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Abstract 

Ribosome profiling (RP) is a novel technique that exploits RNA sequencing and 

ribosome immobilization to quantify transcription and translation at different cell 

growth stages. Therefore, RP provides invaluable information for expression dynamics 

studies. Quantitative –omics studies are of crucial importance for identification of 

potential biomarkers of infection. An ideal parasite detection system should definitely 

establish the presence or absence of infection; determine the species involved; be 

detectable even in low concentrations; be proportional to parasite density; and 

determine the presence of antibiotic resistance. Here, we propose a simple workflow 

that attempts to identify a set of biomarkers that fulfill some of the above criteria for the 

ideal detection system. RP expression profiles were ranked for abundance, crosschecked 

with PlasmoDB for homogeneity along infection cycles and probed for availability of 

structural stability. The latter is of fundamental importance for the development of 

molecular biosensors to be give birth to rapid diagnostic kits. In addition, a simple 

biochemistry workflow was developed for easy production of the selected biomarkers in 

E. coli.  Altogether, the present work provides two complementary and novel workflows 



that shall aid researchers to rapidly produce molecular biomarkers and develop 

biosensors based on antibodies or aptamers.  

Keywords: Ribosome Profiling; Genomics, Gene Expression Profiling; Biological 

Markers; Malaria; Plasmodium 
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Introduction 

During the last decades, novel and powerful tools to study the molecular biology of 

organisms were developed. For example, next generation sequencing has improved to 

way of studying genomes and gene expression. Also, mass spectrometry allows to study 

how proteins are expressed at a certain time. (1,2). In recent years, the terms genomics, 

transcriptomics and proteomics have appeared referring to the study of the genetic 

material, the mRNA and the proteins of organisms, respectively. To abbreviate these 

fields of study the neologism “omics” was created. Currently, many databases 

containing huge amounts of “omics” information about many species are freely 

available on the internet. However, one common problem to some technologies used to 

produce “omics” data is that they only give an idea of which genes, mRNA or proteins 

are present in a certain moment. Or they give only qualitative information, but those not 

allow to estimate how much of these molecules are present, or if mRNA ends up being 

translated into a protein. This creates “gaps” between different “omics”, precluding the 

generation of a full picture of gene expression regulation. For example, a particular 

mRNA may be found in high quantities at a given moment, but this does not mean that 

protein coded by that mRNA may also be found in high quantities (3). This could be 

due to variability of how a mRNA is translated. In this context, Ribosome Profiling 

(RP) appears to “fill the gap” between transcriptomics and proteomics (4).  

Ribosome profiling is a novel technique of mRNA sequencing that exploits next 

generation sequencing and immobilization of translating ribosomes to quantify 

translation (4). RP works by taking samples of an organism at different time points. 

Then, a potent protein synthesis inhibitor is added to the sample. All ribosomes “stop” 

on different mRNA that were being translated in that moment. This samples is purified 

so only mRNA protected by the ribosomes is isolated. Using information available in 

“omics” databases, that data can be analyzed to determine which mRNA were being 

translated and by how much. This permits the researcher to know exactly which genes 

are being expressed through the life cycle of an organism, and how much of those genes 

are translated into a protein at each stage (5,6). Since RP gives results of RNA 

sequence, an approach to analyze the data is to convert raw data to Reads per Kilobase 



per Million mapped reads (RPKM) (i.e. total number of times a sequence is detected per 

each Kilobase of length of that gene read per million of reads detected) (7). Some 

databases of ribosome profiling even show whole genome expression dynamics (8). 

The concept of a biomarker varies, but it can be defined as a characteristic that can be 

measured and indicates a pathologic process (e.g. an infection) (9). In the context of 

biomarker discovery, ribosome profiling appears as a good alternative to initially screen 

for biomarker candidates. Since the whole genome can be studied theoretically, all 

genes can be screened to evaluate its protein expression. Genes whose proteins exhibit 

high and homogeneous expression during all life cycles of the organism would be good 

initial biomarker candidates of infection, because they would detect the pathogen at any 

moment if they are expressed during all the pathogen’s life cycle. 

Here, we use ribosome-profiling data in combination with different bioinformatics tools 

to identify infection biomarkers. As a proof of concept, Malaria was chosen to be the 

infection studied. Malaria is an infectious disease caused the Protozoan genus 

Plasmodium, which infects human red blood cells as part of their life cycle using 

mosquitoes as vectors (10). The World Health Organization (WHO) estimates that 212 

million cases of malaria and 429 000 deaths from this disease occurred worldwide 

during 2015. Almost all deaths (99%) are due to Plasmodium falciparum. The African 

region accounts for +- 90% of cases and P. falciparum is the most common parasite. 

