Gunnarsson and Prabakaran Malar J (2021) 20:71

https:/doi.org/10.1186/512936-021-03598-1 Malaria Journa |

RESEARCH Open Access

e , : ®
In silico identification of novel open G

reading frames in Plasmodium falciparum
oocyte and salivary gland sporozoites using
proteogenomics framework

Sophie Gunnarsson and Sudhakaran Prabakaran”

Abstract

Background: Plasmodium falciparum causes the deadliest form of malaria, which remains one of the most prevalent
infectious diseases. Unfortunately, the only licensed vaccine showed limited protection and resistance to anti-malarial
drug is increasing, which can be largely attributed to the biological complexity of the parasite’s life cycle. The progres-
sion from one developmental stage to another in P, falciparum involves drastic changes in gene expressions, where
its infectivity to human hosts varies greatly depending on the stage. Approaches to identify candidate genes that are
responsible for the development of infectivity to human hosts typically involve differential gene expression analysis
between stages. However, the detection may be limited to annotated proteins and open reading frames (ORFs) pre-
dicted using restrictive criteria.

Methods: The above problem is particularly relevant for P, falciparum; whose genome annotation is relatively
incomplete given its clinical significance. In this work, systems proteogenomics approach was used to address this
challenge, as it allows computational detection of unannotated, novel Open Reading Frames (nORFs), which are
neglected by conventional analyses. Two pairs of transcriptome/proteome were obtained from a previous study
where one was collected in the mosquito-infectious oocyst sporozoite stage, and the other in the salivary gland
sporozoite stage with human infectivity. They were then re-analysed using the proteogenomics framework to identify
nORFs in each stage.

Results: Translational products of nORFs that map to antisense, intergenic, intronic, 3’ UTR and 5" UTR regions, as
well as alternative reading frames of canonical proteins were detected. Some of these nORFs also showed differential
expression between the two life cycle stages studied. Their regulatory roles were explored through further bioinfor-
matics analyses including the expression regulation on the parent reference genes, in silico structure prediction, and
gene ontology term enrichment analysis.

Conclusion: The identification of nORFs in P, falciparum sporozoites highlights the biological complexity of the para-

site. Although the analyses are solely computational, these results provide a starting point for further experimental
validation of the existence and functional roles of these nORFs,
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Apicomplexa phylum of diverse eukaryotic intracellu-
lar parasites. In addition to malaria, this phylum also
encompasses infectious agents of cryptosporidiosis and
toxoplasmosis [2]. The latter is caused by Toxoplasma
gondii, which is estimated to infect over 30% of the world
population, and hence considered as one of the most
successful parasites [3]. These diseases are not only life-
threatening but also widespread and, therefore, represent
a serious threat to public health.

Unfortunately, both vaccines and treatment options
with drugs are limited due to the biological complex-
ity of the Apicomplexan parasites [4]. Even for the well-
studied Plasmodium species, there is only one vaccine
targeted for malaria with relatively low efficacy [5, 6]. The
complexity arises from the highly regulated life cycles
that allow them to inhabit different hosts and intracel-
lular niches [7]. To tackle this challenge, multi-omics
data including genomic, transcriptomic, and proteomic
datasets have been produced to understand the biologi-
cal processes underlying infection and disease causation,
which can potentially be targeted with drug design [8].
However, these studies are often conducted in silos and,
therefore, their insights are limited due to the lack of con-
sistency [9].

Developmental cycle of Plasmodium falciparum
and annotation challenge
Like many other Apicomplexan parasites [10], P falci-
parum is specialized to infect two separate hosts—the
human host, and the female mosquitoes of approximately
40 Anopheles species that can transmit the disease [11].
The developmental cycle starts with malaria-infected
female Anopheles mosquito taking a blood meal, through
which the sporozoites of Plasmodium parasites are trans-
mitted from the mosquito’s salivary gland to the human
host (Additional file 1: Figure S1). The sporozoites then
travel to the liver and infect liver cells, allowing them to
replicate and mature into schizonts. They then rupture
and release merozoites, which infect red blood cells and
is the stage that causes clinical manifestation of malaria.
Some of the blood-stage parasites mature into sexual pre-
cursor cells, known as gametocytes, which are ingested
by the Anopheles mosquito during a blood meal. The
gametocytes are activated by environmental stimuli
inside mosquito midgut and differentiate into gam-
etes and fuse to form a zygote [12]. The zygotes further
develop into oocysts, within which sporogony takes place
and produces sporozoites to invade mosquito’s salivary
gland, ready for next round of infection via a mosquito
bite.

The progression from one developmental stage to
another in P. falciparum involves drastic changes in gene
expression [13], and infectivity of the parasites to human

Page 2 of 19

hosts can also vary greatly depending on the stage. For
instance, while oocyst sporozoites are highly infectious
for the mosquito salivary gland, they are non-infectious
to mammalian hosts; on the contrary, salivary gland
sporozoites exhibit specific infectivity for mammalian
liver, but correspondingly loose infectivity for mosqui-
to’s salivary gland [14]. Understanding the mechanism
for this switch of infectivity is of great interest, because
inhibiting it allows us to prevent infection before the
symptomatic phase, which is where malaria intervention
efforts using vaccines have been focused on [15].

Approaches to identify candidate genes that are
responsible for the development of infectivity to mam-
malian hosts typically involve differential gene expres-
sion analysis between oocyst sporozoites and salivary
gland sporozoites [16, 17]. However, although these stud-
ies have successfully identified genes and proteins that
are upregulated in the mammalian-infectious stage, the
detection may be limited to annotated proteins [9] and
open reading frames (ORFs) predicted using restrictive
criteria such as a minimum length of 100 codons [18].

This problem is particularly relevant for P. falciparum,
whose genome annotation is relatively incomplete despite
its clinical significance [19]. Even with the advancement
of sequencing techniques and computational power, over
33% of predicted genes in the parasite genome remain
functionally unannotated [20], which represent a great
challenge for discovering vaccine candidates and thera-
peutic drugs. Furthermore, untranslated region such as
5" and 3’ UTRs are also absent in the annotation, which
have been shown to regulate protein expression in P, fal-
ciparum [21]. The lack of annotation despite community
efforts can be attributed to several factors. As an Apicom-
plexan parasite, it is evolutionarily distant from other
eukaryotic model organism where less than 25% of the
protein sequences share significant similarity with those
outside the phylum [22]. Even within the same phylum,
many of the parasites have evolved pathways for cell inva-
sion of their specific host and, therefore, only 12—-34% of
the protein-coding genes are shared by all apicomplexans
[23]. Therefore, there is a pressing need for improving the
genome annotation of P, falciparum.

To further complicate the annotation challenge, anti-
sense transcription events have widely been discovered
in P, falciparum and are thought to be important for gene
expression regulation and parasite development between
life cycle stages [24]. Of particular interests are the anti-
sense transcripts reported in the var gene regions [25],
which represent a gene family that encodes for roughly
60 different variants of P. falciparum erythrocyte mem-
brane protein-1 (PfEMP1). PfEMP1 is a virulence fac-
tor that adhere to human receptors and hence enable
the parasite to evade from the host immune system. To
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(See figure on next page.)

Fig. 1 aThe figure illustrates the nORF definitions used in this study. Translational products are quantified as peptide-spectral matches and
classified into these five NORFs categories depending on where they map to the canonical gene. b Schematics of the proteogenomics analysis that
was performed to identify translational products from novel open reading frames using transcriptomes and proteomes. 00-spz: 00Cyst sporozoite,

sg-spz: salivary gland sporozoite from Lindner et al. [37]

avoid recognition by antibodies, P falciparum switches
between the variant forms of PfEMP1 in a mutually
exclusive manner [26]. However, the tightly controlled
mechanisms underlying var gene transcriptional con-
trol remain largely unknown. It was recently shown that
antisense long non-coding RNA (IncRNA) derived from
intronic region of var can activate the corresponding var
gene [27], which may shed light on var gene expression
control. Unravelling the regulatory roles of these non-
canonical regions, such as their coding potential, will
require novel approaches that are specifically tailored to
them.

Proteogenomics and novel open reading frames (nORFs)
discovery

One approach that can address the challenges above is
proteogenomics, which combines the power of genomic,
proteomic and transcriptomic data to improve genome
annotation and the current understanding of protein
expression (Additional file 1: Figure S2) [28]. The tradi-
tional proteomics analysis detects peptides by match-
ing spectra from tandem mass spectrometry (MS/MS)
against existing reference protein sequence database,
which is prone to the assumption that the database con-
tains all proteins in the genome of interest [29]. Especially
for less well-annotated genomes, this assumption will
have a more significant impact on peptide identification
and downstream analysis like protein quantification. The
peptide search in proteogenomic approach uses custom-
ized database instead, which can be generated by either
six frame translation (6FT) of the genome, or by trans-
lation of the transcriptome [30]. It allows the detection
of translation of nORFs that may otherwise be neglected,
such as those from non-coding regions, including anti-
sense transcripts, IncRNAs, intergenic and intronic
sequences. The definitions of nORFs used in this study
are as shown in Fig. 1la. Conversely, the proteomic data
can provide peptide evidence for novel transcripts and
RNA editing events, further improving the gene models.

