some of the existing gene models along with the
identification of several novel genes. Analysis of proteome and
post-translational modifications (PTMs) together resulted in the
identification of 3124 proteins. The identified PTMs were found to
be enriched in mitochondrial metabolic pathways. Subsequent bioinformatics analysis provided an insight into proteins associated
with metabolic regulatory mechanisms. Among these, the tricarboxylic acid (TCA) cycle and the isoprenoid synthesis pathway are
found to be essential for parasite survival and drug resistance. The proteogenomic analysis discovered 43 novel protein-coding genes.
The availability of an in-depth proteomic landscape of a malaria pathogen model will likely facilitate further molecular-level
investigations on pre-erythrocytic stages of malaria.

■ INTRODUCTION

Malaria is an infectious disease with a significant global public
health burden, responsible for nearly 409,000 deaths and 229
million new cases in 2019 (World Health Organization
(WHO) World Malaria Report 2020). Malaria is caused by
pathogens belonging to the genus Plasmodium and is
transmitted by the female Anopheles species. The asexual
development of malaria parasites in RBCs leads to high fever
and shock, and, if not treated, it often results in morbidity and
death.1,2

Plasmodium yoelii, Plasmodium chabaudi, and Plasmodium
berghei are known to cause malaria in rodents and have been
widely used as models to understand in vivo parasite
development, pathogenesis, and host immunological responses.
These species have similar biological characteristics to those of
human malaria parasites Plasmodium falciparum and Plasmo-
dium vivax. The P. yoelii strain 17XNL is considered an
appropriate experimental model for malaria pathogenesis in
humans and helps in understanding the host defense
mechanisms.3

Significant efforts and resources have been utilized in the
identification of malaria parasite proteins toward developing
better diagnostics and vaccines. The emphasis has been on
identifying protein targets and characterizing various cytoplas-
mic, cell surface, and secreted proteins.4,5 Mass spectrometry-
based quantitative phosphoproteomic analysis has been used to
study specific phosphorylation-based molecular targets and
associated signaling in apicomplexan parasites.6−8 While
several investigations involved prior enrichment of specific
post-translational modifications (PTMs), a combination of
advanced bioinformatics strategies can be adopted to fetch
several PTMs from the large-scale proteomic data sets without
a priori enrichment for those PTMs.9,10 Although a set of
protocols used for such a multi-PTM analysis appears to be
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simple, it needs sophisticated computational infrastructure and
takes more time when compared to routine proteomic
analysis.11

PTMs are the result of either covalent linking of functional
groups to amino acid residues or proteolytic cleavage.12

Enzymatically attained PTMs are many, which include
phosphorylation, glycosylation, acetylation, methylation, su-
moylation, palmitoylation, biotinylation, ubiquitination, and
nitration.13,14 Other PTMs include glycation, nitrosylation,
malonylation, oxidation/reduction, succinylation, and gluta-
rylation.15−19 PTMs play an essential part in modifying the
protein conformation that imparts a unique feature to its
activities. Therefore, PTM events are linked with cellular
functions including receptor activation, signaling and metabolic
pathways, enzyme activities, protein translocations, and cellular
differentiation. Several PTMs have been known to be
associated with host−pathogen interactions and pathogene-
sis.20,21

The metabolic pathways of malaria parasites are known to
be significantly altered post infection from those of their
hosts.22 During intraerythrocytic stages, reversible PTMs of
mitochondrial proteins have been shown to play an important
role in response to differences in nutrient requirement and
redox conditions. These modified proteins can also further
affect protein−protein interaction networks, thereby altering
mitochondrial functions,15,23 including redox signaling via
reactive oxygen/nitrogen species in the modulation of cellular
activities, phosphorylation, and glutarylation. There has been a
vast increase in the identification of mitochondrial PTMs and
their protein targets in recent times.24−26 The functional
significance of these PTMs in disease etiology and the
pathologic response is yet to be deciphered. However, many
of these reversible PTMs have been known to act as regulatory
mechanisms in mitochondria and can be avenues for the
development of mitochondria-targeted therapeutic strategies.27

