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A B S T R A C T

Plasmodium falciparum, which causes life-threatening cerebral malaria has rapidly gained resis-
tance against most frontline anti-malarial drugs, thereby generating an urgent need to develop 
novel therapeutic approaches. Conducting in-depth investigations on Plasmodium in its native 
form is challenging, thereby necessitating the requirement of an efficient model system. In line, 
mounting evidence suggests that Dictyostelium discoideum retains both conformational and func-
tional properties of Plasmodium proteins, however, the true potential of Dictyostelium as a host 
system is not fully explored. In the present study, we have exploited comparative genomics as a 
tool to extract, compare, and curate the extensive data available on the organism-specific data-
bases to evaluate if D. discoideum can be established as a prime model system for functional 
characterization of P. falciparum genes. Through comprehensive in silico analysis, we report that 
despite the presence of adaptation-specific genes, the two display noteworthy conservation in the 
housekeeping genes, signaling pathway components, transcription regulators, and post- 
translational modulators. Furthermore, through orthologue analysis, the known, potential, and 
novel drug target genes of P. falciparum were found to be significantly conserved in D. discoideum. 
Our findings advocate that D. discoideum can be employed to express and functionally charac-
terize difficult-to-express P. falciparum genes.

1. Introduction

Malaria, an infectious disease is a serious public health problem affecting approximately 249 million individuals worldwide with a 
global tally of 5,80,000 deaths, specifically in Asian and African subcontinents [1]. Although various Plasmodium species such as 
P. vivax, P. malariae, P. ovale, and P. knowlesi have been implicated in malarial etiology, P. falciparum is notable for causing cerebral 
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malaria [2]. The challenge to prevent P. falciparum inflicted malarial infections is gaining momentum due to the growing resistance 
presented by the parasite against most frontline anti-malarial drugs namely, chloroquine, artemisinin, sulphadoxin-pyrimethamine, 
etc. [3–5]. The surging episodes of drug resistance generate an urgent need to identify both novel drug targets and alternative 
treatments.

P. falciparum is a parasitic protozoan that exhibits a complex life cycle encompassing two host systems. The parasite undergoes a 
series of transformations resulting in different stages of its life cycle with its asexual phase taking place in the human host, and the 
sexual as well as the sporogonic phase occurring in the female Anopheles mosquito [6]. Approximately 50 % of the total genes present 
in P. falciparum genome have not been functionally annotated [7,8] primarily because it is challenging to genetically manipulate the 
organism and its A + T-rich genome renders deriving its proteins in an active form difficult [9]. Several heterologous systems have 
been used to express and characterize P. falciparum genes but with limited success [10]. Recently, Dictyostelium discoideum has emerged 
as a better alternative for conducting such studies [11–14].

D. discoideum, like P. falciparum, has an A + T rich genome but unlike the parasite, it is a free-living amoeboid that is abundantly 
found in soil and moist leaf litter. It displays a life cycle altering between unicellular and multicellular forms which is strictly regulated 
by the availability of nutrition [15]. It exists as a single-celled haploid organism feeding voraciously on soil microbes representing the 
vegetative phase until the food source lasts. As the food exhausts, the developmental phase ensues marked by an orchestrated ag-
gregation of starving amoebae transitioning from an independent unicellular form into various multicellular structures [16]. 
Accredited to this developmental property, ease of culture, and amenability to genetic manipulation, D. discoideum has emerged as a 
prime model organism for studying various biological functions such as cell motility, cytokinesis, signal transduction, phagocytosis, 
chemotaxis, and cell differentiation [17,18]. Furthermore, evolutionarily conserved genes and signaling pathways with higher or-
ganisms have established D. discoideum as a promising model system for various biomedical and human diseases-related research 
including neurodegenerative disorders and host-pathogen interactions [19,20].

Based on the reports that D. discoideum retains both conformational and functional properties of Plasmodium proteins [11,13], we 
compared the genomes of D. discoideum and that of P. falciparum using the data available in public databases, to explore whether 
D. discoideum can be developed as an ideal model system to express Plasmodium genes and to carry out the functional analysis of these 
proteins. The analysis involved a comparison of genome characteristics of the two organisms in interest, comparing gene ontology 
pertaining to various cellular processes. In addition, an orthologue analysis was performed for genes encoding proteins involved in cell 
cycle, metabolism, cell motility, autophagy, and post-translational modifications. The findings of the comparative genome analysis of 
these two protozoans are presented in this study.

2. Materials and methods

2.1. Comparison of the genome characteristics of D. discoideum and P. falciparum

For the comparison of various genome-specific characteristics namely, genome size, chromosome number, number of genes and 
proteins encoded, etc., appropriate data were retrieved for the AX4 strain of D. discoideum from Dictybase (http://dictybase.org/Dicty_ 
Info/genome_statistics.html, accessed on 17th April 2024) and 3D7 strain of P. falciparum from PlasmoDB (release 68, accessed on 10th 
May 2024) along with the genome database of NCBI for the two organisms (https://www.ncbi.nlm.nih.gov/genome, accessed on 17th 
April 2024) [21,22]. The information retrieved for both organisms was subsequently tabulated and compared. In line, the OrthoMCL 
database was referred to determine the abundance of proteins corresponding to different orthologous categories for both organisms. 
Lastly, an OrthoMCL (release 6.21, accessed on May 14, 2024) search was performed to estimate the overall conservation of 
P. falciparum proteins in D. discoideum.