This approach can be iterative as more multi-omics data
are being generated, and continuously improve genome
annotation.

The use of proteogenomic approach has gained its pop-
ularity given the increasing amount of transcriptome data
available thanks to next-generation sequencing [31, 32],
as well as the improved accuracy and resolution in MS
data for proteomics [33]. For the larger human genome, it
has been used to identify novel coding regions in normal
tissues and cancer cell lines, where a significantly larger
number of novel peptides were discovered in the lat-
ter, indicating the biological importance of unannotated
coding sequences [34]. The proteogenomic methods are
particularly valuable for non-model organisms like P. fal-
ciparum, whose genome assembly and annotation tend
to be incomplete, and protein database construction is
difficult owing to the lack of close sequence relatives [35].
Previous successful examples include Thermococcus gam-
matolerans, an archaea extremophile whose genome was
sequenced and annotated using proteogenomic analysis
[36].

Here, proteogenomic analysis was performed using
the transcriptomic and proteomic data obtained from
the oocyst sporozoites and salivary gland sporozoites of
P, falciparum used by a previous study [37]. nORFs were
detected in both life cycle stages. Bioinformatics analyses
suggest that these nORFs may be of functional impor-
tance with interesting properties and are, therefore,
worth further experimental investigation.

Methods

Dataset

A literature review was conducted to identify the datasets
suitable for proteogenomic analysis, which should consist
of a pair of proteomes and transcriptomes from the same
developmental stage. Thanks to the substantial research
efforts devoted to P falciparum, several transcriptome
and proteome datasets have been deposited in the NCBI
Sequence Read Archive (NCBI-SRA) and the PRIDE
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database, respectively [38]. However, it was difficult to
find both transcriptomes and proteomes from the same
stage, and some are not available in retrievable format.
For instance, a study by Lasonder et al. [39] reported the
transcriptomes and associated proteomes of female and
male gametocytes, but the proteomic data was submitted
to PlasmoDB [40], which could not be retrieved as raw
data. Additionally, omics-data for P. falciparum are usu-
ally generated from different, independent studies, mak-
ing the downstream analysis susceptible to batch effects.

As a result, this work focuses on two pairs of tran-
scriptome/proteome generated by Lindner et al. [37].
The authors produced transcriptomic and proteomic
data for oocyst sporozoites from wild-type P, falciparum
parasites (NF54 strain) as well as salivary gland sporo-
zoites, with three biological replicates for each sample
type. The reasons for narrowing down to these datasets
are threefold: firstly, the original analysis by Lindner
et al. only considered annotated genes, leaving room for
the discovery of novel ORFs. Secondly, the two life cycle
stages analysed correspond to the mosquito-infectious
and human-infectious stage, and therefore novel ORFs
detected by proteogenomic analysis could help explain
the development of human-specific infectivity. Finally,
since the datasets were produced in the same labora-
tory, the conditions should presumably be similar and
differential expression is mainly caused by biological
differences between the developmental stages. The tran-
scriptomic data was downloaded from the GEO database
(Accession #GSM3109291, GSM3109292, GSM3109293
for oocysts sporozoites; # GSM3109294, GSM3109295,
GSM3109296 for salivary gland sporozoites), and the
proteomic data from PRIDE (Accession #PXD009726
for salivary gland sporozoites, #PXD009728 for oocysts
sporozoites).

Proteogenomic workflow

The novelty of proteogenomic analysis comes from
matching the MS/MS spectra against a customized data-
base constructed [28] based on the transcript informa-
tion, instead of limiting the searches to known proteins
as in the analysis by Lindner et al. [37] and in most prot-
eomic analyses [41]. In this work, a customized database
was constructed from the transcripts assembled from the
HISAT2-StringTie pipeline as described by Pertea et al.
[42] (Fig. 1b). However, one should be aware of the limi-
tation of discovering novel ORFs using this approach, as
it is just a computational prediction.

Briefly, the quality of RNA-seq data from oocyst sporo-
zoites and salivary gland sporozoites were assessed using
FastQC to check for contamination from sequences
from other species, which is essential given that separat-
ing the parasite from its mosquito vector still represents
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a significant technical challenge [43]. The adapter
sequences ligated to DNA fragments for library prepa-
ration were subsequently trimmed using Cutadapt [44].
The processed reads were then aligned to the reference
genome for P falciparum 3D7 strain retrieved from
PlasmoDB ver.46 [40] using HISAT2 [45]. The BAM
files with sequence alignment data were used to assem-
ble transcripts using StringTie [46], which was guided
by the reference annotation GFF file (PlasmoDB ver.46)
and also allow the assembly of novel transcripts includ-
ing splice variants. The assembled transcripts, therefore,
include known transcripts from reference annotation
with “PF3D7” as transcript ID prefix, and potentially
novel transcripts with “MSTRG” prefix, which are con-
structed from reads that cannot be explained by refer-
ence transcripts. Compared to gene-level quantification
where all reads are mapped to known genes, transcript-
based approach taken by StringTie does not assume that
genome annotation is complete and effectively expands
the search space for matching MS/MS peptide spectra.
The transcript nucleotide sequences were then extracted
from the reference genome using BEDTools getfasta
[47]. The constructed transcriptome database was then
searched in six-frames for matching to MS/MS spectra
by Mascot, a search engine that identifies protein using
the MS data [48]. It matches all peptide spectra to the in
silico translated proteins derived from the transcriptomic
database “on the fly’, hence identifies which transcript is
supported by peptide evidence. For each peptide-spec-
trum match (PSM), Mascot also computes a probability
score which is higher for proteins with more peptides
matched to it.

Novel peptides classification

Since the known genes have been analysed thoroughly by
Lindner et al. when they reported the transcriptomes and
proteomes [37], only potentially novel transcripts with
“MSTRG” prefix were considered in discovering nORFs
that have been overlooked previously. Peptides that iden-
tify these MSTRG transcripts were subsequently clas-
sified (Fig. 1b) into different categories as defined above
based on the position of matched peptides relative to the
reference genes. Each category was classified indepen-
dently as described below.

Antisense

The first step to identify antisense peptides was to iden-
tify antisense transcripts from the pool of potentially
novel MSTRG transcripts. Firstly, all the assembled tran-
scripts were compared with reference transcripts using
BEDtools intersect [47], using parameters that only
return transcript that is on the complementary strand
of the reference transcript that it overlaps with. Peptides
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that are matched to these antisense transcripts are then
compared with the protein sequences from six frame
translation using Transeq [49] to see which frame it origi-
nated from. Only peptides that are translated from frame
4 to 6 are considered translation evidence for antisense
transcripts, because it could be degenerate peptides from
reference genes due to six frame translation.

Intergenic

The intergenic regions were extracted by using BEDtools
complement [47] to subtract the genome from all anno-
tated regions and return genome intervals with no genes
identified. The MSTRG transcripts were mapped to these
intervals with BEDtools intersect, returning transcripts
that overlap completely are classified as intergenic. Inter-
genic transcripts with peptides from any frame that iden-
tified them are intergenic ORFs.

Retained intron

MSTRG transcripts that contain the introns of overlap-
ping reference genes are determined by GffCompare [50]
that compares their intron—exon structures. The exons of
these transcripts were subsequently intersected with the
introns of reference genes to extract the retained intron
region, which were six frame translated by Transeq and
mapped by the peptides to see if they fall into the introns
The intronic peptides were then checked manually to
see if they are in-frame with the neighbouring exon on
genome visualizer, Artemis [51]; if not, they are classified
as AltORFs instead.

3’and 5’ UTR

Unlike other well-characterized genomes, informa-
tion about the untranslated regions of P falciparum is
relatively scarce [52], where the majority of research
has been focussed on coding sequences only. Therefore,
the first attempt to extract 3’ and 5 UTRs by subtract-
ing coding sequence from the genomic coordinates of
mRNAs failed, because they are of equal lengths. BED-
tools intersect was combined with length filtering to find
MSTRG transcripts with complete overlap with a refer-
ence gene, and are also longer than the overlapped gene.
These transcripts contain extended region on the 3’ and/
or 5" end outside coding sequence and regarded as UTRs
accordingly. The UTRs were then translated into pro-
tein sequence to check if any peptides can confirm their
translation. Similarly, peptides from UTRs need to be in-
frame with the parent reference gene to be considered,
otherwise moved to the AltORFs category.
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AItORF

Along with the out-of-frame peptides from retained
intron and UTR classification, all peptides from MSTRG
transcripts (excluding antisense transcripts) that over-
lap with known genes were also compared with the cor-
responding six frame translated coding sequences. The
frame from which the peptides are translated can then
be detected, and those from non-canonical frame, were
classified as products of AltORFs. However, it is worth
noting that almost half of these AItORF peptides map to
frames that are antisense (frame 4, 5 and 6) to the canoni-
cal genes (341/732 peptides in oocyst sporozoites, and
379/733 peptides in salivary gland sporozoites), these
peptides are categorized as AItORF products as they are
not associated with antisense transcript.