Figure 1. Gene ontology (GO) annotation: localization and functional annotation of the identified proteins in P. yoelii 17XNL. For the functional
analysis of the identified proteins in P. yoelii 17XNL, GO information was fetched from the STRAP gene ontology annotation tool. (A) Biological
processes, (B) cellular components, and (C) molecular functions are represented in order of their occurrence for each protein represented.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03892
ACS Omega 2022, 7, 8246−8257

8247

https://pubs.acs.org/doi/10.1021/acsomega.1c03892?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03892?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03892?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03892?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Pathway-wise distribution of PTMs in P. yoelii 17XNL, and the analysis of phosphorylation and glutarylation sites. (A) Pictorial diagram
of gene ontology classification of genes with modified protein products from post-translationally modified proteins of P. yoelii 17XNL. (B) Motif
images for motif conservation analysis of PTM types, including (a) phosphorylation and (b) glutarylation. Plots were generated with iceLogo and
scaled for better data visualization. (c) Representative spectra of a phosphorylation and glutarylation peptide.
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To determine the identity and abundance of protein
biomarkers, mass spectrometry (MS) data are frequently
searched against protein databases. During the search, a
substantial portion of MS/MS data gets matched to peptides
represented in the protein database used for the search;
however, a significant chunk of MS/MS spectra remains
unassigned. These MS/MS data may contain different PTMs
or novel peptides not represented in the protein database. The
unassigned spectral data can be mined for fetching multiple
post-translational modifications (multi-PTMs), including
phosphorylation, glutarylation, succinylation, and acetylation,
among others.9−11 The unassigned MS/MS data can also be
subjected to proteogenomic analysis to identify novel peptides,
which can help define novel protein-coding regions. Several
studies from across the world, including our group, have shown
that proteogenomics helps refine genome annotation and
identify taxonomically diverse reference proteomes.28−31 In
this study, we reported the discovery of 43 unique protein-
coding genes from P. yoelii by this approach.

■ RESULTS
In the present study, we aimed to carry out in-depth proteomic
profiling of P. yoelii 17XNL by performing a label-free
proteomic analysis. We also subjected unassigned MS/MS
spectra to a multi-PTM analysis and a proteogenomic analysis

to identify multiple PTMs and novel protein-coding events in
P. yoelii. Using high-resolution mass spectrometry as a
discovery tool, we identified 3124 proteins, including possible
PTMs and novel genes of P. yoelii 17XNL (Supporting Figure
S1). The proteomic analysis of a total of 369,429 MS/MS
spectra against a P. yoelii protein database resulted in 45,309
peptide-spectrum matches (PSMs) to 8456 unique peptides,
which belonged to 1409 proteins (Supporting Table S1). The
functional analysis of proteins identified in P. yoelii 17XNL was
fetched from the Software tool for researching annotations of
proteins (STRAP) database. Cellular processes, nuclei, and
structural molecular activities were highly enriched in gene
ontology (GO) analysis of the biological process, cellular
components, and molecular functions, respectively (Figure 1).
In addition, a multi-PTM analysis resulted in the

identification of 2324 proteins through 44,548 PSMs belonging
to 24,944 unique PTM-containing peptides. The complete list
of modified peptides identified along with site and residue
information is provided in Supporting Table S2. Finally, a
proteogenomic investigation helped us improve the possibility
of novel protein identifications. We identified that 1892 PSMs
belonged to 43 novel protein-coding genes with more than two
PSMs (Supporting Table S3).

