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SUMMARY Malaria is a febrile disease caused by parasites of the genus Plasmodium. The
most severe cases and most of the deaths of malaria are due to Plasmodium falciparum
infection. Investigating transcriptional differences in P. falciparum between severe and
uncomplicated cases can shed light on malaria pathogenicity and virulence. In this study we
used previously acquired publicly available RNA sequencing data from severe and
uncomplicated cases of P. falciparum infection. Differential expression analysis of the P.
falciparum transcriptome showed that a group of gene products involved in merozoite egress
and erythrocyte invasion were significantly upregulated in severe malaria. More specifically,
we identified that Subtilisin-like protease 1 (SUB1), merozoite surface proteins 1 and 2
(MSP1 and MSP2), and serine repeat antigen 5 (SERAS) were upregulated in severe malaria.
Upregulation of genes in merozoite egress and erythrocyte invasion suggest molecular
mechanisms of malaria severity specifically during the blood stages. In addition, upregulation
of tyrosine kinase-like protein (TKL) transcription in conjunction with SERAS regulatory
proteins upregulation suggests additional mechanisms of SERAS5-mediated malaria severity.

INTRODUCTION

M alaria is a parasitic infection which affects approximately 500 million people annually
(1). Most malaria cases are found within Africa, though they are also commonly found
in South-East Asia, Eastern Mediterranean, and Western Pacific. The disease is caused by the
Plasmodium species, which is transmitted through the saliva of a female Anopheles mosquito.
There are five species of Plasmodium which infect humans, Plasmodium vivax and
Plasmodium falciparum being the most common ones (2). Within the South-East Asia region,
about 50% of cases are coincidental with P. falciparum infection, and P. vivax infection is
less common.
The parasite exists in several life cycle stages, in both mosquito and human hosts (Fig.
1). In this study we focus on the life cycle stages that exist within the human host, specifically
the sporozoite and merozoite stages. The parasite is in the sporozoite stage when introduced
to the human body through Anopheles saliva. The sporozoites travel to the liver, where they
infect hepatocytes (liver cells) and evade filtering out of the bloodstream. After maturing into
merozoites, the parasite egresses the liver and enters into the blood stage by attacking
erythrocytes. Once in the blood stage, the parasite either remains in the asexual stage
(merozoite) to continue infecting healthy erythrocytes (becoming a trophozoite) or progresses
to the sexual stage (gametocyte) waiting to infect healthy mosquitos. In order to progress
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through these stages, the Plasmodium can change expression of many different genes over
the course of its life. The predominant life stage present in the samples from this study are
the erythrocytic ring and trophozoite stages (3), which are a part of the asexual reproductive
blood cycle stages.

When malaria is diagnosed, it is categorized as being either an uncomplicated or a severe
case. Severe malaria is categorized by clinical manifestations meeting certain criteria, as
published by the World Health Organization (1). Some examples of these symptoms include
cerebral malaria, impaired consciousness, and severe anemia (4). Most severe cases of
malaria are caused by one species of Plasmodium in particular, P. falciparum (1, 2, 4).
However, some cases of P. falciparum infection are severe while others are uncomplicated,
and the genetic mechanisms behind the variety of clinical manifestation are not completely
understood.

Previous genome-wide studies of gene expression in malaria conclude that surface
proteins involved in the recognition of the parasite with the host are associated vary among
Plasmodium strains and can be associated with disease symptoms (5-8). We sought to
confirm and expand upon these finding using RNA-sequencing data, which is more sensitive
compared to DNA microarray data that was previously used. Previous studies also focused
on patients within Africa. Our dataset comes from Indonesia, where the Plasmodium strains
seem to have unique gene expression profiles compared to African strains (9). In studying
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FIG. 1 Plasmodium life cycle within the
human host. Sporozoites enter host in
Anopheles saliva. Sporozoites then migrate
to the liver, where they invade hepatocytes.
While inside hepatocytes, sporozoites
mature into merozoites. Mature merozoites
egress the hepatocytes and enter the
bloodstream,  where  they  invade
erythrocytes. In erythrocytes trophozoites
develop. At this point, some of the
trophozoites will enter the sexual stage of
the life cycle and differentiate into
gametocytes. Gametocytes then stay in the
bloodstream until they enter the mosquito
host. Gametocytes play no role in
pathogenesis. The majority of trophozoites
develop into merozoites, which then egress

the erythrocyte, and invade new
erythrocytes.
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this dataset, we seek to contribute to understanding how genetic regulation in P. falciparum
might contain unique features from another part of the world.