Differential expression analysis

To identify novel ORFs that may be involved in the
development of infectivity to human hosts, differen-
tial expression analysis between the two stages studied
was conducted at both transcript and protein levels. For
RNA-seq data, DESeq 2 [53] was chosen to perform
differential expression analysis, which is an R pack-
age available within the Bioconductor project [54]. This
is because DESeq 2 is widely used by the community,
including Lindner et al. that published the analysed data-
set [37], and it has also been recently proved to have the
best overall performance among 12 methods [55]. Since
DESeq?2 requires read counts as an input, while StringTie
outputs coverage values for transcript abundance, these
were first converted from coverage to counts for each
transcript, using the formula reads_per_transcript=cov-
erage * transcript_len/read_len with a python script
(available at http://ccb.jhu.edu/software/stringtie/dl/
prepDE.py). DESeq2 then normalizes the counts inter-
nally and compares them between oocyst sporozoites
and salivary gland, producing statistics metrics includ-
ing adjusted p-values and log-transformed fold changes.
Transcripts with adjusted p-values<0.1 were called dif-
ferentially expressed between the two stages.

For protein differential expression analysis, the spectral
count method was used for protein expression analysis
that compares the peptide-spectrum matches (PSM) for
each protein between the two stages, which has the high-
est reproducibility for label-free proteomics data [56]; it
is then combined with the G test statistics [57] for com-
puting p-values. However, in this study the MS/MS spec-
tra were matched against a customized transcriptome
database instead of annotated protein database, defini-
tion of a protein was, therefore, adjusted. Because the
protein sequence of a translated transcript is different for
each frame, an assumption was made that a given peptide
can only identify one frame of the matched transcript
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being translated, and that a maximum of one protein can
be translated from each frame of a transcript. As a result,
the sum of PSMs that identify one frame of a transcript
are the spectral counts for the protein product from that
frame of the transcript.

Based on this assumption, the spectral counts were
computed for each frame of each transcript (potential
protein) with peptide evidence, and increase all of them
by 1 to remove zero-values. These counts were subse-
quently normalized by first calculating the sum of all
PSMs of both samples to identify the sample with smaller
sum, where its PSMs were multiplied by the ratio of two
PSM sums to minimize the background effect between
samples. It was then possible to determine the differences
in spectral counts of a protein between two stages by
applying the G test of significance as follows:

C C
G =2[Coln (cgog> +Csgln (cgsgc>]
(=5) =5)

where G is the G test static, C,, and C, are the normal-
ized spectral counts for a protein in oocyst sporozoite
and salivary gland sporozoite respectively. A p-value was
calculated as the probability that a y* distribution with 1
degree of freedom was more extreme than the G statistic
for that protein. The Benjamini—Hochberg method was
used to correct for false discovery rates from multiple
hypothesis testing, where a protein needs to satisfy the
criteria of both G-test and FDR <5.0% to be called differ-
entially expressed.

Estimation of full-length ORF from peptide-spectral match

While differential expression analysis compares the
expression level of one protein between samples, it is also
interesting to compare the relative abundance of a pro-
tein with other proteins within and between samples.
Therefore, the normalized spectral abundance factors
(NSAF) were computed for each protein, which has been
proved to provide reliable quantification [58]. For a given
protein k, the spectral abundance factor (SAF) is calcu-
lated as the total PSMs (or spectral counts) that identi-
fies the protein normalized by its length, and the NSAF is
then the SAF normalized by total SAF values in the sam-
ple as shown below:

(SpC/Length)y
SN 1 (SpC /Length);
where (NSAF), is the NSAF value for protein k, SpC is

spectral count and length is the protein length. This
method adjusts for the protein length, because larger

(NSAF); =
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proteins tend to have higher probabilities of generat-
ing more PSMs; as well as the total protein abundance
in one sample. However, for peptides that do not map to
canonical coding sequences, the open reading frame in
the mapped transcript from which they were translated
needed to be estimated to obtain protein length. The esti-
mated ORFs could also be used for downstream func-
tional analysis.

Briefly, for all transcripts with peptide-spectrum
matches, their spliced nucleotide sequences were first
extracted and six frame translation was performed. Then,
for each peptide-spectrum match, the frame of which
the matched transcript it maps to was identified and the
translated protein sequence was extracted. All possible
open reading frames were subsequently determined from
the protein sequence defined by the presence of start and
stop codon, which is indicated by methionine and “*”
respectively in the protein sequence. The matched pep-
tide was then mapped to these possible ORFs and see if it
matches to any of them. If not, the ORF will be defined as
the sequence flanked by the start and stop codons closet
to the matched peptide (Additional file 1: Figure S3).
An R script was written to perform this task and can be
found in https://github.com/PrabakaranGroup/nORFs
-in-malaria.

Gene ontology term and pathway enrichment analysis

All categories of nORFs analysed in this work except for
intergenic ORFs have overlaps with a known gene. The
sets of reference genes that overlapped with novel ORFs
identified in the oocyst sporozoites and salivary gland
sporozoites, respectively, were extracted and GO term
and KEGG pathway enrichment analysis was performed
on these genes using the Analyze tools on PlasmoDB
[40]. InterProScan [59] was used instead to predict GO
terms in novel ORFs.

Structural prediction

For small proteins with less than 200 amino acids, the
structures were predicted using an ab initio structure
prediction tool QUARK [60], which has shown top-rank-
ing performance in the Critical Assessment of Structure
Prediction (CASP) experiments consistently [61]. Since
template-free, ab initio methods work best on small pro-
teins, QUARK has a size limit of 200 amino acids, and
larger proteins were predicted using the template-based
I-TASSER [62] instead.

Results

Identification of novel transcripts and peptides

Using the HISAT2-StringTie [42] workflow to align the
RNA-seq reads to reference genome and assemble into
full length transcripts, a total of unique 7844 transcripts


https://github.com/PrabakaranGroup/nORFs-in-malaria
https://github.com/PrabakaranGroup/nORFs-in-malaria

Gunnarsson and Prabakaran Malar J (2021) 20:71

Page 8 of 19

Oocyst sporozoite

120
90
60

30

o Hl_lmﬁ =

Number of novel transcripts

Number of novel transcripts

Salivary gland sporozoite

150

100

50

—

5 10
Number of mapped peptides

LU -

Number of mapped peptides

8 12

Fig. 2 Distribution of number of unique peptides mapped to novel transcripts identified in cocyst sporozoite and salivary gland sporozoite

Table 1 Number of novel transcripts identified from RNA-seq data and number of novel transcripts with translational
evidence in oocyst and salivary gland sporozoites using the proteogenomic workflow

Antisense Intergenic Retained intron 3/UTR 5/ UTR AItORF
41 427 326 780 790 / Novel
transcript
Oocyst sporozoite 1 64 1 22 18 261 Novel
Salivary gland sporozoite 1 87 4 24 21 261 Ua'f"t
scri
Transcript common in both stages 0 21 0 7 8 132 Wiﬂ’Fl)
Total unique transcript 2 130 5 39 31 390 pep-
tides

were detected, with 4727 and 4431 canonical transcripts
identified in oocyst sporozoite (0oo-spz) and salivary
gland sporozoite (sg-spz) stages, respectively, which are
comparable with the results reported by Lindner et al.
(3535 and 3575). The log transformed fold changes of the
canonical transcripts also correlate reasonably well with
their data (Additional file 1: Figure S4a), with a correla-
tion coefficient of — 0.533, where the negative correlation
is caused by the stages being compared (00-spz:sg-spz vs
sg-spz:00-spz). An addition of 2045 transcripts were also
identified, which are assembled from reads that could not
be explained by canonical transcripts (with “MSTRG”
transcript prefix). These potentially novel transcripts
were then classified into different categories based on
their comparison with the overlapped reference genes
as described in “Methods” section (Fig. 1b). From the
MSTRG transcripts, 780 and 790 transcripts were pre-
dicted to contain 3’ and 5’ UTR regions that are unseen
in canonical transcripts along with 326 transcripts with
retained introns. In addition, 41 antisense transcripts and
427 intergenic transcripts were detected. Identification of
AltORFs requires translational evidence and are, there-
fore, not applicable. The high abundance of transcripts
from the UTR and intergenic regions agrees with a recent

study [63] that reported nearly 90% of the P. falciparum
genome is being actively transcribed. Together, these
results demonstrated the possibility of identifying nORFs
in untranslated regions that could not have been possible
using traditional methods, which might have biological
functions given their transcriptional potential. The gene
boundaries also need to be re-defined to take the regions
outside coding sequence into consideration.

However, transcriptional evidence alone tends to be
very noisy, especially for non-canonical transcripts that
are constructed from de novo assembly [64]. With the
availability of proteomic data, it was possible to use the
peptide-spectrum matches (PSMs) from novel tran-
scripts to identify their existence with much higher con-
fidence. As shown in Fig. 2, most of the novel transcripts
have one or two unique peptides mapped to them, with
very rare cases of over ten peptides. This suggests that
most of these novel transcripts tend to be translated in
only one frame even with six-frame translation and the
translated region probably covers a small segment of the
transcript.