2.2. Phylogenetic analysis

For phylogenetic analysis, rRNA gene sequences were taken. These sequences are essential for ribosome function and consist of 
hypervariable regions that provide species-specific signature sequences and conserved regions that reflect phylogenetic relationships 
among species. These are highly valuable tools for genomics and are commonly used for phylogenetic analysis [23,24]. The sequences 
of 16S, 17S, and 18S rRNA for the species of D. discoideum, P. falciparum, and other organisms from different taxa including Tetra-
hymena thermophila were retrieved from the nucleotide database of NCBI (https://www.ncbi.nlm.nih.gov/nucleotide/, accessed on 
May 21, 2024). MUSCLE (a program for aligning multiple amino acid and nucleotide sequences, embedded in MEGA X software) was 
used to generate multiple sequence alignments of the retrieved sequences [25]. MUSCLE alignment parameters included a gap opening 
penalty (GOP) of − 400 and a gap extension penalty (GOE) of 0 with 8 iterations. Other parameters included a minimum diagonal 
length of 24 and the UPGMB clustering method. The evolutionary history was inferred using the Maximum Likelihood method based 
on the Tamura-Nei model [26]. The bootstrap consensus tree inferred from 1000 replicates was taken to represent the evolutionary 
history of the taxa analyzed [27]. Branches corresponding to partitions reproduced in less than 50 % bootstrap replicates were 
collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are 
shown next to the branches [27]. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Joining and 
BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach and then 
selecting the topology with superior log likelihood value. The analysis involved 10 nucleotide sequences. All positions with less than 
95 % site coverage were eliminated, i.e., fewer than 5 % alignment gaps, missing data, and ambiguous bases were allowed at any 
position. There were a total of 1517 positions in the final dataset. Evolutionary analyze s were conducted in MEGA X software [28].
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2.3. Gene ontology and comparative analysis for genes involved in metabolic pathways

To perform gene ontology, AmiGO’s Gene Ontology database search (https://amigo.geneontology.org/amigo, accessed on May 25, 
2024) and PANTHER program (Release 17.0, accessed on May 25, 2024) were used to retrieve gene annotations for D. discoideum and 
P. falciparum. These databases assign a functional annotation to a protein on the basis of sequence similarity/identity using sequence 
alignment [21,22,29,30]. To perform a comprehensive comparison of the metabolic pathways of D. discoideum and P. falciparum, 
metabolic pathway-specific genes of both organisms were one-to-one compared to identify unique and diverse functional genes using 
the PANTHER program.

2.4. Annotation of D. discoideum proteins with conserved post-translational modulator domains and orthologue analysis with human 
malarial parasite P. falciparum

Initially, previously published articles were referred [31] and text-based searches with keywords for various post-translational 
modulators like “kinase”, phosphatase”, “peptidase/protease”, “acetylase”, deacetylase, “methyltransferase”, “heat shock proteins” 
and “PPIases” were performed on Dictybase to identify the various cognate proteins encoded by the D. discoideum genome. Next, the 
complete proteome of D. discoideum (AX4 strain) was retrieved from Dictybase [22] and was thoroughly scanned for the presence of 
conserved post-translational modulator domains. This was performed using the NCBI Conserved Domain Database search (version 
3.21–62456 PSSMs, accessed on May 12, 2024) keeping a threshold e-value of 10− 6 [32]. Additionally, a search for the 
above-mentioned conserved domains was also performed for each of these protein sequences using InterProScan 5 (https://www.ebi. 
ac.uk/jdispatcher/pfa/iprscan5, accessed on May 12, 2024) [33]. The results obtained from both the methods (NCBI CDD search and 
InterProScan 5) were manually compared and verified if the protein sequence harbors identical domain(s) before assigning it to a 
particular category of post-translational modulator(s). This data generated for D. discoideum was subsequently used for orthologue 
comparison with P. falciparum and Homo sapiens.

For orthologue analysis, an OrthoMCL database search was performed which categorizes two proteins as orthologues of each other 
based on sequence homology. In the present analysis, OrthoMCL pre-set default values for various parameters such as average percent 
identity (80 percent to 100 percent), average percent homology (80 percent to 100 percent), e-value (− 200 to − 150), etc., were taken 
[34,35]. Accordingly, the UniProt IDs of post-translational modulators of D. discoideum were fed to the OrthoMCL database and 
eventually, the P. falciparum-specific orthologues were obtained at the end of the search. The resultant list was then compared with the 
list of post-translational modulators of P. falciparum made by referring to the previously published reports, and databases such as 
PlasmoDB and Kipho (https://bioinfo.icgeb.res.in/kipho/, accessed on May 14, 2024) for further verification [36–39]. Furthermore, to 
discern the conserved post-translational modulators between D. discoideum and H. sapiens, an additional OrthoMCL analysis was also 
conducted. The final output data was compared to ascertain the unique and conserved post-translational modulators amongst all the 
three organisms of interest.