A study by Tonkin-Hill et al. has described the use of comparative transcriptomics to
study the expression patterns of P. falciparum Erythrocyte Membrane Protein 1 (PfEMP1) in
severe and uncomplicated malaria (3). Tonkin-Hill et al. found that PFEMP1 was upregulated
in severe malaria and discovered novel highly-expressed sequences (3). Our study uses the
same dataset as Tonkin-Hill et al., but with several different analytical approaches. We sought
to reanalyze the data using a modified analysis pipeline that both validates and builds from
the findings of Tonkin-Hill et al to focus specifically on genes relating to merozoite egress
and erythrocyte invasion.

METHODS AND MATERIALS

All data for this study was collected by Tonkin-Hill et al. from malaria patients in Papua,
Indonesia (3). A set of 44 transcriptomes was obtained from blood serum samples of 23
patients with severe malaria and 21 patients with uncomplicated malaria. The sequences were
retrieved from the European Nucleotide Archive. The Galaxy cluster (10) was used to
manipulate all transcriptomes, and a pipeline for the assembly of the P. falciparum genome
was adapted from Tonkin Hill et al, 2018. Raw pair-end reads were trimmed with Trim
Galore! (11) to remove Illumina primers that were still attached to the ends of sequences.
HISAT?2 (12) was then used to align the trimmed reads to three different reference genomes:
build 63 of P. vivax, the hg38 human genome, and build 63 of P. falciparum 3D7. The human
and P. vivax alignments were then converted to BED format (13). BAM filter (14) was used
to remove any reads that were mapped to either P. vivax or the human genome. After filtering,
featurecounts (15) was used to prepare a table containing counts of features such as genes,
exons, non-coding regions, etc. The reads that mapped to either the P. vivax or the human
genomes were then removed in a filtering process (Fig. 2). The samples from blood serum
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FIG. 2 Differential expression
analysis workflow. The tools
(rectangles and ovals) used to process
RNA-sequencing reads are depicted
according to how the work was
completed. Tools used in the Galaxy
platform include: Trim Galore (trims
reads); HISAT2 (alignment tools);
BAM to BED (file converter); BAM
filter (removes reads according to a
formula); FeatureCounts (quantifies
gene expression); DEseq2 (tests
differentially expressed features);
GOseq (tests for overrepresented
functional gene categories). Cylinders
represent data sources of raw RNA-
sequencing reads, human, P. vivax,
and P. falciparum reference genomes,
and genome feature files.
Parallelograms depict specific output
files that were used for later analysis.
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were largely contaminated with other genetic material, such as the human transcriptome or
other strains of Plasmodium (Table 1). We fed individual filtered sample reads through our

TABLE. 1 Removal of Contaminant Sequences. Total sample sequencing reads in severe and
uncomplicated malaria blood serum samples are listed as they went through filtering. Sequences that were
kept after the filtering aligned to the P. falciparum genome and not to the contaminant genomes. Sequences
that were filtered out and removed as contaminants aligned to either the P. vivax or the human genomes.

Kept Removed Total Percent Removed
Total Severe Reads 289,349,422 63,560,923 352,910,345 18.01
Total Uncomplicated reads 294,357,145 99,549,008 393,906,153 25.27

pipeline and compared them together when inputting into the DESeq2 tool (severe versus
uncomplicated, Fig. 2) (16). DESeq2 (16) outputs a list of genes which are differentially
expressed, using the Wald Test to create adjusted p-values according to the logarithm base 2
of the fold-change (Log2FC) between severe and uncomplicated cases of malaria and the
lengths of the genes (Suppl. Table S1). DESeq2 performs the differential analysis and outputs
a dispersion plot to ensure that the assumptions of using the tool were met (Suppl. Fig. S1).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database categorizes genes
according to their biological function. The functions of the differentially expressed genes
were found using the KEGG database (Suppl. Table S2). Data analysis and visualization that
compares different levels of RNA expression was done in R. When no KEGG term was
available for a gene, a Refseq name was used. We also used the Refseq name to individually
search the literature for biological functions where the other database information could not
be found (Suppl. Table S2). This comprehensive categorization of differentially expressed
genes allowed us to identify patterns of biological significance.