Furthermore, a relatively small fraction of novel tran-
scripts has translation evidence from proteomic data,
which emphasizes the need to confirm their existence
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experimentally. Less than 1/3 of the intergenic transcripts
from the two stages have peptide spectral matches that
can identify them (n=130), although many of them are
specific to either salivary gland or oocyst sporozoites
(Table 1). Notably, despite many transcripts showed
retained introns of canonical genes, only five of them
have peptide evidence that supports the translation of
these introns, indicating that the current intron—exon
structures of coding sequences are likely to be accurate.
Similarly, antisense peptides were detected at a very low
level, with one PSM in each stage. Unlike other untrans-
lated regions, slightly more novel peptides were detected
to be translated from the 3’ and 5" UTRs. One explana-
tion is that they reflect the incomplete annotation of
reference genes, or they could arise from stop-codon
read-through [65] and translation of upstream ORFs
respectively, where the latter has been shown to regu-
late the expression of downstream canonical ORFs [66].
However, despite the sparse evidence for translation of
these novel transcripts, their regulatory roles on canoni-
cal proteins may be at RNA level only, especially anti-
sense transcripts, whose RNA molecules were shown to
interact with chromatin and regulate gene expression in
P, falciparum [25].

Majority of the novel peptides belong to the alternative
ORF (AItORF) category, which was defined as the trans-
lational products from a non-canonical reading frame of
the overlapped coding sequence, including those that fall
into introns and the 3’ and 5" UTR regions of the tran-
script. AItORFs have previously been found in viruses,
bacteriophages as well as humans [67], but their exist-
ence has not yet been reported in P. falciparum. This sug-
gests that the proteome of P falciparum may be much
more complicated than previously thought, and the
abundance of AItORFs suggests that the parasite may use
it to expand the coding potential of existing genes in the
compact genome. Although the functions of AItORFs
remain largely unknown, it was thought that the transla-
tion of these non-canonical ORFs alone could provide a
mechanism for expression control [68]. It would, there-
fore, be interesting to investigate if these novel peptides
could explain the development of infectivity for human
host in the parasite.

ORF prediction and differential expression analysis

Although the identification of nORFs in this study is
limited to computational prediction, it is worthwhile
to investigate whether some of them are more interest-
ing targets for experimental verification than others. To
study the potential regulatory roles of the novel peptides,
differential expression analysis was performed on their
parent proteins between oocyst sporozoites and sali-
vary gland sporozoites. However, unlike most canonical
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proteins whose amino acid sequences have been identi-
fied experimentally, novel peptides themselves do not
provide information of the full-length novel proteins
from which they were generated, they are only evidence
that there are PSMs that identify a segment of the tran-
script. An attempt was made to predict the open read-
ing frame based on where the peptides map to translated
sequence of transcripts (see “Methods” section).

This approach was applied to both putative novel
proteins and canonical proteins, where the latter have
annotated protein lengths that allow one to verify the fea-
sibility of estimating full-length ORFs from PSMs of six-
frame translated transcripts. By searching the MS/MS
spectra against the customized transcriptome database,
2901 and 2933 canonical proteins in oocyst sporozoite
and salivary gland sporozoite were identified, respec-
tively, as compared to 1432 and 2040 proteins identified
by Lindner et al. [37]. The results for the protein-length
normalized spectral abundance factors (SAF) for canoni-
cal proteins were then compared with those reported by
Lindner et al. The protein abundances (in SAF) that were
computed for canonical proteins in the samples from two
stages correlated strongly with the published data (Addi-
tional file 1: Figure S4b), with correlation coefficients of
0.95 and 0.91 for oocyst sporozoite and salivary gland
sporozoite, respectively, indicating that one could deduce
the ORFs for novel peptides using this method (Addi-
tional file 1: Figure S3) as well.

After computing the PSMs for both novel and canonical
proteins in two different stages, one could then proceed
to identify the ones that were differentially expressed
using G-test statistics. In total, 86 differentially expressed
nORFs were observed, which share a similar distribution
of nORF categories (classified in Fig. 1) with those pre-
sent in the total proteomics data of salivary gland sporo-
zoites and oocyst sporozoites (Fig. 3). One exception is
the intergenic ORFs—while the intergenic peptides were
the second most abundant category in both stages, only
6% of the differentially expressed nORFs are from the
intergenic region.

Antisense transcripts and peptides

Although only two unique antisense peptides were
identified in this study, antisense transcripts have pre-
viously been shown to be incorporated into chromatin
and consequently activate the virulence factor in P fal-
ciparum, the var gene family [25]. It is, therefore, worth
investigating further the regulatory roles of the antisense
transcripts on their parent transcripts. The correspond-
ing reference genes of the 41 antisense transcripts were
first extracted and the transcript abundances in TPM
(Transcripts Per Million) of both sense and antisense
transcripts were calculated, and finally compared the
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Fig. 3 Distribution of nORF categories in total proteomes of oocyst sporozoite (a) and salivary gland sporozoite (b), as well as in differentially

Table 2 Correlation of TPM values between antisense transcripts and their associated reference transcripts
across the two life cycle stages (oocyst and salivary gland sporozoites)

Associated reference Antisense transcript Correlation p-value Reference transcript Reference
transcript coefficient fold-change protein fold-
change
PF3D7_0209600.1 MSTRG.182.1 0.984 0.000360 N ns
PF3D7_0103800.1 MSTRG.17.1 —0.964 0.00187 4 N
PF3D7_0414500.1 MSTRG.618.1 0.947 0.00415 3 ns
PF3D7_0314000.1 MSTRG.401.1 —0.928 0.00758 N T
PF3D7_1116000.1 MSTRG.2636.1 0.879 0.0211 N N

| indicates that the fold change is negative in differential expression analysis and 1 indicates positive fold-change. ns indicates that the reference transcript was not

significantly differentially expressed

TPM values using Pearson correlation. As a result, five
antisense transcripts were shown to have significant cor-
relation (p<0.05) with the sense reference transcripts
(Table 2), where three of them have positive correlation
that suggests an activation mechanism. Interestingly,
regardless of the transcript correlation, all reference

genes with associated antisense transcripts are signifi-
cantly downregulated at transcript level in salivary gland
sporozoites. Especially for the two antisense transcripts
that showed anticorrelated expression, one of the parent
gene has both downregulated mRNA and protein expres-
sion, while the other is downregulated at mRNA level but
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Fig. 4 GO terms and KEGG pathways enrichment of the reference genes associated with novel peptides identified in oocyst sporozoite and salivary
gland sporozoite. For GO terms enrichment the p-value cut-off was 0.01, and 0.02 for KEGG pathways. Percentage of genes means how many
percents of the background genes (in Plasmodium falciparum) with a particular term are present in the gene set of interest

upregulated at protein level. Notably, the MSTRG.401.1
transcript also has translational evidence, suggesting that
the regulation by antisense transcripts could be medi-
ated by their translational product. Overall, the actions
of antisense transcripts observed are not uniform where
they could potentially regulate the expression of their
target genes not just by activation but also by repres-
sion, which has been well-established in mammalian
genomes [69]. However, since the transcript level of the
parent reference genes do not correlate well with protein
expression, further experimental evidence is required to
confirm the roles of these antisense transcripts.

GO term and pathway enrichment

To investigate if nORFs could be involved in a particu-
lar function in P falciparum, enrichment analysis was
performed on the GO terms and KEGG pathways on
their parent reference genes, because they might affect
the functions of existing genes. As shown in Fig. 4, par-
ent genes of the novel peptides identified from oocyst
sporozoites and salivary gland sporozoites are associated
with very different sets of known genes. With a strin-
gent p-value cut-off of 0.01, the parent genes that over-
lap with the novel peptides in oocyst sporozoites have a
clear enrichment in processes related to cell localization
and movement, which is further supported by the 100%
enrichment of the background genes in actomyosin. On
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Table 3 Percentage of novel peptides and total peptides
passing the filter of Mascot score > 20. oo1, 002, oo3
represent the three biological replicates from oocyst
sporozoite and sg1, sg2, sg3 are the replicates
from salivary gland sporozoite

Sample Percentage of novel Percentage of total
peptides passing the filter  peptides passing
the filter

ool 175 505

002 19.8 49.7

003 15.2 48.2

sgl 14.5 53.0

sg2 199 534

sg3 17.7 528

Table 4 Number of novel peptides from different

categories that passed the quality filter of Mascot score >
20

Number of unique novel peptides

5"UTR 3’UTR  AItORF Intergenic
Oocyst sporozoite 4 4 116 14
Salivary gland sporozoite 4 4 107 16

the other hand, the gene set for salivary gland sporozoite
is also enriched in the actomyosin structure, and distinc-
tively enriched in replisome complex as well.