Post-Translational Modifications. To study the PTMs in
P. yoelii 17XNL using proteomic data generated in this study,

Figure 3. Tricarboxylic acid (TCA) cycle architecture in P. yoelii 17XNL. Schematic depiction of possible multiple PTMs involved in the TCA
cycle architecture in P. yoelii 17XNL. Modified proteins are given in the green box: fumarate hydratase class I (PY05182, phosphorylated at S341),
aerobic-related flavoprotein subunit of succinate dehydrogenase (PY05468, deamidated at R433), 2-oxoglutarate dehydrogenase, E1 (PY02421,
phosphorylated at T104), pyruvate dehydrogenase E1 α subunit (PY00819, glutarylated at K130).
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we searched unassigned MS/MS spectra against P. yoelii
17XNL and Mus musculus RefSeq with possible modifications

such as phosphorylation at serine, threonine, and tyrosine and
glutarylation at lysine residues, deamidation at the arginine

Figure 4. Proteogenomic analysis map of histone H4 peptide evidence. (A) Comparative genomic analysis using BLAST showed evidence for
histone H4 matching with other virulent Plasmodium parasites; sequences in red font indicate the peptides identified in this study. (B)
Representative MS/MS spectrum of the peptide VFLENVIKDSIMYTEHAKR is shown in the lower panel.
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residue, and succinylation at the lysine residue. The PTM-Pro
tool was used to summarize the high-confidence PTMs based
on the statistical score provided by Proteome Discoverer
search algorithms.32 As a result, we identified 2906 unique
PTM sites corresponding to 1807 proteins. These proteins
containing PTMs were then subjected to downstream
bioinformatics analysis. Figure 2A represents the potential
role of PTMs in regulating the activity of different metabolic
enzymes and their functions.
Phosphorylation and Glutarylation. Phosphorylation is

one of the common PTMs in Plasmodium, which plays a key
role in regulating the life cycle and fluctuates throughout the
life cycle.33 We identified 2490 unique phosphosites mapping
to 1436 proteins. These phosphorylation sites include serine
(S) (1329 sites), followed by threonine (T) (881 sites) and
tyrosine (Y) (280 sites). We identified 60% of the
phosphoproteins in the multi-PTM analysis.
This study identified several key phosphoproteins, including

calcium-translocating P-type ATPase, SERCA-type (PY05776)
phosphorylated at the T438 residue (Figure 2B) and the ABC
transporter protein (PY07088) phosphorylated at S698 and
S703, which are known to play a role in parasite development
by second-messenger-mediated signaling and trafficking
cascades.34,35

Lysine (K) glutarylation is known to be associated with
cellular functions such as metabolic processes, oxidative
damage, and other mitochondrial functions.36,37 We identified
1058 unique glutarylation sites mapping to 836 proteins in this
study. The examples include several proteins of the early
transcribed membrane protein (ETRAMP) family, including
erythrocyte membrane protein 3 (PY05500 at K15, PY04042
at K863, PY06125 at K770), erythrocyte membrane-associated
antigen (PY06959 at K460), erythrocyte membrane-associated
antigen, putative (PY06110 at K125), and ETRAMP
(PY00205 at K17). Respective MS/MS spectra for ETRAMP
(PY00205) SSTIETNKNTSTIETNK are shown in Figure 2C.
Role of PTMs in Metabolic Pathways in P. yoelii

17XNL. In addition to the detection of PTMs, to understand
the role of PTMs in the pathways and interaction networks, we
queried a list of PTM-containing proteins against the
PlasmoDB to fetch the known role of these proteins in
regulating P. yoelii 17XNL metabolic pathways. The resultant
pathways included the TCA cycle, carbon metabolism,
pyruvate, alanine, aspartate, and glutamate metabolism, and
the biosynthesis of secondary metabolites. A list of modified
proteins identified in metabolic pathways in P. yoelii 17XNL is
made available in Supporting Table S4 and is depicted in
Supporting Figure S2.
The TCA cycle, a fundamental metabolic pathway within

the parasite mitochondrion, has not been fully explored as a
potential drug target. We identified PTMs on 21 proteins
among 32 proteins mapped to the TCA cycle. These proteins
include enzymes such as fumarate hydratase class I (PY05182,
phosphorylated at S341), 2-oxoglutarate dehydrogenase E1
(PY02421, phosphorylated at T104), and the pyruvate
dehydrogenase E1 α subunit (PY00819, glutarylated at
K130) (Figure 3).
Pathway enrichment analysis also showed that many PTMs