RESULTS

Sequencing reads were aligned and filtered before differential-expression analysis.
The focus of our study was to determine what gene expression differences were present in
the main parasite for malaria, P. falciparum, that is associated with severity of the disease. In
a malaria-infected population, individuals may contain parasites of multiple species, such as
P. vivax, which is common in Indonesia. Therefore, we used HISAT? to align reads to several
reference genomes (Fig. 2). The reads that mapped to either the P. vivax genome or the human
genome were then removed in a filtering process (Fig. 2). The samples from blood serum
were largely contaminated with other genetic material, such as the human transcriptome or
other strains of Plasmodium (Table 1). A total of 289,349,422 contaminants were removed
from the transcriptome of severe malaria samples, which was 18.01% of the total reads (Table
1). A total of 294,357,145 contaminants were removed from the transcriptome of
uncomplicated malaria samples, which was 25.27% of the total reads (Table 1).

DEseq2 results show 1073 upregulated genes in severe malaria. The featurecounts
tool counts the features present in the assembled genome, such as genes and exons (Fig. 2,
16). We fed individual filtered sample reads through our pipeline and synthesized them
together when inputting into the DESeq2 tool (Fig. 2). DESeq2 performs the differential
analysis and outputs a dispersion plot (Suppl. Fig. S1) which shows that the assumptions of
using the tool were met. DESeq?2 outputted 1174 genes that were found to have a significant
change (p < 0.05) in expression between severe and uncomplicated malaria samples (Suppl.
Table S1). There are significantly more genes which are upregulated than downregulated in
severe malaria cases by a factor of 10 (Suppl. Table S1, Suppl. Table S1, X test p < 0.0001).

Graphical depictions of the results in terms of magnitude and significance of differential
expression are shown in the MA plot (Suppl. Fig. S1) and in a volcano plot (Fig. 3) created
to better visualize the data. The difference between the log, intensities (severe minus
uncomplicated) of each genetic feature (M) is plotted on the Y-axis. Averages of the gene
expression log; intensity (A) are plotted on the X-axis. Most of the data points are centralized
around y=0, which signifies that the majority of analyzed genes have no major difference
between them (Suppl. Fig. 2, Suppl. Table S1). The distance between the data points and the
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FIG. 3 Volcano plot. The volcano plot
shows the significance of difference in
expression (severe minus uncomplicated)
versus the logz of the fold change. Red points
indicate significantly upregulated genes,
while blue points represent significantly
down regulated genes, at the p<0.05
(DESeq2) level. The GenelDs with the
lowest p-values are labeled. NA (uncolored)
denotes that for some genes, either the
featurecounts tool was unable to find values
in at least one sample, or the adjusted p-value
could not be calculated due to variable gene

T 0 4 8
logfc

y = 0 line increases, which indicates the magnitude of expression difference. Genes that are

significantly (p < 0.01) differentially expressed are shown in red. Points above the y = 0 line

are genes that are upregulated, and points below are downregulated.

The volcano plot is a scatterplot of DESeq2 outputs according to statistical significance
and log fold change (log,FC) values of severe versus uncomplicated sample expression and
(Fig. 3, blue and red dots) (17). Grey points towards the bottom of the plot do not have
statistically significant differential expression (p > 0.05, Fig. 3). The twenty genes with the
most significant changes in expression have their GenelDs labeled. There are significantly
more genes which are up-regulated (Fig. 3, red dots) than down-regulated (Fig. 3, blue dots)
in severe malaria.

Categorization of upregulated genes by KEGG database identifies patterns of
biological significance. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database
categorizes genes according to their biological function. We found that the KEGG database
provided more functional identifications to our differentially expressed genes than the Gene
Ontology terms for P. faciparum.

We also used the Refseq name to individually search the literature for biological functions
where the other database information could not be found (Suppl. Table S2). This
comprehensive categorization of differentially expressed genes allowed us to identify patterns
of biological significance. Upon conducting further literature searches, we found that several
upregulated gene products in severe malaria interact with each other in vitro. We summarize
our results of a possible biological mechanism of malaria virulence regulated by SUB1
through the upregulation of other P. falciparum genes in Figure 4.

