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ABSTRACT 12 

 13 

Malaria is an important disease in public health around the world due to the high endemism, deaths 14 

produced and the development of resistance to antimalarial drugs by the causing parasite. 15 

Therefore, the discovery of new antimalarial compounds is a priority on health research. As a 16 

response to this need, new alternatives for the control of malaria are being explored. One specific 17 

case is this study aiming to develop a platform for the exploration of antimalarial compounds in 18 

metagenomes. To setup the basic components of this approach we are reporting: 1) the 19 

establishment and standardization of the multi-well plate culture of a bioluminescent P. falciparum 20 

clone for quick and composite viability determination, followed by 2) the practical use of this 21 

system for screening and analysing the antimalarial behaviour of 1780 total bacterial extracts from 22 

fosmid clones containing environmental DNA to detect differential antimalarial activities encoded 23 

in those metagenomic libraries. Simultaneously, we validated and optimized a genetic tool 24 

constructed to assess the potential of having antimalarial activity in a metagenomic bacterial extract. 25 

This tool was developed and tested to be a proof-of-concept and a positive control for the screening 26 

of antimalarial activities. It consists of a synthetic gene of the antimalarial peptide Dermaseptin 4 27 

(DS4) cloned in a metagenomic insert inside a fosmid vector (called pCC2FOS-076-DS4) hosted in 28 

E. coli EPI300. The transcription of DS4 in this context was confirmed. The derived bacterial 29 



extract of the transformant including all the improvements inhibited the growth of the 1 

bioluminescent parasite, remarking its potential as an effective genetic tool to further refine 2 

thresholds for finer comparative discrimination of antimalarial activities in the platform developed. 3 

 4 
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INTRODUCTION 8 

 9 

 Malaria caused by a parasite unicellular of Plasmodium genus, is a devastating disease that 10 

affects many countries in the world, there are five known species of parasite responsible for the 11 

infection in the human: Plasmodium vivax, Plasmodium falciparum, Plasmodium ovale, 12 

Plasmodium malariae Plasmodium knowlesi and Plasmodium ovale. In humans, ovale malaria is 13 

caused by two subspecies: Plasmodium ovale curtisi and Plasmodium ovale wallikeri. [1,-3]. The 14 

World Health Organization estimated that annually in the world there are about 219 million cases of 15 

malaria, of which 660.000 have had a fatal outcome. Most cases and deaths are attributed to P. 16 

vivax and P. falciparum [4]. A total of 60% of the population in Latin America and the Caribbean 17 

(170 million people approximately) are living in malaria-endemic areas with an incidence of 1-1.2 18 

million cases [5]. According to the Official Colombian Health Surveillance System upgraded at the 19 

44
th
 epidemiologic week of 2013, there have been reported 51786 new cases of malaria in the 20 

country [6]. However, the actual incidence may be underestimated in some endemic areas [7]. 21 

 Malaria has re-emerged in recent years [8, 9] as product of a variation of factors such as the 22 

distribution of the species of pests, vectors and mainly by absence of a vaccine and the emergence 23 

of parasite resistance to antimalarials compounds [9-13, being a constraint to the economic and 24 

social development. Currently the world does not have an effective malaria vaccine, according to  25 

WHO reference “Rainbow table” for Malaria 26 

http://www.who.int/vaccine_research/links/Rainbow/en/, in the last decade there has been little 27 

progress in the development of a universal vaccine against malaria, due to the low immunogenicity, 28 



cellular response of CD8 + lymphocytes, limited access to adjuvants, effects associated to coronary 1 

risk, reduced morbility or administration safety concerns. Vaccine RTS, S/AS01 indicated for 2 

pediatric population has shown a moderate effectiveness. It is expected that by 2025 the world may 3 

count with a new universal vaccine of superior protection against Malaria [14]. Therefore, chemical 4 

therapy is currently the main strategy to control Malaria infections. 5 

However the resistance to antimalarials compounds complicates the situation. This 6 

resistance selection has been attributed primarily to the limited availability of effective antimalarial 7 