Since oocyst sporozoites need to migrate from mos-
quito midgut to salivary gland and await for injection
into human host via a blood meal, motility is crucial for
host invasion and achieved by the invasion machinery
called glideosome, which is powered by the actomyosin
system [70]. Given its importance to entry into host cells,
attempt has been made to target the glideosome-associ-
ated proteins with small molecule as a potential approach
to discover anti-malarial drugs [71]. Therefore, it shows
that the identified nORFs are associated with important
loci for infectivity and could serve as an extended reser-
voir to target for future drug design.
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For KEGG pathway enrichment, a less stringent cut-off
was chosen because otherwise no pathways could pass
the filter, which still returned very few enriched path-
ways (Fig. 4). Interestingly, the gene set in salivary gland
sporozoite is enriched in the pathway for the biosynthesis
of an antibiotic, puromycin, where the genes involved in
this pathway are all alpha/beta hydrolases. Of particular
interest is the BEM 46-like protein, which was shown to
modulate the development of sporozoites [72] and, there-
fore the associated novel peptides may play a role in the
modulation as well.

High quality peptide filtering and re-analysed differential
expression

To obtain high quality novel peptides, a quality filter of
Mascot score >20 was applied on the proteomic datasets
and subsequently performed differential expression anal-
ysis on the proteins of filtered peptides. Approximately
half of the total peptides remained after applying the filter
(Table 3), whereas for novel peptides the proportions are
much lower, ranging from 14% to 20%. This suggests that
compared with peptides from canonical proteins, novel
peptides tend to have lower probabilities of being a real
positive match. A total of 138 and 131 unique novel pep-
tides remained in the oocyst and salivary gland sporozo-
ite dataset respectively (Table 4) after the filtering, with
AltORF being the most common category followed by
intergenic, which follows a similar trend before filter-
ing. Unfortunately, no peptides from antisense strand
or retained intron passed the filter, which were very rare
before filtering too.

The ORFs of the filtered novel peptides as described
previously, and see which of them was differentially
expressed. With a much smaller pool of high-quality
peptides, only five unique novel ORFs showed differen-
tial expression between the two stages (Table 5), where
AltOREF is still the most common category, and one ORF
from 3’ UTR and intergenic regions. Interestingly, four
out of five DE nORFs showed opposite trend in transcript
and protein expression, meaning that those that have
positive fold-change at mRNA-level showed negative

Table 5 High quality (Mascot score > 20) novel ORFs identified by using filtered peptides only

Transcript ID Frame Category of nORF PSMin 0o-spz PSM in sg-spz Log ratio of PSMs Log fold-change  p-value
of transcripts

MSTRG.2270.1 1 3p UTR 332 16.00 227 —1.74 0.0026

MSTRG.231.2 1 AltORF 28.75 1.00 —4.85 11.57 0.0000

MSTRG.633.1 6 AltORF 2212 2.00 —347 ns 0.0000

MSTRG.4174.1 2 Intergenic 1.1 11.00 3.31 —349 0.0022

MSTRG.4394.1 1 AltORF .11 15.00 3.76 —334 0.0002

PSM values were normalized as described in “Methods” section
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fold-change at protein level and vice versa. The poor
correlation between mRNA and protein abundances
are not uncommon, which is often caused by the regu-
latory mechanism governing transcripts or proteins, but
sometimes by noise and experimental error as well [73].
Further experiments are required to confirm if it is the
former.

Differentially expressed 3’ UTR

It was worth noting that the differentially expressed 3’
UTR (MSTRG.2270.1), despite showing higher expres-
sion in salivary gland sporozoites, the peptide spectrum-
match that maps to the 3’-end of the canonical gene
(gene identifier: PF3D7_1013400) was only present in
oocyst sporozoites. This is in line with the RNA-seq data,
where the 3’-end is clearly expressed in oocyst sporozo-
ites but almost undetectable in salivary gland sporozoite.
Even though there were only two PSMs from this nORF
before normalization in oocyst sporozoites, the 3’ UTR
was still captured at such low expression, it is unlikely
that the absence of peptide from 3’ UTR in salivary gland
sporozoites is due to chance or physical chemistry of the
peptide ion. It is possible that the protein with 3'UTR is
an isoform specific to the oocyst sporozoite stage.

To understand the function of the extended 3'UTR
region, InterProScan [59] was used to analyse the
sequence of this nORF. The results revealed that while the
canonical gene PF3D7_1013400 has only a long stretch
of “Non-cytoplasmic domain” identified, the extended
3’-end of 71 amino acids was predicted with multiple
transmembrane helices.This is further confirmed by the
prediction of transmembrane helices from TMHMM
[74], which predicted two helices in the region after the
canonical stop codon (Additional file 1 Figure S5). The
inclusion of this transmembrane tail might also explain
the low expression of this protein in oocyst sporozoites,
because membrane proteins require specialised protocols
to be fully solubilised in sample preparation [75].

Results from TMHMM also suggested that canonical
protein is likely to be outside of the membrane, which
coincides with the non-cytoplasmic domain detected
by InterProScan. Therefore, the extended region in the
3’ end can potentially act as an anchor that tether the
canonical protein to the membrane in oocyst sporozo-
ites. When the parasite transitions into salivary gland
sporozoite, the canonical stop codon is used and without
expressing the 3’ end of transmembrane helices.

Since there is no function annotated for the parent
gene of this 3’'UTR other than it encodes a conserved
protein, its structures with and without the 3’ exten-
sion were predicted using the template-based I-TASSER
[62]. It appears that the isoform with extra helices at the
3/-end (Fig. 5a, highlighted in red) has a very different
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structure than the one without, where the former is
predicted to have a more compact, ordered structure
and likely to bind to a peptide substrate, while the latter
contains a lot of disordered loops with nucleic acid sub-
strate. Therefore, it is possible that the presence of extra
helices allows the parent protein to tether to the mem-
brane and adopt a more stable structure to bind to differ-
ent substrates. When the parasite matures into salivary
gland sporozoite, it expresses the canonical protein with
no transmembrane helices, which may be released into
the extracellular environment given its non-cytoplasmic
domain and potentially involved in the host-parasite
interaction upon infection.

Intergenic ORF and transmembrane domains

Surprisingly, an intergenic nORF was also differentially
expressed after the quality filtering. It is a short ORF with
only 30 amino acids and unique to salivary gland sporo-
zoites, identified by 10 raw PSMs (Table 5). InterProScan
could not detect any functional domain possibly due to
its short length and, therefore, its structure was mod-
elled using an ab initio structure prediction tool QUARK
[60], which can yield high-resolution structures for small
proteins [76]. The predicted structure (Fig. 5b) is highly
ordered with two short helices connected by a loop, sug-
gesting that the intergenic ORF could form protein-like
products too.

Intergenic ORFs with high-quality PSMs were then
analysed to see if they have functional roles. Firstly, a
BlastP search was performed on all the intergenic ORFs
against the non-redundant protein sequence database,
and no significant hit with expected value (E-value)
smaller than 0.05 was returned, indicating that these
OREFs share little or no sequence homology with known
proteins. Interestingly, InterProScan detected many
transmembrane domains in the intergenic ORFs from
prediction by TMHMM (Fig. 6a), where 12 out of 34
were predicted with one or more transmembrane heli-
ces, and one of them was predicted with four helices. A
similar scenario was observed in AItORFs (Fig. 6b) as
well, where 99 out of 248 ORFs were predicted to con-
tain transmembrane domain. Such abundance suggests
that these ORFs may have biological functions in the
membrane, which have been previously overlooked by
the conventional annotation methods. Interestingly, this
scenario has previously been observed in Escherichia coli
as well [77], where over half of the novel small proteins
(1650 amino acids) identified in the intergenic region
were predicted to have a transmembrane segment and
also shown to co-fractionate with the membrane experi-
mentally. Therefore, it is possible that this may be a com-
mon strategy adopted by organisms with small genomes
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Fig. 5 Predicted structures of a differentially expressed nORF (MSTRG.2270.1) with 3’UTR (3’ end coloured in red) of PF3D7_1013400 using I-TASSER;
b differentially expressed intergenic nORF (MSTRG.4174.1) using QUARK; and ¢ two AItORFs that have protein expression that was anticorrelated

to expand their proteome, although their exact functional
roles still require experimental testing.

Correlation of nORF expression with canonical gene

Finally, the correlation between the protein expression of
high-quality nORFs and that of their associated canonical
gene was tested. By computing the normalized spectral
abundance factor (NSAF) values, it was possible to com-
pare the expression across proteins and samples, which
were used to perform Pearson Correlation analysis. In
total, nORFs (Table 6) that showed significant expression

correlation (p-values<0.05) with the parent gene were
identified, which are all AItORFs except for one 3’ UTR.
It is worth noting that majority of them showed positive
correlation, suggesting that either a positive regulation
on the parent gene is a wide-spread scenario in nORFs,
or that their expression is a by-product of the canonical
translation event via mechanisms such as ribosome shift-
ing [78].