2.5. Identification of conserved gene(s) and protein(s) participating in various cellular processes, transcription regulation, and potential 
drug-based targets

To ascertain the presence of orthologues of P. falciparum proteins involved in virulence, hemoglobin digestion, heme detoxification, 
cellular motility, autophagy, etc., in D. discoideum both NCBI’s BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins, 
performed on May 15, 2024) and OrthoMCL analysis using Uniport IDs of respective Plasmodium proteins against D. discoideum were 
carried out. In case, no significant hits were obtained through primary sequence NCBI blast search, secondary structure-based HHpred 
(https://toolkit.tuebingen.mpg.de/tools/hhpred, performed on May 17, 2024) analysis was performed with default parameters to find 
orthologues for P. falciparum [40]. Further using previously published reports as a reference and CisBP (Database build 1.02, May 25, 
2024) depositories [41], we performed a detailed analysis of transcription factors [42–44]. Lastly, to find out the orthologues in 
D. discoideum against various known and potential drug targets in P. falciparum, previously published studies were referred to collect 
reported drug targets which were then fed to the OrthoMCL database for further analysis [45,46].

2.6. Tabulation and graphical representation

The data retrieved through various databases and analyses were systematically entered and tabulated in Microsoft Office Excel 
2013 and the graphs depicting the genes and proteins distribution were generated using PRISM GraphPad software (ver8.0.2). A 
flowchart depicting the methodology and analysis pipeline followed for this study has also been provided (Supplementary Fig. 1).

3. Results

3.1. Genome characteristics of D. discoideum and P. falciparum

To get insights into the features of P. falciparum and D. discoideum genomes, we compared the genome information of P. falciparum 
and D. discoideum using their respective databases; DictyBase (http://dictybase.org/Dicty_Info/genome_statistics.html) and PlasmoDB 
ver 68 (Table 1). The genome size of D. discoideum and P. falciparum are 34 Mb and 23.3 Mb respectively, although the number of 
chromosomes is more than twice in P. falciparum, 14 as compared to the 6 present in D. discoideum, [22,47]. Both organisms have very 
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high AT content, 81 % in P. falciparum and 77.6 % in D. discoideum. The AT content in P. falciparum rises to approximately 90 % in the 
introns and intergenic regions while in D. discoideum it can exceed up to 95 % in the intergenic region [48,49]. It is also found that the 
total number of genes both coding and non-coding, are higher in D. discoideum except for snoRNA genes and other ncRNA genes that 
are comparatively more in P. falciparum (Table 1). Recent investigations using RNA-seq data have shown that P. falciparum and 
D. discoideum encode 164 and 621 long-non-coding RNA, respectively, and these regulate various molecular functions during 
development [50,51]. The number of annotated genes is higher in P. falciparum, probably because of the extensive work carried out on 
P. falciparum. The information retrieved through organism-specific databases and NCBI’s genome database showed 12,739 proteins are 
encoded by D. discoideum genome and 5318 proteins encoded by P. falciparum genome. These proteins have been classified into 8758 
and 4674 orthologues groups, respectively by OrthoMCL (Supplementary File 1). Further analysis showed 1827 P. falciparum proteins 
have homologues in D. discoideum (2029 proteins distributed in 1667 orthologues groups) (Supplementary File 1 and Supplementary 
Figure 2A). Of note, P. falciparum has a higher number of proteins having functional repeats and amino acid homo polymer repeat 
regions or low complexity regions in comparison with D. discoideum which also harbors a large number of such proteins, however, has a 
comparatively smaller number of pseudogenes (Table 1) [52–56].

3.2. Phylogenetic analysis shows that D. discoideum and P. falciparum are evolutionarily distinct

To analyze how D. discoideum and P. falciparum are phylogenetically linked, we performed evolutionary phylogenetic analysis using 
16S/17S/18S rRNA gene sequences for different species of Dictyostelium, Plasmodium, and several other organisms including 
T. thermophila, which is a free-living ciliate that can switch from communalistic to pathogenic mode of survival under different 
conditions [57]. The genomes of D. discoideum and P. falciparum are AT-rich while the genomes of P. vivax and P. knowlesi have high GC 
content. The phylogenetic analysis showed that distinct clusters were formed by Plasmodium spp. and Dictyostelium spp, separated by 
T. thermophila, which shows both the characteristics. This indicates that comparatively small differences lie among Plasmodium species 
despite having differences in their genome composition (Fig. 1). However, as expected, it was observed that Plasmodium spp., Dic-
tyostelium spp. and other protozoan spp. formed distinct clusters suggestive of the significant changes that had occurred in the genomes 
of protozoans and metazoans.