compounds approved for human use and the indiscriminate use of them [15, 16], as well as the high 8 

rate of mutation of the parasites (10
-8

 per replication) during the infection processes [17-19].  9 

All these factors together had led to the spread of this disease in new areas and reappearance in 10 

areas where it had been eradicated [8, 20, 21]. The more important antimalarial drug used in the 11 

world has been quinine, extracted from an Andean tree of the genus Cinchona and their derivatives 12 

such as chloroquine. However, since the beginning of the 60s, there has been an increase of 13 

resistance to chloroquine conferred by mutations in the chloroquine resistance transporter (PfCRT)  14 

in the parasite [22]. Until very recently, the derivatives of Artemisinin, isolated from the China 15 

medicinal plant Artemisia annua, had been effective in the therapeutic malaria control. However 16 

massive use of monotherapy has exerted a selective pressure on parasite populations leading to the 17 

development of resistance, especially in P. falciparum [11, 23, 24]. Control agencies are now 18 

recommending the use of combined drug therapies based on Artemisinin simultaneously with other 19 

antimalarial drugs. These agencies also recognize and emphasize the importance to keep searching 20 

for new antimalarial drugs, as there are scenarios pointing out to the imminent spread of disease and 21 

resistance in other countries [25, 26]. 22 

 William Trager and James B. Jensen [27] established in 1976 the in vitro culture in human 23 

erythrocytes of P. falciparum together with the subsequent adaptation of several resistant and 24 

sensitive strains of the parasite to the culture, [20] facilitating the study and evaluation of numerous 25 

compounds with potential antimalarial activity. However, so far there is not much success in this 26 

regard [28,29]. As outlook of alternative therapies against malaria, there are antimalarial drugs 27 

registered and under study at clinical (13) and preclinical (8) stages, and most of them are derived 28 

from medicinal plants, like it was indeed the case for quinine and artemisinin [19, 20, 24, 30-32]. 29 



 Today, the efficacy of available antimalarial compounds is low. Therefore, the search for 1 

new compounds for the development of new strategies for malaria control can be considered a 2 

priority. The biodiversity of nature has since ancient times, constituted an important source of 3 

biomedical products [33]. There are numerous reports about the antimalarial activity of new 4 

alkaloids, indole alkaloids, triterpenes, diterpenes, flavonoids and peptides. The field of 5 

antimicrobial peptides has been subject to investigation due to its wide distribution and diversity in 6 

nature, having in some cases Minimal Inhibitory Concentrations (MICs) at very low concentrations, 7 

potentially less prone to promote resistance against them, and in some cases, having the ability to 8 

quickly neutralize a wide range of microorganisms as a result of the evolved defence mechanisms 9 

of a variety of species of invertebrates, plants and animals [34-37]. There are few antagonist 10 

peptides effectives against the causative agents of malaria [33]. A selection of those reported with 11 

small size and linear structure, therefore with potential for recombinant production, are : AdDLP a 12 

defensin from Anaeromyxobacter dehalogenans that has demonstrated activity against ookinetes of 13 

Plasmodium berghei and inhibition of growth of asexual forms of P. falciparum in 48 hours post 14 

treatment [38]; and Dermaseptin 4 (DS4) isolated from the skin glands of frogs Phyllomedusa 15 

sauvagei which shows inhibitory activity reported against different strains of Plasmodium spp. 16 

sensitive and resistant [39].  17 

 On the other hand a promising field for the discovery of new antimalarials is functional 18 

metagenomics, represented in libraries that host a major source of genetic information (DNA) of 19 

environmental organisms [40, 41]. These libraries represent a potential reservoir for the 20 

characterization of metabolites and novel peptides, due to the restriction of conventional 21 

microbiology to access the information encoded in a microbiota present in ecosystems that is not 22 

easily recovered by cultures. The metagenomic approach opens up an important range of 23 

possibilities in the search for bioactive molecules with biotechnological interest [42-44]. 24 