Interestingly, two AItORFs (MSTRG 4605.2 and
MSTRG 2092.1) have anti-correlated expression with
the parent gene, which are less likely to be a by-product
and more likely have regulatory role on the expression
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Fig. 6 Predicted protein domains in high quality (Mascot score > 20) intergenic ORFs (a; total ORFs = 32) and AltORFs (b; total ORFs =248) from

Table 6 High quality novel ORFs that have significantly (p-value < 0.05) correlated protein expression (calculated

in NSAF) with their associated reference genes

Transcript ID Frame Category of nORF Reference gene p-value Correlation
coefficient
MSTRG.4605.2 2 AltORF PF3D7_1467600 0.0251 —0.868
MSTRG.2092.1 6 AltORF PF3D7_0927900 0.0425 —0.827
MSTRG.1076.2 2 AltORF PF3D7_0606600 0.0480 0.815
MSTRG.1556.1 2 AltORF PF3D7_0728700 0.0457 0.820
MSTRG.3171.1 1 AltORF PF3D7_1225600 0.0367 0.839
MSTRG.2151.1 6 AltORF PF3D7_0934500 0.0149 0.898
MSTRG.2472.1 2 3p UTR PF3D7_1033500 0.0134 0.904
MSTRG.2472.1 6 AltORF PF3D7_1033500 0.0134 0.904
MSTRG4173.1 2 AltORF PF3D7_1417600 0.00838 0.924
MSTRG.370.1 1 AltORF PF3D7_0311100 0.00560 0.938
MSTRG.3602.1 6 AltORF PF3D7_1322400 0.00098 0.974
MSTRG.4140.1 1 AltORF PF3D7_1414500 0.000685 0.979
MSTRG.2185.1 2 AltORF PF3D7_1004300 0.000073 0.993

Table 7 Predicted molecular functions of the structures modelled by QUARK for MSTRG.4605.2 and MSTRG.2092.1,
which showed negative correlation of protein expression with associated reference gene

MSTRG.4605.2 MSTRG.2092.1

Molecular function C-score Molecular function C-score
Phosphatidic acid binding 0.13 Nucleic acid binding 0.46
Phosphatidylinositol-4-phosphate binding 0.13 Phosphatase binding 040
Sterol transporter activity 0.13 Nucleic acid binding transcription factor ~ 0.40

activity

Oxysterol binding 0.13 Structural constituent of cytoskeleton 0.28
Phosphatidylinositol-4,5-bisphosphate binding 0.13 Catalytic activity 0.26

C-scores are confidence scores that range from 0 to 1, which higher score indicating a more confident prediction

of canonical proteins. Moreover, one of the parent
genes, PF3D7_1467600 was significantly downregu-
lated in salivary gland sporozoite, where the associated
AltORF is uniquely present, suggesting that it may be

involved in the downregulation mechanism. InterPro-
Scan did not find any functional domains other than
transmembrane helices in the two AltORFs, which
was common for novel ORFs as previously discussed.
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Therefore, an attempt was made to infer function from
their three-dimensional structures by first predicting
the structures using QUARK (Fig. 5c), and then sub-
mitting them to the structure-based function predictor
COFACTOR [79]. Although there were no significant
hits (C-score>0.4) of the predicted Molecular Func-
tion GO terms for MSTRG 4605.2 (Table 7), MSTRG
2092.1 was predicted with nucleic acid binding func-
tion. Taken together, binding to the mRNA of canoni-
cal gene or to the chromosome could be a mechanism
through which this AItORF regulates the expression of
canonical proteins.

Discussion

Despite years of research efforts, malaria continues to be
one of the most severe global health problems and affects
millions of pregnant women and children in the Afri-
can Regions [1]. This can be attributed to several factors
including the rise of resistance to anti-malarial drugs [80]
and the lack of a vaccine that has high efficacy [5]. It is,
therefore, of great interest to discover new vaccine can-
didates and novel drug targets. Additionally, the genome
annotation of P. falciparum remains relatively incom-
plete where a large portion of genes remains function-
ally unannotated and regulatory elements outside coding
sequences are not included [20]. As an attempt to address
these issues, proteogenomics analysis was performed to
discover novel open reading frames that would not have
been identified using conventional approaches and could
enhance the current understanding in the parasite biol-
ogy. The datasets analysed are the total transcriptomes
and proteomes of oocyst sporozoites and salivary gland
sporozoites [37], which correspond to the life-cycle
stages that are mosquito-infectious and human-infec-
tious, respectively, and the identified nORFs could, there-
fore, contribute to the understanding of the development
of infectivity.

In this work, putative novel transcripts were classi-
fied based on how they map to the canonical genes and
subsequently determined where their peptide-spectrum
matches align to the translated sequence to identify
novel peptides. A total of 1734 novel peptides were iden-
tified, where 269 of them passed the high-quality filter
of Mascot score>20. A method was also developed to
predict the full-length open reading frame from pep-
tides by finding the most suitable start and stop codons
in the translated transcript, so that differential analysis
could be performed for novel ORFs. The results for the
length-normalized spectral abundance factors of canoni-
cal genes correlated well with those reported by Lindner
et al. [37] (Additional file 1: Figure S4b), which were com-
puted using annotated protein lengths, suggesting that
the approach used is feasible.
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By performing GO terms enrichment analysis on
the canonical genes associated with the novel ORFs, it
appears that they arise from functionally important loci
that are critical to the parasite invasion and survival.
While the gene set associated with novel ORFs identified
in oocyst sporozoites was enriched in GO terms of motil-
ity and localization, the gene set for salivary gland sporo-
zoites was more enriched in replisome-related GO terms
(Fig. 4). More importantly, both gene sets showed signifi-
cant enrichment in the genes that form the actomyosin
complex, which is part of the parasite invasion machin-
ery, also known as the glideosome. It is therefore pos-
sible that these novel ORFs play a role in host invasion
and could serve as a drug target well, especially given that
attempt has already been made to target glideosome with
small molecules as a potential malaria therapy [71].

The functional roles of antisense transcripts have been
a subject of debate where previous studies showed con-
flicting results—some suggest that they can activate
transcription [25, 27] and others showed no effects [81,
82], where the former is achieved by epigenetic modifica-
tions and the latter is due to the lack of RNAi machiner-
ies. The presented results align with these observations
where the levels of the 41 identified antisense transcripts
do not have a consistent correlation with protein expres-
sion. Interestingly, some translation of the antisense tran-
scripts was observed, suggesting that their regulatory
roles could be performed by the translation product as
well.

It was worth noting that while a lot of assembled tran-
scripts have extended 3'/5’ ends and retained introns,
very few peptides are mapped to these untranslated
regions. Nevertheless, these UTRs tend to be regula-
tory elements that function at mRNA level and very little
is known about their roles in transcriptional and trans-
lational regulation in the Plasmodium parasite [83], the
results of this work could provide a starting point for fur-
ther investigation. Furthermore, one high quality novel
ORF from the 3’ UTR category was identified, which was
differentially expressed between the two stages studied,
and the peptide that maps to 3’ end was only observed
in oocyst sporozoite despite low protein expression. The
extra sequences provided by the 3’ extension are pre-
dicted to form a transmembrane helix and could affect
the protein structure significantly, which may allow the
protein to attach to the membrane and bind to different
substrates. One possible explanation is that the parasite
may choose to use different protein isoforms depend-
ing on the life cycle stage by skipping a stop codon and
express the 3’ end, which could be an efficient mecha-
nism to change infectivity for different hosts.

Finally, AItORFs and intergenic ORFs are sur-
prisingly abundant, with AItORFs being the most
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common category in both stages as well as in differen-
tially expressed novel ORFs. By correlating the nORF
expression with their associated canonical genes, it
was observed that most nORFs with significantly cor-
related expression are AltORFs showing positive cor-
relation, except for two AItORFs that showed negative
correlation. Structural analysis reveals that one of
them is likely to form a protein structure that binds to
nucleic acid, which provides a possible mechanism for
this AItORF to regulate the expression of the associ-
ated gene by repressing its transcription or the trans-
lation of mRNA. On the other hand, intergenic ORFs
were not only translated, some of them were even dif-
ferentially expressed between oocyst and salivary gland
sporozoites, suggesting that they might be involved in
the stage-specific functions. An intriguing finding is
that 12 out of 34 high-quality intergenic ORFs, and 99
out of 248 AltORFs were predicted with transmem-
brane domain, which may indicate that they have an
important functional role in the membrane. Given that
a similar scenario has been observed in Escherichia coli,
non-canonical transmembrane ORFs might be com-
mon in organisms with small genomes to expand the
functional proteome.

In summary, the novel ORFs in oocyst sporozoites
and salivary gland sporozoites were identified through
proteogenomics analysis, which allowed analysis on
transcription and translation events outside the coding
sequences that are annotated using conventional crite-
ria. Combining analyses of differential expression, GO
term enrichment and predicted structures, this work
has shown that some of these nORFs may play a role in
the parasite invasion and expression control. Therefore,
they are interesting targets for further experimental
validation on their existence and functional roles.

Supplementary information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-021-03598-1.

Additional file 1. Figures S1 to S5. Supplementary File for In silico iden-
tification of novel open reading frames in Plasmodium falciparum oocyte
and salivary gland sporozoites using proteogenomics framework.

Acknowledgements

We thank Dr. Yagnesh Umrania, Prof. Kathryn Lilley at the Cambridge Center
for Proteomics, University of Cambridge for helping us do the proteomics
analysis using Mascot search engine.