Outside the Africa continent, P. vivax can account for up to 41% of cases. Due to its 

relevance, 2.9 billion US dollars were invested during 2015 for malaria control and 

elimination. (11). Also importantly, confirmation of parasite diagnosis is fundamental 

for an adequate management of all malaria cases, since different Plasmodium species 

require different treatments (12).  

Classically, microscopy is considered the gold standard for malaria diagnosis (13). 

However, it requires equipment (microscope), electricity and trained personal (13,14). 

As a consequence, this diagnostic method may not be available in rural communities, 

where malaria is endemic (15). Therefore, WHO invested in the development of Rapid 

Diagnostic Tests (RDT), so they could be deployed in endemic areas and provide a fast 

diagnosis. RDTs are easy-to-use devices. They require only minimal instruction and do 

not use electricity (16). Currently there are more than 200 RDTs commercially available 

and they detect a combination of three biomarkers: Histidine Rich Protein 2 (HRP2), 



Lactate Dehydrogenase (LDH) and Aldolase (16). HRP2 detects specifically P. 

falciparum, while LDH and Aldolase are generally used as biomarkers of Plasmodium 

spp. Most kits are developed to detect either Plasmodium falciparum or “non-

Plasmodium falciparum”. This is due to the importance of increase in mortality 

associated with P. falciparum (17). 

However, current RDTs have limitations, particularly involving the detection of P. 

falciparum. On the one hand, WHO has a special program to assess RDTs performance, 

which specifies that RDTs must detect parasites at a concentration of 200 parasite/µL 

(“low concentration”) (17). Although thresholds of 100 - 200 parasites/µL are common 

in the clinical setting (18), individuals with lower parasitemia (e.g. pregnant women) 

will go undetected. As an example, an RDT based on HRP2 and LDH was tested in 

South America. The authors found that sensitivity for P. falciparum detection dropped 

from 75% at > 2000 parasites/µL to 25% at < 1000 parasites/µL (19). Undetected 

individuals would become reservoirs of the infection and perpetuate Plasmodium 

lifecycle in the population if their vectors are also present. Slater et al estimates that a 

threshold of 2 parasites/µL would allow to detect 95% of P. falciparum infection 

reservoirs in a population (20). An RDT with such a low threshold is not currently 

available, but it would improve strategies based on mass-screen-and-treat. On the other 

hand, HRP2 is not always expressed in all strains of P. falciparum (17,21). This 

precludes the widespread use of a single RDT in all regions, but each country must test 

which RDT suits better its local epidemiology. Recently, Maltha et al conducted a study 

in the Peruvian Amazon were thirteen RDTs were evaluated to assess their sensitivity 

(HRP2-detecting RDTs had 71.6% versus LDH-detecting RDTs 98.7%, p<0.001). They 

concluded that HRP2-based RDTs were not suitable in Peru due to pfhrp2 gene 

deletions, which were confirmed by PCR analysis of each sample exposed to RDTs 

(21). In brief, all RDTs currently available try to exploit a combination of the same 

three biomarkers using monoclonal antibodies to detect them.  

New studies about the genome, transcriptome and proteome of Plasmodium falciparum 

have identified proteins whose expression is higher than biomarkers currently used by 

RDTs (PfHRP2, pLDH and Aldose) (8,22). Proteins with a high expression profile 

would be good candidates to become novel P. falciparum biomarkers. They could be 

detected easily even in low parasitemia, or be useful in different regions if a conserved 

domain is chosen. This would lead to better RDTs. In this study, we develop two 



protocols to identify and rapidly produce potential biomarkers of Plasmodium infection 

based on ribosome profiling gene expression. The proposed protocols shall provide 

researchers new potential biomarkers to generate poly- and monoclonal antibodies, 

aptamers, dendrimers and peptide aptamers as means to develop next generation RDTs.  



Material and Methods 

Ranking ribosome profiling and PlasmoDB databases  

A general overview of the process for the selection of potential biomarkers is shown in 

Figure 1. PubMed was searched to identify studies about gene and protein expression 

of P. falciparum using combinations of the following keywords: plasmodium; 

genomics; proteomics; malaria, mRNA translation. Abstracts of the scientific articles 

were reviewed, and recent studies about the translation dynamics of Plasmodium 

falciparum were selected. Data was retrieved and any gene whose expression was null 

during any blood stage was excluded, since expression during all blood-stages was 

desired. Top 50 highly expressed genes were selected.  