act through the methylerythritol phosphate (MEP) pathway.
Our analysis detected PTMs on three proteins among 16
proteins mapped to the MEP pathway. These included
polyprenyl synthetase (PY00446, phosphorylated at S523),
hypothetical protein (PY02448, phosphorylated at S504), and

hypothetical protein (PY02022, phosphorylated at T29 and
T30), which are post-translationally modified (Table 1).
Orthology-based analysis showed that P. yoelii proteins
identified in the TCA cycle and the MEP pathway show the
same orthologue signature with functions with P. falciparum
and P. vivax (Supporting Table S5).

Proteogenomic Analysis. Annotation of protein-coding
genes in any sequenced genomes is generally carried out by
gene prediction algorithms. Sometimes, transcriptomic data are
used to provide an additional layer of confidence to the
predicted genes. However, mass spectrometry data can derive
real evidence for protein-coding genes. Therefore, when an
MS/MS data of proteome is searched against the annotated
proteome of P. yoelii 17XNL, a considerable portion of MS/
MS data-validated peptides could be predicted in the protein
database. Following established proteomic strategies, we
searched the unassigned MS/MS spectra against a six-frame
translated genome as well as the transcriptome of P. yoelii.
Using this approach, we were able to identify 43 novel protein-
coding genes of P. yoelii. We also gathered further evidence
based on orthology for all of these newly discovered genes,
which provided more confidence to the discovery. The list of
peptides identified in the proteogenomic search for these 43
protein-coding genes is provided in Supporting Table S3.
These novel genes included orthologues of histone H4, histone
chaperone ASF1, and putative and 60S ribosomal protein L15-
1 of other virulent species of Plasmodium parasites. Peptide
evidence for the predicted gene histone H4 shows the same
structural relationship with P. falciparum and Babesia microti
(Figure 4A). Representative MS/MS spectra of the peptide
VFLENVIKDSIMYTEHAKR are given in Figure 4B. The
sequences of these novel events along with orthologue
evidence are provided in Supporting Table S6.

■ DISCUSSION
The P. yoelii 17XNL genome has an estimated genome size of
23.1 Mb, with more than 3300 protein-coding genes
annotated. Previous proteomic investigations of P. yoelii
17XNL sporozoites by Lindner et al. and Siau et al. have
reported the identification of 1876 and 1335 proteins.38,39

However, through a series of OMICS approaches including
proteomics, multi-PTM analysis, and proteogenomic analyses,
we could identify 3124 protein-coding genes in the P. yoelii
proteome.
In global proteome analysis, we identified several malarial

drug target proteins including glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and myosin A (MyoA). GAPDH
is known to trigger the kinase activation and phosphorylation
of other proteins.40 A recent study has shown that covalent
inhibitors of pfGAPDH can be a therapeutic target for malaria
treatment.41,42 The MyoA is a myosin motor, which implicates
the gliding motility and is essential for efficient host red blood
cell invasion.43,44

In addition to identifying evidence for proteins, we also
identified several PTMs of P. yoelii. PTMs are likely to play key
roles in apicomplexan biology and could affect protein activity,
localization, and protein interactions. Therefore, the PTMs
identified in this study may provide a platform for further
investigation of their role in the context of the regulatory
mechanisms in malaria transmission, virulence, and adaptations
to multiple host environments.45,46 The significant role of
phosphorylation in regulating gametogenesis and exflagellation
of male gametocytes has been studied in P. falciparum, P. yoelii,
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and P. berghei.47−49 We identified several phosphoproteins,
including several ribosomal proteins, such as Rps S2, Rps S9,
Rps L3, and Rps L13e, which are known to be essential to
maintain the structural and functional integrity of the
mitochondrion. Ke et al. have reported that the mitochondrial
ribosomal protein L13 is critical for the structural and
functional integrity of the mitochondrion in P. falciparum.50