Proteins involved in merozoite egress are upregulated in severe malaria. Efficient
egress from the infected erythrocyte and subsequent invasion of new erythrocytes are
important components of the Plasmodium life cycle. Merozoite egress and erythrocyte
invasion are especially important with regards to the severity of malaria. The blood stage of
the Plasmodium is the cause of all clinical symptoms (18). As such, an increase in the ability
of the parasite to persist in the blood stages would be expected to increase the severity of the
disease. Consistent with this hypothesis, we have observed increased transcription of four out
of at least eight critical proteins (SUB1, MSP1, MSP6, MSP7, MSP§, SERAS, SERAG6, and
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FIG. 4 Upregulated Genes Involved in
Erythrocyte Egress & Invasion Genes.
The green boxes indicate genes which play a
direct role in erythrocyte egress and
invasion. Yellow boxes indicate regulatory
proteins which interact with genes involved
in merozoite invasion or egress. The boxes
below the gene names denote the fold
change (FC) in expression of the gene in
severe malaria compared to uncomplicated
cases and its associated p-value, which was
obtained from DESeq2. Arrows indicate
positive regulation between gene products
based on the current understanding of the

v FC=3.8
MSP8| P02 RAP1| |PLC
FC=1.7 FC=65 FC=2.6 literature.
p=0.026 p~0.0038 p=0.0014

Rh5) associated with erythrocyte egress and subsequent erythrocyte invasion in severe cases
of malaria (Suppl. Table S1).

Subtilisin-like protease 1 (SUB1) is a regulatory protease, which functions to remove
regulatory domains from other proteins when secreted into the parasitophorous vacuole (19).
Specifically, SUB1 activates serine repeat antigen 5 (SERAS), SERA6, merozoite surface
protein 1 (MSP1), MSP6, and MSP7 (19). These proteins are involved in egress from the
infected erythrocytes and invasion of uninfected erythrocytes by cleaving the spectrin
exoskeleton of red blood cells (20-22). SUB1 (PF3D7_0507500) is upregulated 3.1-fold (p
= 0.001558) between severe and uncomplicated malaria blood samples. Of the targets of
SUB1, we find that SERAS5 (PF3D7 0207600, 8.6-fold, p = 0.003773), MSPI
(PF3D7_0930300, 6.3-fold, p=0.002094), RAP1 (PF3D7_1410400, 6.5-fold, p=0.001688),
and RAP3 (PF3D7_0501500, 7.2-fold, p = 0.01376) are also upregulated in cases of severe
malaria (Suppl. Table S1, Fig. 4). Other known targets of SUBI, such as SERA6
(PF3D7_0207500), MSP6 (PF3D7_1035500), and MSP7 (PF3D7 1335100) are not
differentially expressed between our samples (Suppl. Table S1). SERAS is involved with
erythrocyte egress during the Plasmodium asexual blood stage. The mechanism of SERAS
function is unclear, however studies have shown its activity in merozoite egress (19,23).

MSPI is associated with erythrocyte egress in P. falciparum (21). After post-
translational processing by SUBI to yield its active form, MSP1 is attached to the cell
membrane using a glycosylphosphatidylinositol (GPI) anchor P1 (19). The GPI anchor P1
(PF3D7_1216500) is also upregulated in severe malaria 3.8-fold (p = 0.02439). Another
surface protein, MSP8, attaches to the cell surface via the GPI anchor in addition to MSP1.
MSPS8 (PF3D7_0502400) is upregulated 1.7-fold (p = 0.02565) (Suppl. Table S1, Fig. 4).

Ca?" pathways and other erythrocyte egress regulatory proteins are upregulated in
severe malaria. Several regulatory proteins of SERAS are also upregulated (Suppl. Table S1,
Fig. 4, yellow boxes). One such gene is PF3D7 1013500, which encodes phosphoinositide-
specific phospholipase C (PLC), which we found to be upregulated 2.6-fold (p = 0.00137).
PLC is responsible for hydrolyzing diacylglycerol to form inositol triphosphate (IP3).
IP; stimulates the release of Ca®" ions from the endoplasmic reticulum (ER), through load
activated Ca?" channels (23). The expression of the gene coding for Ca?* channels
(PF3D7_1362300) is also upregulated 3.0-fold in cases of severe malaria (p=0.000281).