3.3. Comparative gene ontology and metabolic pathway analysis reveals the presence of both conserved and distinct proteins

Gene ontology data retrieved from AmiGO database (AmiGO 2) resulted in the identification of 5447 P. falciparum genes and 9435 
D. discoideum genes with annotated biological processes and subcellular localization (Fig. 2). Gene ontology analysis shows a similar 
pattern for conserved genes involved in housekeeping functions as the ratio of the number of genes involved in these cellular processes 
is in accordance with the genome size of the two organisms. However, a significant change is seen in the ratio or the number of genes 
involved in the cellular processes related to the adaptive pathways required by these two organisms for their survival in their 
respective niches (Fig. 2B). For example, in cellular component analysis, the number of proteins involved in cellular homeostasis, cell 
periphery and membrane localization were found to be 4 times higher in D. discoideum as compared to P. falciparum, whereas apical 
proteins, rhoptry proteins and cell surface proteins were comparatively much higher in P. falciparum (Fig. 2A). It appears that the 
differences in these proteins reflect their respective ecology and adaptation for survival.

Likewise, the number of genes involved in various biological processes was seen to be much higher in D. discoideum than in 
P. falciparum based on molecular functional analysis using AmiGO (source: AmiGO gene ontology database version AmiGO 2). 
However, in some biological processes, this correlation between genome size and the number of proteins does not hold true (Fig. 2B). 
For instance, proteins involved in cell adhesion regulation and stimulus responses were higher in number in P. falciparum than in 
D. discoideum. On the contrary, it was observed that D. discoideum has more proteins involved in detoxification than in P. falciparum. 

Table 1 
Comparison between P. falciparum (PlasmoDB version 68) and D. discoideum (dictybase).

Features P. falciparum (3D7 strain) D. discoideum (AX4 strain)

Genome size 23.3 Mb 34 Mb
Number of Chromosomes 14 6
% GC content 19 22.4
% AT content 81 77.6
Total genes 5720 12947
Number of protein-coding genes 5389 12257
rRNA genes 65 200
tRNA genes 78 418
snRNA genes 5 18
snoRNA genes 41 19
Other ncRNA genes 55 35
GO annotations 5447 9435
Repeat regions 0.44 0.11
Scaffolds 15 41
Pfam Domains 6300 14238
Number of Pseudogenes 158 650
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This can be explained by the fact that D. discoideum, a free-living soil organism, cohabits in soil with many soil microorganisms 
secreting various toxins for example DNA-damaging agents, etc., and the proteins of the organism involved in the detoxification 
process detoxify and counter the hostile and fluctuating surrounding environments in soil. On the other hand, P. falciparum having a 
parasitic life cycle, may use host proteins in the detoxification process, in addition to its own proteins whenever required. Some of the 
published reports suggest that P. falciparum imports human Peroxiredoxin-2 and Peroxiredoin-6 proteins into its cytosol, from the 
erythrocytes for peroxide detoxification. Inhibition of these host-specific enzymes has been lethal for the parasite [58,59]. Thus, the 
observed pattern reflects the adaptation of the organisms to their respective environment.

Classification using the Panther program categorizes D. discoideum and P. falciparum proteins into 23 proteins classes with the 
maximum number clustered into unclassified protein classes, 58.8 % and 53.3 %, respectively (Fig. 3B). The analysis showed that a 
maximum number of proteins belonged to metabolite interconversion enzyme, followed by protein modifying enzymes and RNA 
metabolism proteins (Fig. 3A and B). Interestingly, classification of proteins into different groups reveals comparable percent distri-
bution as the overall number of proteins encoded by the organism in accordance with its genome size with an exception of some groups 
such as RNA metabolism proteins, translational proteins and protein-binding activity modulators.

Similarly, metabolic pathway analysis showed conservation of the enzymes involved in cellular housekeeping pathways such as 
glycolysis, ATP synthesis, heme biosynthesis, ubiquitin-proteasome pathway, DNA replication and cell cycle, etc., between the two 
organisms. However, significant difference was observed in the number of annotated proteins for cholesterol biosynthesis, FS-7- 
associated surface antigen (FAS) signaling (required for programmed cell death/apoptosis) and Fibroblast growth factor (FGF) 
signaling, etc., in these two genomes (Supplementary File 2).

3.4. Comparative analysis of post translational modulators indicates significant number of conserved proteins

To gain insights into the regulatory proteins present in these two genomes, comparative analysis for the post-translational mod-
ulators related to these two genomes was performed. Although reports on post-translational modulators in P. falciparum genome are 
available, but no report on a comprehensive analysis for D. discoideum post-translation modulators is documented yet. The search 
resulted in finding various proteins involved in protein folding, modification and processing pathways such as chaperones, PPIases, 
kinases, phosphatases, proteases, methyltransferases, acetyltransferases and deacetylases, etc. of D. discoideum. (Fig. 4 and Supple-
mentary Tables 1–5). Further, comparative orthologue analysis of post-translational modulators between D. discoideum and 
P. falciparum genomes revealed expansion for kinases, phosphatases, proteases, methyltransferases, acetyltransferases and deacety-
lases in D. discoideum genome (Fig. 4). The analysis revealed a similar distribution pattern for kinases in different families but showed 
great expansion of Protein tyrosine phosphatase (PTP) superfamily in D. discoideum as compared to P. falciparum (Supplementary 

Table 2 
Transcription factors families in the CisBP database (Database build 1.02).