We also identified phosphorylation of calcium-translocating P-
type ATPase, SERCA-type (PY05776) and the ABC trans-
porter protein (PY07088), which have been known to be
involved in calcium transport and uptake by infected RBC.
Glutarylation, a PTM that occurs on a lysine residue, has

been associated with mitochondrial functions and metabolic
processes such as cellular respiration, fatty acid metabolism,
and amino acid metabolism. We identified glutarylation of the
early transcribed membrane protein family (ETRAMP)
members, which play a significant role in parasite invasion
into the host cell.51 These ETRAMP family members are
expressed throughout the life cycle of Plasmodium spp,
particularly in the early intraerythrocytic cycle.52 During the
asexual blood-stage, these proteins are localized in the early
parasitophorous vacuole membrane, where they act as an
interface with the host erythrocyte.53 The importance of
glutarylation of ETRAMP proteins needs further investigation
in the context of host−pathogen interactions.

■ CONCLUSIONS

A multipronged omics approach to analyze the proteome of P.
yoelii 17XNL resulted in several discoveries of novel protein-
coding genes and multiple PTMs. These findings provided
substantial improvement for the genome annotation of this
important model organism. Some of these novel genes have
orthologues in other closely related species with very
important roles in virulence and pathogenesis. PTMs identified
were found to be on proteins with known roles in important
metabolic and signaling pathways associated with host−
pathogen interactions. Put together, these discoveries together
will provide a platform for future investigation on molecular
mechanisms of pathogenesis and potential drug targets.

■ MATERIALS AND METHODS

Parasite Culture and Protein Isolation. BALB/c female
mice were housed in an individually ventilated caging (IVC)
system at standard environmental conditions (22−25 °C, 40−
70% humidity, and 12:12 h dark/light photoperiod). All animal
experiments were performed according to the protocols (IAEC
5/2015) approved by the Institutional Animal Ethics
Committees (IAEC) of the Centre for Cellular and Molecular
Biology, Hyderabad. A frozen stock of P. yoelii 17XNL was
injected intraperitoneally into three 3−6 week old BALB/c
mice, and infection was monitored regularly by observing
Giemsa-stained blood smears of the tail snips. The mice were
euthanized at about 30% parasitemia, and blood was collected
in Alsevier’s solution by cardiac puncture. Parasites were
purified by the saponin lysis method, and parasite pellets were
frozen at −80 °C until use. The parasite pellets were lysed in
4% SDS in 50 mM triethyl ammonium bicarbonate (TEABC).
The lysates were resuspended in twice the volume of lysis
buffer, homogenized, sonicated, and centrifuged at 13,000 rpm
for 15 min at 4 °C. The supernatant was collected, and protein
concentration was estimated using the bicinchoninic acid assay
(BCA) to estimate the concentration of proteins.

In-Solution Digestion. In-solution digestion was carried
out as previously described.54,55 Briefly, 250 μg of protein was
reduced with 10 mM dithiothreitol (DTT) and alkylated using
20 mM iodoacetamide (IAA). The lysate was further subjected
to acetone precipitation to remove sodium dodecyl sulfate
(SDS). The protein pellet was dissolved in 50 mM TEABC
and digested with trypsin (1:20) (modified sequencing grade;
Promega, Madison, WI) at 37 °C for 16 h. The reaction was
stopped by adding 0.1% formic acid. The peptides were
lyophilized and stored at −80 °C until further use.