In addition to the Ca®" regulatory pathway of SERAS, Raf kinase inhibitor protein
(RKIP), encoded by PF3D7 1219700, is up regulated 5.3-fold (p = 0.008315) (Suppl. Table
S1). Another gene related to SERAS is tyrosine kinase like protein (TKL, PF3D7 1349300),
which is upregulated 2.3-fold (p = 0.0001718) in severe malaria (Suppl. Table S1, Fig. 4).

DISCUSSION

We found significantly more differentially expressed genes than Tonkin-Hill et al did by
1124 (3). Reciprocally, Tonkin-Hill et al found 61 differentially expressed genes more than
our analysis did. There was substantial overlap in the findings, especially with regard to the
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sign (+/-) of the fold change. In other words, upregulated genes found by Tonkin-Hill et al
were also found to be upregulated in severe malaria in our reanalysis. However, Tonkin-Hill
et al used a cutoff of p < 0.1 whereas we use the cutoff of p < 0.05. Of the 358 differentially
expressed genes that Tonkin-Hill et al found, most were down regulated and about half of
their significant hits were also found by our analysis. On the other hand, the majority of our
differentially expressed genes were upregulated in severe malaria and were not found by
Tonkin-Hill et al. Therefore, our analysis is more comprehensive and rigorous. Tonkin-Hill
et al. used the limma/Voom alignment software and found 358 differentially expressed genes
(3). By contrast, we used the HISAT2 alignment method and found that there were 595
differentially expressed genes. The reason that DESeq2 was used is because it is designed for
analysis of high dimensional count data. Since we are observing the entire transcriptome
rather than only the var gene, we felt as if DESeq2 would yield our best and most accurate
results. The large difference in differentially expressed genes found may have resulted from
the difference of analysis using DEeq2 instead of limma/voom. In comparison to gene
analysis, DESeq2 is known to find more genes than limma/Voom. DESeq2 uses the non-
linear model while limma/Voom uses the linear model (24). Upon looking deeper into the
results of a study performed by Tong, both computational tools share the gene results in
upregulated and downregulated genes. However, it is noticeable that DESeq2 has found more
unique genes (24). This can explain our finding of a significantly higher amount of
differentially expressed genes found. The finding could also be explained by how we chose
to filter the reads, including non-var genes and excluding P. vivax aligned reads. This analysis
of entire transcriptomes and use of DESeq2 has revealed an additional 1124 differentially-
expressed genes compared to Tonkin-Hill et al’s study (3).

Overall, we find that there are 10-fold more upregulated than downregulated genes in P.
falciparum in severe malaria in Indonesia (Suppl. Table S1, S2, Fig. 3). Our findings are
dissimilar to what was found in previous gene expression studies of malaria virulence in
which there were not significantly more upregulated genes in severe cases (5, 8, 25). These
previous studies used DNA microarrays to conduct differential expression analysis, which
may have limited the number and variety of transcripts detected. Furthermore, there are many
differences in patient demographics in our study versus in others, such as geographic region,
age, and parasite species, which can account for these differences. These caveats are further
discussed in the Study Limitations section below.

Previous studies on the biochemical function of the gene products contribute to our
hypothesis that malaria virulence is mediated by erythrocyte egress through SERAS (20).
DiCre-mediated excision of PF3D7 0207600 resulted in a 50% reduction in intracellular
Plasmodium population and invasion rate, which links erythrocyte egress with increased
virulence (20). MSPS8 has also been implicated in erythrocyte egress, which provides further
evidence for the mechanisms of P. falciparum virulence by erythrocyte egress and invasion
(26). Although MSP1 forms a complex with MSP6 and MSP7 in vivo, we only found that
MSP1 transcripts were upregulated in severe malaria. This suggests that the increased
erythrocyte egress function of the complex is specifically regulated by MSP1 transcript over-
expression. The upregulation of merozoite surface proteins in severe malaria suggests
mechanisms of erythrocyte invasion and merozoite egress. Malaria virulence through
erythrocyte egress and invading new host cells may also be regulated through SERAS by
crosstalk with other cell biological mechanisms. The upregulation of PLC, Ca?" channels, and
RKIP further support additional mechanisms of SERAS regulation. A previous study has
shown that TKL interacts with SERAS in vitro, although the exact function of TKL is not
known (27). Upregulation of TKL along with other regulators of SERAS provides evidence
that TKL is a regulator of SERAS and plays a role in merozoite egress. A possible hypothesis
is that TKL plays a direct role in the function of SERAS during merozoite egress (27).