Transcription Factors 
Family

Organisms

P. falciparum (3D7 strain) P. vivax (P01 strain) D. discoideum (AX4 strain) D. purpureum (DpAX1 strain)

AP2 26 27 – –
Myb/SANT 7 5 28 32
Sox 3 4 5 6
Arid/Bright 1 1 3 2
C2H2 ZF 2 3 8 6
CBF/NF-Y 1 1 – –
CSD 1 – – –
Ets 1 – – –
mTERE 1 1 – –
p53 1 – – –
TBP 3 3 1 1
GATA – – 23 35
Homeodomain – – 13 21
E2F – – 7 2
MADS box – – 4 2
Forkhead – – 17 1
HSF – – 1 1
NAC/NAM – – 1 1
bZIP – – 19 14
Ndt80/PhoG – – 2 3
NFX – – 1 1
Nuclear receptor – – 1 –
RWP-RF – – 5 2
Zinc cluster – – 2 2
AT hook – – 1 –
WRKY – – 1 2
ABF 1 – – 2 –
TCR/Cxc – – 1 1

Note: “-” indicates “no orthologues” found.
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Fig. 1. Phylogenetic tree generation and evolutionary relationship among Plasmodium and Dictyostelium spp. using 16S/17S and 18S rRNA gene 
sequences and MEGA X software. The Maximum-Likelihood method with 1000 bootstraps was used to perform the phylogenetic analysis. The 
numerical values show the number of times a sequence occupied that place while the phylogenetic tree was constructed 1000 times (bootstrap 
value) by the program. The values are shown out of 100 instead of 1000.

Fig. 2. Comparative gene ontology (GO) analysis for P. falciparum and D. discoideum (Amigo database) (A) Cellular localization (B) Biological 
processes in which identified proteins are involved. Red colored bars represent data for P. falciparum, whereas blue colored bars represent data for 
D. discoideum. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2). Additionally, sequence based orthologue analysis through the OrthoMCL database showed that D. discoideum and 
P. falciparum have 19, 44 and 64 conserved orthologue groups for kinases, phosphatases and proteases, respectively (Supplementary 
Tables 1, 2, 3 and Supplementary Figures 2-B, C and D). Similarly, D. discoideum and P. falciparum have 3 and 9 conserved orthologous 
groups for methyltransferases and (acetyl/deacetyl) transferases (Supplementary Tables 4 and 5). The number of proteins belonging to 
studied post-translational modulators for identified conserved orthologue groups is higher in D. discoideum than in P. falciparum but an 
expansion of proteins was found to be in few orthologue groups in D. discoideum (Supplementary Tables 1–5). It was also noted that 
these proteins found in D. discoideum showed a considerable degree of conservation with H. sapiens proteins.

Additionally, an orthologue analysis was performed on proteins with chaperone activities; heat shock proteins (HSPs) and peptidyl 
prolyl cis/trans isomerases (PPIases). HSPs function as molecular chaperones and are essential for survival under normal and stress 
conditions. They play an important role in maintaining cellular proteostasis by integrating the fundamental process of protein folding 
and degradation. Some of the heat shock proteins of D. discoideum were found to be conserved in both P. falciparum and H. sapiens 
(Table 3a, 3b). On the other hand, Peptidyl-prolyl cis/trans isomerases which form a chaperone superfamily mainly consist of 
cyclophilins, FK-506 binding proteins (FKBPs), parvulins and Protein-ser/thr-phosphatase2A activators (PTPA). These enzymes 
catalyze the cis/trans isomerization of peptide bonds preceding proline in proteins, thereby regulating protein folding, activation, 
degradation and localization of several protein substrates. We also observed that based on protein sequence similarity, some of the 
cyclophilins and FKBPs found in D. discoideum were also found to be conserved in P. falciparum. It is notable that high degree of 
conservation among all PPIases in D. discoideum and those in H. sapiens was also observed (Table 4).

Fig. 3. Comparative protein class distribution for P. falciparum and D. discoideum. Red colored bars represent data for P. falciparum, whereas blue 
colored bars represent data for D. discoideum. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 4. Comparative genome-wide distribution of post-translational modulators in P. falciparum and D. discoideum. Red colored bars represent data 
for P. falciparum, whereas blue colored bars represent data for D. discoideum. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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3.5. Orthologue analysis showed the conservation of proteins involved in cell motility and autophagy pathways with distinct proteins 
involved in P. falciparum pathogenicity

Regulation at the level of transcription and post-translational modifications plays a vital role in many cellular processes such as cell 
survival, cell motility, development, proliferation, etc. To check whether the proteins in some of these cellular pathways are present in 
both D. discoideum and P. falciparum, a search using BLASTP was performed to identify orthologues in the genomes of these organisms. 
The analysis showed that the proteins which are involved in regulating cell cycle and cell motility, for instance, Cyclin-dependent 
kinases (Cdks) and phosphatases, Cdc25, etc., seemed to have significant conservation (Supplementary Tables 1, 2 and 6). Actin 
and Tubulin involved in cellular motility also showed a high degree of similarity (At 96 % query coverage these proteins show 80 % 
and 68 % identity respectively, data not shown). These results indicate that proteins essential for vital cellular activities are signifi-
cantly conserved between these organisms suggesting probable conservation in the signaling pathways.