PlasmoDB is comprehensive database of all available information about Plasmodium 

spp (23). Complex searches can be performed because this database contains a search 

tool that can integrate several steps for data analysis. PlasmoDB (23) search tools were 

used to compare gene expression of another study (24) with previously selected genes to 

assess if transcription was high and homogenous among all blood stages. Resulting 

genes were excluded if they did not had a predicted 3D structure available according to 

PlasmoDB (23), (see Figure 2) or RCSB Protein Data Bank (25). Protein stability and 

localization were estimated using ExPASy Prot Param tool (Swiss Institute of 

Bioinformatics, Switzerland) and TMHMM 2.0 (Center for Biological Sequence 

Analysis, Technical University of Denmark, DK), respectively (26,27).  

Rapid and efficient protein expression of potential 

biomarkers 

The process of production of a purified recombinant protein of a desired biomarker can 

be tedious and take considerable time to optimize. We designed a rapid workflow to 

isolate very pure peptide ready to be used as a target for the development of a novel 

biosensor (Figure 3). Each step of this proposed workflow is described in detail in the 

following paragraphs.  



Selection of a peptide for a proof of concept of aptamer 

development 

It has been previously demonstrated that peptides generated from an antigenic region of 

a protein can be used to develop a biosensor able to detect the whole protein (28). As a 

proof of concept, one of our proposed biomarkers (High mobility group protein B1 

(HMGB1)) and its human homologue (a human protein who has similar function and 

structure) were selected to outperform the following experiments.  

Protein Basic Local Alignment Search Tool (BLAST) is a bioinformatics tool that 

compares a given sequence with proteomics data of other organisms (29). Therefore, it 

can detect conserved domains. These are common fragments inside different protein 

sequences. Protein BLAST analysis was carried on all selected biomarkers. HMGB1 

was chosen because Protein BLAST concluded that this biomarker candidate possesses 

a conserved domain common to P. falciparum and P. vivax.  

Representative peptides of HMGB1 P. falciparum and HMGB1 Homo sapiens were 

generated and will be called “HMGB1-Pf” and “HMGB1-Hs”, respectively. The coding 

sequences of HMGB1-Pf and HMGB1-Hs were generated based on the peptide 

sequence of the 3D predicted structure PDB template 1CG7. Relevant information 

about HMGB1 PF and HMGB1 Hs is shown in Figure 4. 

Cloning of HMGB1-Pf and HMGB1-Hs 

HMGB1-Pf and HMGB1-Hs were cloned into the expression plasmid pET-24c (+) 

(KanR) for expression in E. coli BL21 (DE3) by GenScript (USA). The coding 

sequences of both peptides were optimized for codon usage of the expression host using 

OptimumGene™ (GenScript, USA) and a His-Tag was added at the carboxyl end of the 

coding sequence. 

An analytic PCR was performed on acquired plasmids to confirm the presence of the 

desired coding sequence of HMGB1 and the human homolog. Maxima Hot Start Green 

PCR Master Mix (2X) (Thermo Fisher Scientific, USA) was used for PCR. 

The sequences of HMGB1-Pf and HMGB1-Hs have a conserved domain, but also differ 

in almost half of its sequence (Figure 4. Panel B). This allows generating a biosensor 



that can discriminate between the two peptides, or use HMGB1-Hs as a negative 

control. 

Transformation of E. coli BL21 (DE3) with plasmids 

containing HMGB1-Pf and HMGB1-Hs 

E. coli BL21 (DE3) were transformed using Mix & Go E. coli Transformation Kit & 

Buffer Set (Zymo Research, USA). E. coli BL21 (DE3) transformed with pET-24c (+) 

(KanR) HMGB1-Pf and pET-24c (+) (KanR) HMGB1-Hs were tested for induction at 

37°C in LB supplemented with 30 µg/mL of Kanamycin, using 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) for up to 4 hours. Cell culture samples were taken at 1 h 

intervals and were measured at OD600nm in a Thermo Fisher Scientific GENESYS™ 20 

Visible Spectrophotometer (Thermo Fisher Scientific, USA) in a glass cuvette of 1 cm 

light path length. Samples of 1 mL of cell cultures were centrifuged at 3300x g for 5 

minutes, the supernatant was discarded and the cell pellet was resuspended in 1X SDS-

sample buffer. Samples were heated at 95°C for 5 min prior to be loaded in a 15% 

Acrylamide SDS-PAGE and run for 1h at 200V in a Mini-PROTEAN Tetra Cell (Bio-

Rad, USA). The protein induction was visualized by staining the gels with blue 

coomassie in a staining buffer (20% Ethanol, 10% Acetic Acid, and 70% H2O with 1% 

w/v blue coomassie).  