Our investigation of upregulated genes relating to surface antigen regulation by
differential expression analysis has identified other possible parallel mechanisms of malaria
virulence. Previous investigation has found that the role of Rh5 in erythrocyte invasion is to
draw the erythrocyte closer to the surface of the Plasmodium with the aid of p113 protein
(28). Rh5 is expressed during erythrocyte invasion and first binds to the p113 on the surface
of the plasmodium (28). Afterwards, Rh5 binds to the basigin receptors on the surface of the
targeted erythrocytes (28). Rh5 and p113 are both not upregulated in severe malaria (Suppl.
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Table S1). The interaction between Rh5 and p113 works to draw the erythrocyte closer to the
Plasmodium in preparation for the formation of the moving junction (28).

Limitations There are several caveats that limit our ability to apply our findings to a
generalized mechanism of malaria virulence caused by P. falciparum gene expression. First,
our data comes from one study in Indonesia, which gives us sufficient numbers to achieve
significant power in our differential expression analysis. However, the mechanism of malaria
virulence may be dependent on environmental effects and interactions with the host’s biology,
which affects how wide we can extrapolate the findings. Furthermore, Bobowik et al. 2021°s
meta-analysis concludes that there is a unique gene expression profile among Plasmodium
strains in Indonesia compared to other Asian and African strains (9). Second, the majority of
the P. falciparum cells collected from whole blood in this study were in the erythrocytic ring
and trophozoite stages, which might bias our data towards mechanisms involving such related
life stages. Other gene expression studies using patient blood samples find similar proportions
of parasitic life cycle stages (5, 9,29). Follow-up genetic analysis on the functions of these
proteins involved in merozoite egress and erythrocyte invasion can corroborate our findings.
Third, our filter step might have removed aligned reads that are too similar to distinguish
between P. vivax and P. falciparum. Our filtration step removed about 4% of the aligned reads
that matched to the P. vivax genome. Therefore, our analysis may not be a complete picture
of all P. falciparum genes that are regulated in severe and uncomplicated malaria.

Conclusions Efficient egress from the infected erythrocyte, and subsequent invasion of new
erythrocytes is an important component of the Plasmodium life cycle. Merozoite egress and
erythrocyte invasion are especially important with regards to the severity of malaria. The
blood stage of the Plasmodium is the cause of all clinical symptoms (1). Consistent with this
hypothesis, we have observed increased transcription of four out of at least eight critical
proteins associated with erythrocyte egress and subsequent erythrocyte invasion in severe
cases of P. falciparum. It is important to note that we have not been able to confirm an
increase in protein abundance or function in vivo. These upregulated genes are Rh5, MSP1,
MSPS8 and SERAS5 (Suppl. Table S1, Fig. 4). In addition, upregulation of the regulatory
proteins of SERAS has been shown in severe cases of P. falciparum (Suppl. Table S1, Fig.
4). This data show that malaria severity is correlated with the expression of these genes. In
addition, CDPK1, Ca?" Channels, PLC, and RAF kinase inhibitor are also up-regulated
(Suppl. Table S1, Fig. 4). Several other gene expression analyses also find similar differential
expression among genes involved in erythrocyte egress and invasion (5, 7,8,29). Our findings
are consistent with previous studies which have been done to characterize the function and
importance of these genes in P. falciparum (19-21,23,26-30).

Future Directions This work provides many possible new directions for wet-lab studies of
the mechanisms of malaria virulence by Plasmodium surface proteins. Further work needs to
be done to study the parasite in vitro to first confirm our RNA-seq analysis findings. We
suggest that other groups investigate the biochemical mechanisms of these proteins and
genetic interactions to discover their exact role and possible pathways in erythrocyte invasion
and merozoite egress. Specifically, further investigation of the effect of artificially increasing
MSP1 transcript expression would confirm our hypothesis. Biochemical and genetic research
characterizing the binding and functional interactions between TKL and SERAS is needed to
more fully understand how it affects the process of merozoite egress.
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