It is interesting to note that orthologous proteins involved in hemoglobin degradation and heme detoxification pathways in 
P. falciparum were absent in D. discoideum (Supplementary File 3). Similarly, genes implicated in pathogenicity and virulence for 
P. falciparum, such as Erythrocyte membrane protein 1 (PfEMP1) [60,61], Erythrocyte binding antigens (EBA-140, EBA-175 and 

Table 3a 
D. discoideum heat shock proteins and their orthologues in P. falciparum and H. sapiens.

D. discoideum (AX4 strain) ID D. discoideum proteins P. falciparum (3D7 strain) ID H. sapiens ID OrthoMCL ID

Q9NKX1 Glucose regulated protein 94 Q25869 P08238 OG6_100204
P07900-1

P54651 Hsp90 Q25869 P08238 OG6_100204
P07900-1

Q55ED4 NF-KappaB activating protein O15739 Q8N5F7 OG6_103179
Q6TMK3 Heat shock protein 70 Q8IC01 B4DYH1 OG6_100680
Q557E0 Heat shock protein 70 E Q07615 P11021 OG6_100083
Q54BE0 Hsp70H2 K7NTP5 P11021 OG6_100083
Q810H7 mHSP70 Q8II24 P38646 OG6_100423
Q54EV3 Hsp101 QN9FG9 Q9H078-1 OG6_100223
P36415 hspB P12794 Q53FA3 OG6_100083

P54652
P08107
P34931
P11021
P17066
P11142-1

Note: All proteins have been denoted with their UniProt IDs.

Table 3b 
D. discoideum heat shock proteins having no orthologues in P. falciparum and H. sapiens.

D. discoideum (AX4 strain) ID D. discoideum Protein OrthoMCL ID

Q76NU5 HspG12 OG6_114203
Q8MPA5 HspG7 OG6_114203
Q550E9 HspG8 OG6_114203
Q8MPA7 HspG5 OG6_114203
Q86KF5 HspG9 OG6_114203
Q550E5 HspG10 OG6_114203
Q550E3 HspG11 OG6_114203
Q55GH8 HspL OG6_100183
Q552K9 HspG2 OG6_114203
Q86I25 HspG1 OG6_114203
Q54MR6 HspN OG6_592477
Q54IG2 Hsp83 OG6_114203
Q1ZXL6 HspF-2 OG6_591334
Q54WT6 HspJ OG6_590801
Q54W43 HspM OG6_114203
Q551F8 HspG3 OG6_114203
P54658 HspC OG6_590870
Q54VP4 Hsp48 OG6_100183
Q54I91 HspI OG6_129811
C7G080 Hsp19 OG6_100183
Q551G1 HspG4 OG6_114203
Q8MMN1 HspG6 OG6_114203
Q54QE9 Hsp69 OG6_174950
Q86H60 HspK OG6_165654

Note: All proteins have been denoted with their UniProt IDs.
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EBA-180) [6], Merozoite surface proteins (MSPs) [62] and Apical membrane protein (AMA1) [63,64] were absent in D. discoideum 
substantiating the existence of organism-specific pathways depending on their growth niche.

Further analysis on autophagy proteins using OrthoMCL revealed sequence conservation for a few proteins, namely, ATG3, ATG7, 
ATG8, ATG12, and ATG18 in these two protozoans. (Supplementary Table 6). Furthermore, it is worth mentioning that autophagy 
proteins ATG1 and ATG4 of these organisms cannot be considered as orthologues on the basis of their sequence yet they displayed 
structural similarity through HHpred analysis (data not shown). (Supplementary File 3). However, no significant conservation was 
detected in sequence identity and secondary structure for the autophagy protein ATG9 in these two protozoa. These findings suggested 
that conservation of protein function was achieved by retaining protein structure despite the diversification at amino acid sequence in 
the autophagy pathway proteins.

3.6. Comparative analysis of transcription regulators shows conserved as well as distinct families

Analysis of transcription factors (TFs) revealed the presence of conserved members of Zinc finger, Helix-turn-helix, Myb, Cumin/ 
JMC and HMG families in both D. discoideum and P. falciparum wherein the number of TFs was found to be higher in D. discoideum. A 
recent report on P. falciparum transcription factors has shown 96 transcription factors distributed among 19 families which accounts 
for a 2-fold higher number as reported in the CisBP database, suggesting a new search method may provide additional TFs in the 
genome of D. discoideum [29]. AP2 family, a major TF family present in P. falciparum, has been shown to regulate cell cycle transitions 
and in controlling different development stages of its parasitic life cycle [65–67]. Similarly, transcription factors belonging to the bZIP 
family help in the regulation of expression of genes responsible for driving cell proliferation and differentiation in D. discoideum [68,
69] and the transcription factors of bZIP family do no find orthologues in P. falciparum but the AP2 transcription factors help in the 
regulation of same cellular functions. Furthermore, orthologues of the AP2 transcription factor family along with CBF, CSD, Ets, and 
mTERE were not found in D. discoideum (Table 2). Also, many families of TFs present in D. discoideum were found to be unique, 

Table 4 
D. discoideum PPIases and their orthologueues in P. falciparum and H. sapiens.