Basic pH RPLC-Based Fractionation. The lyophilized
peptides were subjected to basic pH reverse-phase chromatog-
raphy (bRPLC). The samples were reconstituted in bRPLC
solvent A (10 mM TEABC) and separated on a Waters
XBridge C18 column (Waters Corporation, Milford, MA; 130
Å, 5 μm, 250 mm × 4.6 mm) attached to a Hitachi LaChrom
Elite HPLC system. The flow rate was set at 0.5 mL/min. The
fractionation was carried out using a linear increase in gradient
from 5 to 100% of the solvent B (10 mM TEABC buffer, 90%
ACN, pH ∼ 8.5) for 130 min. A total of 96 fractions were
initially collected and later concatenated to six fractions and
dried in a SpeedVac concentrator. The dried fractions were
further desalted using SCX cartridges. Desalted peptides were
vacuum-dried and stored at −80 °C until LC-MS/MS analysis
as described previously.54,55

LC-MS/MS Analysis. In the present study, we performed
LC-MS/MS analysis of six bRPLC fractions in technical
replicates in an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fischer Scientific, Bremen, Germany) connected to
the Easy-nLC-1200 nanoflow liquid chromatography system
(Thermo Scientific). The peptides were reconstituted in 0.1%
formic acid and loaded into a trap column (Thermo Scientific,
75 μm × 2 cm, nanoViper, 3 μm); peptides were separated
using a 15 cm analytical column (EASY-SPRAY RSLC C18 2
μm 15 μm × 50 μm; Thermo Scientific) at a flow rate of 300
nL/min. The solvent gradients were set as the linear gradient
of 5−35% solvent B (80% acetonitrile in 0.1% formic acid)
over 90 min and a total run time of 120 min. MS analysis was
carried out at a scan range of 400−1600 m/z mass range
(120,000 mass resolution at 200 m/z) in the data-dependent
mode using an Orbitrap mass analyzer. The maximum
injection time was 10 ms. Data for MS/MS were acquired at
the top speed mode with 3 s cycles and subjected to higher
collision energy dissociation (HCD) with 32% normalized
collision energy. MS/MS scans were carried out in the range of
100−1600 m/z using an Orbitrap mass analyzer at a resolution
of 30,000 at 200 m/z with an injection time of 200 ms.

MS/MS Data Analysis. Mass spectrometry-derived data
were searched against the reference protein database of P. yoelii
17XNL (consisting of 7724 protein entries) from PlasmoDB
version 39 and Mus musculus RefSeq release 89 (comprising
29,938 protein entries along with common contaminants). The
mass spectrometry data was analyzed with SEQUEST-HT and
Mascot (version 2.5.1; Matrix Science, London, United
Kingdom) search algorithms in the Proteome Discoverer
(PD) software suite, version 2.2 (Thermo Fischer Scientific,
Bremen, Germany). The search parameters used were (a)
trypsin as the proteolytic enzyme (with up to one missed
cleavage), (b) fragment mass error tolerance of 0.05 Da, (c)
peptide mass error tolerance of 10 ppm, (d) oxidation at
methionine (+15.995 Da on M) as a dynamic modification,
and (e) carbamidomethylation at cysteine (+57.021 Da on C)
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as a fixed modification. The false discovery rate (FDR) was set
to 1% at PSM and peptide levels.
PTM Analysis. Unassigned MS/MS spectra from total

proteome analysis were extracted and searched against the
same database for specific PTMs such as phosphorylation at
serine, threonine, and tyrosine (+79.966 Da on S/T/Y),
glutarylation at lysine (114.031 Da on K), deamidation at
arginine (+0.984 Da on R), succinylation at lysine (+100.016
Da on K), and N-terminal protein acetylation (+42.011 Da) as
dynamic modifications. Carbamidomethylation at cysteine
(+57.021 Da on C) was selected as a fixed modifications
along with default parameters and FDR as mentioned above
using PD 2.2. The post-translational modification-profiling
(PTM-Pro, version 2.0) tool was used for summarizing the
high-confident PTM sites and residue information at the
peptide and protein levels with biological inferences based on
the P. yoelii 17XNL protein database.32,56 The spectral quality
of the modified peptides was manually verified to ensure the
correct assignments of PTMs. The PTM localization was
assigned with a probabilistic score using the ptmRS node of
PD 2.2,57 and the q-value was calculated using Percolator.58