Expression of proteins 

To scale-up protein expression, transformed E. coli were cultured in TB (Terrific Broth) 

medium at 37°C until OD600 = 0.5. Then, 1 mM IPTG was added to induce protein 

expression. After 4 hours of protein expression, cells were collected. Bug Buster Master 

Mix (EMD Millipore, USA) was used to lysate cells and His-Spin Protein MiniPrep 

(Zymo Research, USA) to purify the peptides of HMGB1-Pf and HMGB1-Hs. 



Results 

Analysis of Ribosome profiling data 

After reviewing articles as specified previously, Caro et al study of the P. falciparum 

clone 3D7 genome expression dynamics was chosen to extract data. More than 3000 

potential candidates were identified. We assessed the average expression of each blood-

stage and found that merozoites have the highest level of expression for any gene. An 

initial list of biomarker candidates was elaborated with highly expressed genes in the 

merozoite blood stage (Table 1). After analysis in PlasmoDB, a final list of candidate 

biomarkers was elaborated and is available in Table 2. 

Selected biomarkers 

HMGB1 has a conserved region, the structure of its Saccharomyces cerevisiae 

homologue is available (PDB template 1CG7 ) and it is highly abundant in Plasmodium 

spp (8). There is also a human homologue, which allows the introduction of negative 

selection steps during the development of a biosensor. Importantly, Protein BLAST 

analysis of its sequences concludes that its sequence is also highly conserved in P. vivax 

and P. knowlesi strain H (Figure 4. Panel A).  TMHMM analysis concludes that it does 

not have transmembrane domains. 

Translation initiation factor (SUI1), putative has a predicted 3D structure based on 

Human Translation Initiation Factor (PDB template EIF1). Protein BLAST analysis 

concludes that it has a conserved domain in multiple Plasmodium species. TMHMM 

analysis concludes that is does not have transmembrane domains. 

14-3-3 protein (14-3-3I) has a predicted 3D structure based on 14-3-3 Zeta: Serotonin 

N-Acetyltransferase Complex from H. sapiens (PDB template 1IB1). A Protein BLAST 

analysis indicates that it has a conserved domain common to many Apicomplexa. 

TMHMM analysis does not detect a transmembrane domain. 

Fructose-bisphosphate aldolase (FBPA) has its own 3D structure already known (PDB 

template 1A5C). Protein BLAST analysis concludes that it has a conserved domain 



common for different P. falciparum strains. PlasmoDB reports three post translational 

modifications. TMHMM analysis does not detect transmembrane domains.  

Ubiquitin-60S ribosomal protein L40 (URPL40) has a predicted 3D structure based on 

Tetraubiquitin from H. sapiens (PDB template 1F9J). Protein BLAST analysis 

concluded that is has a conserved domain common to P. falciparum and P. vivax. 

TMHMM analysis does not detect transmembrane domains. 

The four biomarkers who have hypothetical 3D structures based on proteins from other 

species share at least 40% of their amino acid sequence according to RCSB Protein 

Data Base (25).  

Rapid and efficient expression of novel biomarkers  

We propose a 3-day protocol that allows the production of his-tagged HMGB1 (Figure 

5).  The proposed flow work allows obtaining very pure proteins with optimal yields, 

expression of HMGB1 Pf and HMGB1 Hs are shown in Figure 6.  

First, one potential biomarker (e.g. HMGB1) is selected after ribosome profiling 

analysis (Figure 5, Panel A). 

Second, a peptide (e.g. HMGB1-Pf) is generated using predicted 3D structures as 

templates. This is performed by software from GenScript ® (Figure 5, Panel B). 

Third, the peptide’s sequence is optimized to be expressed in E. coli BL21 (DE3) 

(Figure 5, Panel C). 

Fourth, the coding sequence of the desired peptide is inserted in a plasmid, and then it is 

transformed into E. coli BL21 (DE3) (Figure 5, Panel D and E). 

Fifth, transformed E. coli is cultured in TB medium and induced with IPTG at 0.5 OD. 