D. discoideum (AX4 strain) ID D. discoideum PPIases P. falciparum (3D7 strain) ID H. sapiens ID OrthoMCL ID

Q54SM3 PpiA Q76NN7 P23284 OG6_100528
P62937
P30405

Q9UA41 Cyclophilin D Q76NN7 P23284 OG6_100528
P62937
P30405

Q55F01 Ppwd1 Q8I402 Q96BP3 OG6_102016
Q9NI62 Cyclophilin E Q8I3I0 Q9Y3C6 OG6_102285
Q86J17 PpiH Q27716 O43447 OG6_103291
B0G146 Ppil 2 Q8I2K8 Q13556-1 OG6_102815
Q9TW32 Cyclophilin B Q27745 P23284 OG6_100844

P62937
P30405

Q54E95 Ppil3 Q8IIK3 Q9H2H8-1 OG6_102733
Q54QI6 FKBP4 Q8I4V8 Q13451 OG6_100299

P62942
Q02790
P68106-1

Q554J3 FKBP3 Q8I4V8 Q13451 OG6_100299
P62942
Q02790
P68106-1

Q55643 Cyclophilin-type PPIase Q8ILM0 Q6UX04-1 OG6_102804
Q54SR7 FKBP-type PPIase – P26885 OG6_101705

Q9NWM8
Q54Z53 Pin4 – Q9Y237-1 OG6_101694

Q9Y237-2
Q55EZ0 PinA – Q13526 OG6_100390
Q54NB6 FKBP-type PPIase – – OG6_104296
Q54LG6 FKBP1 – – OG6_174979
B0G119 FKBP-type PPIase domain containing protein – – OG6_104296
Q86IX8 Cyclophilin-type PPIase – – OG6_124560
Q54G21 FKBP-type PPIase – Q5T1M5-1 OG6_106619
Q54Y27 FKBP6 – O75344 OG6_107945
Q54CU3 Cyclophilin-type PPIase – Q8WUA2 OG6_102469
Q54QS2 PpiD – Q08752 OG6_103831
P34137 PtpA1-2/PtpA1-1 – P23468-1 OG6_100623

P10586-1

Note: “-” indicates “no orthologues” found.
All proteins have been denoted with their UniProt IDs.
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suggesting these unique TFs may play a vital role in regulating processes specific to these two protozoans’ life cycle and ecology. 
However, a family of TFs whose members are found to be present in both the organisms, might regulate different cellular processes. For 
example, the transcription factors of Myb/SANT family are found in both D. discoideum and P. falciparum. Sequence analysis of the 
transcription factors of this family, belonging to both the organisms using SMART protein tool [70] revealed the presence of 
low-complexity regions and SANT domain (data not shown). In D. discoideum, myb transcription factors help in the regulation of genes 
involved in stalk cell differentiation process [71]. While in P. falciparum, myb transcription factors such as PfMyb1, is needed for 
intra-erythrocytic growth of the parasite and it also regulates the expression of key genes involved in cell cycle regulation [72].

3.7. Orthologue analysis of known, potential and novel drug target genes identified in P. falciparum showed significant conservation in 
D. discoideum

Some novel and potential drug target genes have been identified in P. falciparum. Performing an orthologue analysis for already 
documented, potential and novel drug target genes using OrthoMCL showed that many of these genes find their orthologues in 
D. discoideum and a few are specific to P. falciparum (Supplementary Table 7).

In summary, the study revealed the presence of both the conserved and unique proteins in the studied AT-rich protozoan spp. for 
vital and organism-specific biological processes respectively.

4. Discussion

Plasmodium falciparum is responsible for causing cerebral malaria, the most severe form of the disease [2]. This parasite has gained 
widespread resistance against most frontline antimalarial drugs, so, there is an urgent need to search for novel drug targets as well as 
potent pharmacological compounds [3–5]. The biological pathways which play a crucial role in its pathogenesis and in imparting 
resistance against anti-malarial drugs are still enigmatic [73]. The lack of functional annotation of many of the P. falciparum genes [7,
8] and difficulty in acquiring its proteins in active and soluble form for downstream processing [9] have made the requirement of a 
heterologous expression system essential. Recently, utilizing D. discoideum as an expression host, some of the P. falciparum proteins 
were successfully expressed for their functional characterization [11–14]. Furthermore, P. falciparum chloroquine resistance trans-
porter was characterized using vesicles derived from D. discoideum as a substitute for hematin-containing digestive vacuoles from 
erythrocytes infected with P. falciparum permitting easy assessments of drug accumulation, pH and membrane potential, which are 
otherwise difficult to measure [12].