Authors’ contributions

SG did all the analysis and wrote the manuscript. SP designed and supervised
the project, analysed the data, and wrote the manuscript. Both authors read
and approved the final manuscript.

Funding
Not applicable.

Page 17 of 19

Availability of data and materials

All raw data in the main text or in the supplementary materials are from
Lindner, S. E. et al. (2019) ‘Transcriptomics and proteomics reveal two waves of
translational repression during the maturation of malaria parasite sporozoites,
Nature Communications, 10(1). https://doi.org/10.1038/541467-019-12936-6.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Yes, all authors consent for publication.

Competing interests

SPis a co-founder of NonExomics, LLC. Cambridge Enterprise Limited has filed
patent applications related to the work described here. The title of the patent
application is "Diagnosis and treatment of Malaria by targetting novel open
reading frames". The U.S. Provisional Application was filed on 28th January,
2021, application no. 63142810.

Received: 11 November 2020 Accepted: 16 January 2021
Published online: 05 February 2021

References

1. WHO. World malaria report 2019 [Internet]. Geneva, World Health Organi-
zation, 2019. https://www.who.int/publications/i/item/world-malar
ia-report-2019. Accessed 17 Aug 2020

2. Bargieri D, Lagal V, Andenmatten N, Tardieux |, Meissner M, Ménard R.
Host cell invasion by apicomplexan parasites: the junction conundrum.
PLoS Pathog. 2014;10:e1004273.

3. FlegrJ, Prandota J, Sovickova M, Israili ZH. Toxoplasmosis-a global threat.
Correlation of latent toxoplasmosis with specific disease burden in a set
of 88 countries. PLoS ONE. 2014;9:90203.

4. Seeber F, Steinfelder S. Recent advances in understanding apicomplexan
parasites. F1000Res. 2016;5:1369.

5. Olotu A Fegan G, Wambua J, Nyangweso G, Leach A, Lievens M, et al.
Seven-year efficacy of RTS, S/ASO1 malaria vaccine among young african
children. N Engl J Med. 2016;374:2519-29.

6. SanchezL, Vidal M, Jairoce C, Aguilar R, Ubillos I, Cuamba |, et al. Antibody
responses to the RTS, S/ASO1TE vaccine and Plasmodium falciparum
antigens after a booster dose within the phase 3 trial in Mozambique. NPJ
Vaccines. 2020;5:46.

7. Swapna LS, Parkinson J. Genomics of apicomplexan parasites. Crit Rev
Biochem Mol Biol. 2017;52:254-73.

8. (Carolino K, Winzeler EA. The antimalarial resistome—finding new drug
targets and their modes of action. Curr Opin Microbiol. 2020,57:49-55.

9. Cowell AN, Winzeler EA. Advances in omics-based methods to identify
novel targets for malaria and other parasitic protozoan infections.
Genome Med. 2019;11:63.

10. Votypka J, Modry D, Obornik M, Slapeta J, Lukes J. Apicomplexa. In: Sla-
movits CH, Simpson AG, editors. Handbook of the Protists. 2nd ed. Berlin:
Springer; 2017. p. 567-624.

11. Head G, Savinelli C. Adapting insect resistance management programs
to local needs. In: Insect Resistance Management. Onstad DE, Ed. 2008;
Chapt 5; p. 89-106.

12. Bennink S, Kiesow MJ, Pradel G. The development of malaria parasites in
the mosquito midgut. Cell Microbiol. 2016;18:905-18.

13. Bunnik EM, Cook KB, Varoquaux N, Batugedara G, Prudhomme J, Cort A,
et al. Changes in genome organization of parasite-specific gene families
during the Plasmodium transmission stages. Nat Commun. 2018;9:1910.

14. Touray MG, Warburg A, Laughinghouse A, Krettli AU, Miller LH. Develop-
mentally regulated infectivity of malaria sporozoites for mosquito salivary
glands and the vertebrate host. J Exp Med. 1992;175:1607-12.

15. Duffy PE, Sahu T, Akue A, Milman N, Anderson C. Pre-erythrocytic malaria
vaccines: identifying the targets. Expert Rev Vaccines. 2012;11:1261-80.

16. Matuschewski K, Ross J, Brown SM, Kaiser K, Nussenzweig V, Kappe SHI.
Infectivity-associated changes in the transcriptional repertoire of the
malaria parasite sporozoite stage. J Biol Chem. 2002;277:41948-53.

17. Mikolajczak SA, Silva-Rivera H, Peng X, Tarun AS, Camargo N, Jacobs-
LorenaV, et al. Distinct malaria parasite sporozoites reveal transcriptional


https://doi.org/10.1186/s12936-021-03598-1
https://doi.org/10.1186/s12936-021-03598-1
https://doi.org/10.1038/s41467-019-12936-6
https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.who.int/publications/i/item/world-malaria-report-2019

Gunnarsson and Prabakaran Malar J

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

(2021) 20:71

changes that cause differential tissue infection competence in the
mosquito vector and mammalian host. Mol Cell Biol. 2008;28:6196-207.
Sopko R, Andrews B. Small open reading frames: not so small anymore.
Genome Res. 2006;16:314-5.

Sexton AE, Doerig C, Creek DJ, Carvalho TG. Post-genomic approaches to
understanding malaria parasite biology: linking genes to biological func-
tions. ACS Infect Dis. 2019;5:1269-78.

Bohme U, Otto TD, Sanders M, Newbold Cl, Berriman M. Progression

of the canonical reference malaria parasite genome from 2002-2019.
Wellcome Open Res. 2019;4:58.

Cann H, Brown SV, Oguariri RM, Golightly LM. 3" UTR signals necessary
for expression of the Plasmodium gallinaceum ookinete protein, Pgs28,
share similarities with those of yeast and plants. Mol Biochem Parasitol.
2004;137:239-45.

Wasmuth J, Daub J, Peregrin-Alvarez JM, Finney CAM, Parkinson J.

The origins of apicomplexan sequence innovation. Genome Res.
2009;19:1202-13.

Kuo CH, Kissinger JC. Consistent and contrasting properties of lineage-
specific genes in the apicomplexan parasites Plasmodium and Theileria.
BMC Evol Biol. 2008;8:108.

Lopez-Barragdn MJ, Lemieux J, Quifiones M, Williamson KC, Molina-Cruz
A, Cui K, et al. Directional gene expression and antisense transcripts in
sexual and asexual stages of Plasmodium falciparum. BMC Genomics.
2011;12:587.

Amit-Avraham |, Pozner G, Eshar S, Fastman Y, Kolevzon N, Yavin E,

et al. Antisense long noncoding RNAs regulate var gene activation in
the malaria parasite Plasmodium falciparum. Proc Natl Acad Sci USA.
2015;112:E982-91.

Smith JD, Chitnis CE, Craig AG, Roberts DJ, Hudson-Taylor DE, Peterson
DS, et al. Switches in expression of Plasmodium falciparum var genes
correlate with changes in antigenic and cytoadherent phenotypes of
infected erythrocytes. Cell. 1995;82:101-10.

Jing Q Cao L, Zhang L, Cheng X, Gilbert N, Dai X, et al. Plasmodium falci-
parum var gene is activated by its antisense long noncoding RNA. Front
Microbiol. 2018,9:3117.

Nesvizhskii Al. Proteogenomics: concepts, applications and computa-
tional strategies. Nat Methods. 2014;11:1114-25.

Nesvizhskii Al. A survey of computational methods and error rate
estimation procedures for peptide and protein identification in shotgun
proteomics. J Proteomics. 2010;73:2092-123.

Desiere F, Deutsch EW, Nesvizhskii Al, Mallick P, King NL, Eng JK; et al.
Integration with the human genome of peptide sequences obtained by
high-throughput mass spectrometry. Genome Biol. 2005;6:R9.

Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for tran-
scriptomics. Nat Rev Genet. 2009;10:57-63.

Prabakaran S, Hemberg M, Chauhan R, Winter D, Tweedie-Cullen RY,
Dittrich C, et al. Quantitative profiling of peptides from RNAs classified as
noncoding. Nat Commun. 2014;5:5429.

Iwamoto N, Shimada T. Recent advances in mass spectrometry-based
approaches for proteomics and biologics: great contribution for develop-
ing therapeutic antibodies. Pharmacol Ther. 2018;185:147-54.

ZhuY, Orre LM, Johansson HJ, Huss M, Boekel J, Vesterlund M, et al.
Discovery of coding regions in the human genome by integrated prote-
ogenomics analysis workflow. Nat Commun. 2018;9:903.

Armengaud J, Trapp J, Pible O, Geffard O, Chaumot A, Hartmann EM.
Non-model organisms, a species endangered by proteogenomics. J
Proteomics. 2014;105:5-18.

Zivanovic Y, Armengaud J, Lagorce A, Leplat C, Guérin P, Dutertre M,

et al. Genome analysis and genome-wide proteomics of Thermococcus
gammatolerans, the most radioresistant organism known amongst the
Archaea. Genome Biol. 2009;10:R70.