Further, the unassigned MS/MS spectra from PTM searches
were exported and used to carry out proteogenomic analysis
(Figure 5).
Proteogenomic Analysis Workflow. Custom databases

were generated by translating transcripts from next-generation
sequencing-based transcriptome data in three frames. The
genomic sequence of P. yoelii 17XNL was translated in six
frames, and sequences between stop−stop codon, with a
minimum length of seven amino acids, were retained. The
RNA-sequencing data sets for the rodent model of Plasmodium
species were downloaded from the NCBI-SRA repository. The
SRA accessions for P. yoelii were PRJEB15102 and

PRJEB2511, while accessions such as PRJEB4572,
PRJNA72437, PRJNA178363, and PRJNA304182, which
correspond to P. chabaudi, P. yoelii 17X, P. yoelii 17XNL,
and P. yoelii Nigeriensis, respectively, were also obtained. These
data sets were downloaded in the FASTQ format using the
SRA toolkit (https://www.ncbi.nlm.nih.gov/sra/docs/
toolkitsoft/), and the quality of each data set was accessed
using the FASTQC tool [http://www.bioinformatics.
babraham.ac.uk/projects/fastqc]. The data sets passing the
quality were further aligned to the reference genome P. yoelii
17XNL using HISAT2. The aligned reads in the BAM format
were used to build the transcript assembly using StringTie, and
the assemblies from each data set were merged using
StringTie-merge. The merged assembly annotations of gene
transfer format (GTF) transcripts were used to extract
genomic sequences and further translate them into three
frames. These custom databases were searched using the
unassigned spectra MS/MS with previously mentioned default
parameters similar to that of total proteome using the PD 2.2
suite. Genome search-specific peptides (GSSPs) were catego-
rized as novel protein-coding genes and gene corrections using
in-house python scripts. MS/MS spectra of all of the peptides
providing evidence of novel genes or gene structure changes
were manually verified, and spectra with good quality were
considered novel events.

Bioinformatics Analysis. Mus musculus proteins were
filtered out prior to bioinformatics analysis. The resultant
proteins with PTMs that qualify the ptmRS probability
threshold of ≥75 were chosen for downstream analysis.
Gene ontology (GO) annotation for the P. yoelii 17XNL
proteome was obtained from the Gene Ontology Annotation
(GOA) database. Comparative GO for different modifications
was achieved using STRAP.59 Statistically significant motif

Figure 5. Schematic of the workflow illustrating the proteomic analysis of P. yoelii 17XNL. P. yoelii 17XNL was injected intraperitoneally into 3−6
week old BALB/c mice, infected blood was collected, and parasites were isolated by the saponin lysis method. Protein extracts of parasite pellets
were subjected to in-solution digestion, and peptides were fractionated and collected from basic pH reversed-phase liquid chromatography. The
peptide fractions obtained were analyzed using Fourier transform mass spectrometry, and the data obtained were searched against the known
protein database of P. yoelii 17XNL to confirm the predicted genes. The data were also searched against three-frame transcript models from RNA-
Seq and the six-frame translated genome database to identify novel gene models and make refinements to the current annotation of the genome.
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enrichment was performed using IceLogo.60 The modified
proteins were analyzed in the plasmoDB portal for metabolic
pathways.61 Novel events from proteogenomics analysis were
validated through comparative genome analysis by mapping to
PlasmoDB and NCBI databases through the Basic Local
Alignment Search Tool Blastp (protein−protein BLAST).61,62

ClustalW was used to identify novel proteins from the
orthologous region in other species.63 Sequence similarity of
proteins was performed with BioEdit software (https://bioedit.
software.informer.com/7.2/). Integrative Genomic Viewer
(IGV) was used for visualizing peptides and transcript
mapping to the genome (software.broadinstitute.org/soft-
ware/igv).64 TDR Targets 6 was used for orthologue-based
analysis (https://www.tdrtargets.org/).65
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