Attempts to express Plasmodium proteins in various other heterologous systems such as Escherichia coli, Saccharomyces cerevisiae, 
Baculovirus, Xenopus laevis, etc., were partially successful due to the aggregation of expressed proteins, formation of truncated proteins 
and proteins with undesired conformations [10]. In earlier studies, T. thermophila has also been used as a model to express genes of 
certain parasites, including P. falciparum [74,75]. Nevertheless, D. discoideum possesses certain advantages over T. thermophila, as a 
heterologous model system to express P. falciparum genes. In case of T. thermophila, to achieve a cell density of 2.2 × 107 cells/ml, a 
bioreactor is needed [75], whereas in D. discoideum, the same or even a higher cell density can be achieved with simple laboratory 
culturing conditions [76]. Both prokaryotes and eukaryotes use three codons, namely UAA, UAG and UGA, one at a time, to terminate 
the process of protein synthesis [77] but in case of T. thermophile, UAA and UAG are not used as stop codons. These codons code for the 
amino acid glutamine in this organism [75]. So, the genes having UAA and UAG as the stop codons would have to be codon optimized 
before expression in T. thermophila. On the other hand, D. discoideum uses all three codons (UAA, UAG and UGA) as stop codons, so 
codon optimization is not required prior to expression [78].

In the present study, we compared the genomes of D. discoideum (~34 Mb) and that of P. falciparum (~23.3 Mb) and our obser-
vations point towards developing D. discoideum as a model system to study the functions of P. falciparum genes/proteins. The rationale 
for the study is based on the fact that both these organisms belong to the protozoan family and their genomes are AT-rich. Comparative 
genomic analysis revealed that the genomes of D. discoideum and P. falciparum code for genus-specific proteins, which regulate specific 
biological processes essential for their adaptation to hosts and to the environment. For example, the proteins involved in hemoglobin 
degradation and invasion to specific host cells are specifically present in P. falciparum [79] but absent in D. discoideum. However, the 
overall number of genes involved in cell movement is found to be higher in D. discoideum implying more genes are required to maintain 
the complexity of cell movement and its regulation during hunt for food in naturally fluctuating environments and also in various 
cellular processes such as phagocytosis, cell division and development [80].

The proteins involved in several metabolic pathways, including enzymes necessary for glucose metabolism, purine and pyrimidine 
biosynthesis, DNA replication, ATP generation and cell division cycle are highly conserved in both of these organisms. Even the 
proteins associated with the autophagy pathway are also conserved in both. For example, the ATG8a and ATG8b proteins of 
D. discoideum exhibit sequence similarity with the ATG8 protein of P. falciparum (Supplementary Table 6). Significantly, key kinases, 
phosphatases, proteases, acetyl and methyl transferases required for post-translational regulation of different cellular activities along 
with essential membrane transporters found in P. falciparum [81] are conserved in these two organisms [82,83]. It can be surmised that 
the conservation of these post-translational modulators between the two organisms is expected to aid in preserving the structural 
conformation and function of P. falciparum proteins in D. discoideum [84].

Another interesting aspect of the present study is that the single amino acid homo polymers and functional domain repeats are 
found to be of common occurrence in both P. falciparum and D. discoideum. Proteins containing such low complexity regions are known 
to perform specialized functions in stress response, development, transcription, organelle biogenesis, transport and protein-protein 
interactions [85]. D. discoideum has the ability to keep such low complexity repeat-containing proteins in soluble form even if the 
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length of such repeats exceeds the pathogenic range for humans [86]. This property of D. discoideum could be exploited to express and 
characterize certain essential genes of P. falciparum such as the ones coding for ABC transporters, heat shock proteins and PPIases 
which also contain such repeats and are known to be essential for the survival of the parasite [87].

This study is an in silico analysis based on available curated genomes of the organisms studied here. The annotations of these 
genomes may slightly change over time, as further annotations and experiments are performed. Despite that, it is envisaged that the 
inference of the study shall remain largely the same. Our study reveals that D. discoideum is a promising and congenial system for the 
expression of Plasmodium genes/proteins, this organism could be further exploited to study the most important issues pertaining to 
P. falciparum. Several proteins in D. discoideum that are classified as peptidyl-prolyl cis/trans isomerases (PPIases) and heat shock 
proteins have corresponding orthologues in P. falciparum. It would be worthwhile to investigate if some of the conserved PPIases or 
heat shock proteins could also be potential targets for developing novel anti-malarial drug molecules. Furthermore, many of the 
known, potential and novel drug target genes identified in P. falciparum, have their orthologues in D. discoideum. This information 
could be utilized in performing complementation studies. In addition to this, functional characterization of potential drug target genes 
of P. falciparum can be attempted in D. discoideum, even if they do not find their orthologues in this organism.

5. Conclusions

The study reveals that the genomes of D. discoideum and P. falciparum code for genus-specific proteins which regulate biological 
processes specific to both the organisms. However, conservation is seen in the genes/proteins involved in various cellular processes 
such as cell division, cell motility, regulation of gene expression and autophagy. Both the organisms possess similar post-translational 
modification pathways and the proteins involved in these pathways. D. discoideum also harbors orthologues of potential and novel drug 
target genes/proteins of P. falciparum. The data thus suggest that D. discoideum can be a suitable host for expressing and characterizing 
Plasmodium genes, whereas similar attempts made using other systems like E. coli, S. cerevisiae etc. did not give desired results. In 
summary, D. discoideum can be exploited further for both understanding the parasitic disease and for developing potential drug targets 
in particular for P. falciparum.
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