Lindner SE, Swearingen KE, Shears MJ, Walker MP, Vrana EN, Hart KJ, et al.
Transcriptomics and proteomics reveal two waves of translational repres-
sion during the maturation of malaria parasite sporozoites. Nat Commun.
2019;10:4964.

Vizcaino JA, Csordas A, delToro N, Dianes JA, Griss J, Lavidas |, et al. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res.
2016;44:D447-56.

Lasonder E, Rijpma SR, van Schaijk BCL, Hoeijmakers WAM, Kensche PR,
Gresnigt MS, et al. Integrated transcriptomic and proteomic analyses of

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 18 of 19

P, falciparum gametocytes: molecular insight into sex-specific processes
and translational repression. Nucleic Acids Res. 2016;44:6087-101.
Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, et al.
PlasmoDB: a functional genomic database for malaria parasites. Nucleic
Acids Res. 2008;37:D539-43.

Chatterjee S, Stupp GS, Park SKR, Ducom JC, Yates JR, Su Al, et al. A com-
prehensive and scalable database search system for metaproteomics.
BMC Genomics. 2016;17:642.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expres-
sion analysis of RNA-seq experiments with HISAT, StringTie and Ballgown.
Nat Protoc. 2016;11:1650-67.

Swearingen KE, Lindner SE. Plasmodium parasites viewed through prot-
eomics. Trends Parasitol. 2018;34:945-60.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12:357-60.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL.
StringTie enables improved reconstruction of a transcriptome from RNA-
seq reads. Nat Biotechnol. 2015;33:290-5.

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26:841-2.

Perkins DN, Pappin DJ, Creasy DM, Cottrell JS. Probability-based protein
identification by searching sequence databases using mass spectrometry
data. Electrophoresis. 1999,20:3551-67.

Hancock JM, Bishop MJ. EMBOSS (The European Molecular Biology Open
Software Suite). In: Dictionary of Bioinformatics and Computational Biol-
ogy. Hancock JM, Zvelebil MJ. Onlinelibrary.wiley.com, 2004.

Pertea M, Pertea G. GFF Utilities: GffRead and GffCompare. F1000Res.
2020;9:J304.

Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA. Artemis: an
integrated platform for visualization and analysis of high-throughput
sequence-based experimental data. Bioinformatics. 2011,28:464-9.
Russell K, Hasenkamp S, Emes R, Horrocks P. Analysis of the spatial

and temporal arrangement of transcripts over intergenic regions in

the human malarial parasite Plasmodium falciparum. BMC Genomics.
2013;14:267.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al.
Bioconductor: open software development for computational biology
and bioinformatics. Genome Biol. 2004;5:R80.

Baik B, Yoon S, Nam D. Benchmarking RNA-seq differential expres-

sion analysis methods using spike-in and simulation data. PLoS ONE.
2020;15:e0232271.

Zhang B, VerBerkmoes NC, Langston MA, Uberbacher E, Hettich RL,
Samatova NF. Detecting differential and correlated protein expression in
label-free shotgun proteomics. J Proteome Res. 2006;5:2909-18.

Old WM, Meyer-Arendt K, Aveline-Wolf L, Pierce KG, Mendoza A, Sevinsky
JR, et al. Comparison of label-free methods for quantifying human pro-
teins by shotgun proteomics. Mol Cell Proteomics. 2005;4:1487-502.
Gokce E, Shuford CM, Franck WL, Dean RA, Muddiman DC. Evaluation

of normalization methods on GeLC-MS/MS label-free spectral counting
data to correct for variation during proteomic workflows. J Am Soc Mass
Spectrom. 2011;22:2199-208.

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics.
2014;30:1236-40.

Xu D, Zhang Y. Ab initio protein structure assembly using continuous
structure fragments and optimized knowledge-based force field. Pro-
teins. 2012;80:1715-35.

Moult J, Fidelis K, Kryshtafovych A, Schwede T, Tramontano A. Critical
assessment of methods of protein structure prediction (CASP)-round x.
Proteins. 2014;82(Suppl 2):1-6.

Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein
structure and function prediction. Nat Methods. 2015;12:7-8.

Chappell L, Ross P, Ross P, Orchard L, Russell TJ, Otto TD, et al. Refining
the transcriptome of the human malaria parasite Plasmodium falciparum
using amplification-free RNA-seq. BMC Genomics. 2020;21:395.



Gunnarsson and Prabakaran Malar J

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

(2021) 20:71

Guruceaga E, Garin-Muga A, Segura V. MiTPeptideDB: a proteog-
enomic resource for the discovery of novel peptides. Bioinformatics.
2019;36:205-11.

Li C, Zhang J. Stop-codon read-through arises largely from molecular
errors and is generally nonadaptive. PLoS Genet. 2019;15:21008141.

Kaur C, Kumar M, Patankar S. Messenger RNAs with large numbers of
upstream open reading frames are translated via leaky scanning and
reinitiation in the asexual stages of Plasmodium falciparum. Parasitology.
2020;147:1-14.

Vanderperre B, Lucier J-F, Bissonnette C, Motard J, Tremblay G, Vander-
perre S, et al. Direct detection of alternative open reading frames transla-
tion products in human significantly expands the proteome. PLoS ONE.
2013;8:€70698.

Orr MW, Mao Y, Storz G, Qian S-B. Alternative ORFs and small ORFs: shed-
ding light on the dark proteome. Nucleic Acids Res. 2019;48:1029-42.
Faghihi MA, Wahlestedt C. Regulatory roles of natural antisense tran-
scripts. Nat Rev Mol Cell Biol. 2009;10:637-43.

Boucher LE, Bosch J. The apicomplexan glideosome and adhesins-struc-
tures and function. J Struct Biol. 2015;190:93-114.

Nemetski SM, Cardozo TJ, Bosch G, Weltzer R, O'Malley K, Ejigiri |, et al.
Inhibition by stabilization: targeting the Plasmodium falciparum aldolase-
TRAP complex. Malar J. 2015;14:324.

Groat-Carmona AM, Kain H, Brownell J, Douglass AN, Aly ASI, Kappe SHI.
A Plasmodium a/B-hydrolase modulates the development of invasive
stages. Cell Microbiol. 2015;17:1848-67.

Maier T, Glell M, Serrano L. Correlation of mMRNA and protein in complex
biological samples. FEBS Lett. 2009;583:3966-73.

Krogh A, Larsson B, Von Heijne G, Sonnhammer ELL. Predicting trans-
membrane protein topology with a hidden Markov model: application to
complete genomes. J Mol Biol. 2001;305:567-80.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 19 of 19

Barrera NP, Robinson CV. Advances in the mass spectrometry of mem-
brane proteins: from individual proteins to intact complexes. Annu Rev
Biochem. 2011;80:247-71.

Bradley P, Misura KMS, Baker D. Biochemistry: toward high-resolution de
novo structure prediction for small proteins. Science. 2005;309:1868-71.
Hemm MR, Paul BJ, Schneider TD, Storz G, Rudd KE. Small membrane pro-
teins found by comparative genomics and ribosome binding site models.
Mol Microbiol. 2008;70:1487-501.

Ketteler R. On programmed ribosomal frameshifting: the alternative
proteomes. Front Genet. 2012,3:242.

Roy A, Yang J, Zhang Y. COFACTOR: an accurate comparative algorithm
for structure-based protein function annotation. Nucleic Acids Res.
2012,40:W471.

Conrad MD, Rosenthal PJ. Antimalarial drug resistance in Africa: the calm
before the storm? Lancet Infect Dis. 2019;19:e338-51.

Rathjen T, Nicol C, McConkey G, Dalmay T. Analysis of short RNAs in the
malaria parasite and its red blood cell host. FEBS Lett. 2006;580:5185-8.
Baum J, Papenfuss AT, Mair GR, Janse CJ, Vlachou D, Waters AP, et al.
Molecular genetics and comparative genomics reveal RNAi is not func-
tional in malaria parasites. Nucleic Acids Res. 2009;37:3788-98.

Zhu L, Mok S, Imwong M, Jaidee A, Russell B, Nosten F, et al. New insights
into the Plasmodium vivax transcriptome using RNA-Seq. Sci Rep.
2016;6:20498.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	In silico identification of novel open reading frames in Plasmodium falciparum oocyte and salivary gland sporozoites using proteogenomics framework
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Developmental cycle of Plasmodium falciparum and annotation challenge
	Proteogenomics and novel open reading frames (nORFs) discovery

	Methods
	Dataset
	Proteogenomic workflow
	Novel peptides classification
	Antisense
	Intergenic
	Retained intron
	3′ and 5′ UTR​
	AltORF
	Differential expression analysis
	Estimation of full-length ORF from peptide-spectral match
	Gene ontology term and pathway enrichment analysis
	Structural prediction

	Results
	Identification of novel transcripts and peptides
	ORF prediction and differential expression analysis
	Antisense transcripts and peptides
	GO term and pathway enrichment
	High quality peptide filtering and re-analysed differential expression
	Differentially expressed 3′ UTR​
	Intergenic ORF and transmembrane domains
	Correlation of nORF expression with canonical gene

	Discussion
	Acknowledgements
	References