(Figure 5, Panel F and G).  

Finally, cells are lysated and the peptide purified by His-Tag chromatography. (Figure 

5, Panel H and I). 

Detailed information on how to carry on each step has already been mentioned in 

Materials and Methods. 



Discussion 

The selection of a potential biomarker is a complex process and many factors must be 

taken into account. In the case of Plasmodium, an “ideal biomarker” should definitely 

establish the presence or absence of infection; determine the species of Plasmodium 

involved; be detectable even in low concentrations; be proportional to parasite density; 

and determine the presence of antibiotic resistance. (30) As it is expected, it is difficult 

for a single biomarker to accomplish all these goals. Furthermore, some of the previous 

characteristics could only be determined after in vivo studies and clinical trials.  

Biomarker selection strategies based on -omics have already been published, but they 

really on complex bioinformatics that may not be easy to use to all researchers (31,32). 

Our approach is easier to apply, have less steps of selection and exploits available -

omics databases on the internet. 

The research about the genome-wide translation of P. falciparum clone 3D7 performed 

by Caro et al is the most complete study about translation dynamics of P. falciparum 

available (8). There are multiple clones of P. falciparum with different origins and 

characteristics, such as antibiotic resistance (33). The 3D7 clone used by Caro et al was 

derived from clone NF54, and it is stipulated that it has an African origin. Furthermore, 

it was the first clone who was fully sequenced (34,35). Reference clones such as 3D7 

allow to compare results from one to study to other which uses the same clone. 

However, wild strains can harbor great genetic variability (36). The impact of local 

genetic variability in clinical utility of the biomarkers can only be assessed when they 

are tested in a population. For example, lack of pfhrp2 and pfhrp3 genes were detected 

in more than 40% of samples tested to evaluated performance of an HRP2-based-RDT 

in Peru (37). Although such RDTs may have excellent sensibility for malaria diagnosis 

in other regions, the lacks of those genes in the Peruvian amazon compromises its 

sensibility (21). 

Caro et al study is a reference to select highly expressed proteins among all the blood 

stages of P. falciparum. However, conserved regions of proteins from P. falciparum 

could be exploited to generate biomarkers for the genus Plasmodium. Conversely, non-



conserved regions allow generating species-specific biomarkers. Other approaches for 

the selection of biomarkers of Malaria have been described (38,39), and some of them 

involve the use of animal models (40). We consider that different approaches can lead 

to different candidates for biomarkers, but highly expressed proteins are a good 

approach as targets for the development of novel RDTs. 

Also, knowing the 3D structure of a protein is important. A stable protein may have 

transmembrane domains that would not be readily able to interact with a biosensor (e.g. 

monoclonal antibody, aptamer). Therefore, a smaller stable peptide that resembles the 

structure of the protein can be generated based on 3D structure. In addition, once a 

biosensor has been developed, knowing the target structure allows to better predict how 

the interaction between the biosensor and the target occurs. The approach of generating 

a smaller peptide to develop a biosensor that can bind to the original protein have 

already being proved (28).  

Another important aspect is that highly pure proteins are essential to develop a 

biosensor. Biosensors are developed by exposing them to a target and isolating those 

who bind to the desired target. This can only be achieved if the biosensor is exposed to 

a highly pure sample of the biomarker. Otherwise, the isolated biosensor could be 

targeting proteins not relevant to the researcher. To obtain highly pure peptides/proteins, 

several approaches can be taken. Our proposed workflow is based on His-Tag 

Chromatography. This approach can be readily applied with little infrastructure or 

equipment requirements. Furthermore, the His Tag can be eliminated after purification 

if desired. However, we also recommend that the researcher should take into account 

that some proteins may precipitate or loose activity if expressed with a His Tag (43). 

Once a biomarker has been selected and a highly pure recombinant protein is obtained. 

This can be used as the target of different biosensors: aptamers, monoclonal antibodies, 

dendrimers, etc. Identified candidates of potential biomarkers (Table 2) represent good 

target for biosensor development. The correlation of the data of Caro et al (8) with the 

transcriptome described by Otto et al (24) reassures that selected candidates are indeed 

highly expressed molecules independent of the strain of Plasmodium falciparum. 

Furthermore, the availability of predicted 3D structures allows the researcher to 

generate small fragments of the protein. Finally, our proposed biomarkers with 



conserved domains between different Plasmodium species could serve as Plasmodium 

spp biomarkers, if biosensors are designed to target the conserved region. 
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