Exploration by metagenomics approaches requires environmental DNA purification and its 25 

subsequent cloning in appropriate vectors (Fosmid, Cosmid and others) as the metagenomic inserts 26 

can be of 30-40 kb, which are then introduced into bacterial hosts and subjected to sequence 27 

analysis by homology or function. Functional assays have been frequently used for identification of 28 

new activities. This implies the steps of cloning the DNA potentially encoding the desired 29 



functions, transformation of compatible hosts and the screening to detect the activity searched on 1 

several clones [42].  2 

The aim of this work was to develop a platform for the exploration of antimalarial 3 

compounds in metagenomes. It has been devised as a multi-well plate system with P. falciparum 4 

culture replicates on which viability can be quickly measured, using a transgenic line expressing 5 

luciferase. This system can be used for screening bacterial extracts from clones of metagenomic 6 

DNA fosmid libraries searching for antimalarial activities. In order to validate this strategy it is also 7 

important to create a proof of concept that can be used as a positive control to standardize the best 8 

experimental conditions to detect antimalarial activities.  9 

 10 

MATERIALS AND METHODS 11 

Ethical aspects 12 

 For human blood sampling procedures, the handling of biological samples, the protection 13 

and genetic safety, we followed the rules of informed consent as ethical consideration. We also 14 

followed the principles of the Helsinki Declaration [45], the rules of the Colombian Ministry of 15 

Health, resolution 008430 of 1993 [46] and the Colombian Decree 2737 of 1989, article 13 [47]. 16 

Legal aspects 17 

 The information contained in this study is legally protected as part of the project “Platform 18 

for exploring antimalarial compounds in metagenomes", grant funded by Colciencias (No.  6570-19 

489-25406) carried out at CorpoGen and advised by Barcelona Centre for International Health 20 

Research (CRESIB). In this document the information that may affect the interests of the parties is 21 

not shown, however, the technical details and level of description presented here allows the 22 

reproducibility of the experiments by independent researchers. 23 

Microorganisms, vectors and culture conditions 24 

 Parasite clones, bacteria and vectors used in this study are described in Table 1. For the 25 

cultivation of parasites, we followed the principles established by William Trager and James B. 26 

Jensen [27], including some modifications standardized at CRESIB (Barcelona). Briefly, the 27 

parasite was kept in cell culture flasks of 25 mL (BD Falcon™, Franklin Lakes, New Jersey, U.S) 28 

with complete medium (RMPI 1640, HEPES, sodium bicarbonate, hypoxanthine, serum (Albumax 29 



[48]) and gentamicin), red blood cells O + type with a haematocrit of 1.5-3% and reaching a 1 

parasitemia not exceeding 3% in a temperature of 37°C and an atmosphere of 5.5% CO2, 2% O2 and 2 

92.5% N2. 3 

 Bacteria were grown in Luria-Bertani (LB) at 37°C in agitation at 200rpm. Depending of 4 

the vector, we used the following antibiotics: Chloramphenicol (12.5-25 μg/mL), ampicillin (100 5 

μg/mL) and kanamycin (50 μg/mL). For RNA extraction assays and induction of the peptide DS4, 6 

cultures were grown in a volume of 20 mL; when reaching a value of 0.3 Optical Density600nm L-7 

arabinose was added reach a concentration of 0.2% and further incubated to reach an O.D.600nm of 8 

0.8.  Subsequently the bacterial pellet was recovered by centrifugation of 2 mL of bacterial culture 9 

and stored at -80°C. 10 

Erythrocytes 11 

  Fresh citrated human blood was washed three times in incomplete medium (RMPI 1640, 12 

HEPES, sodium bicarbonate and gentamicin) at 4°C, 1500 rpm, acceleration: 9, slow down: 4 13 

(thermo scientific megafugue 16 R, rotor: 5000 rpm, Waltham, Massachusetts, USA) and finally 14 

brought to 50% haematocrit in complete medium. We estimated the percentage of parasitemia to 15 

1000 red blood cells by optical microscopy counts in blood smears stained with Giemsa at 10%. 16 

 17 

Table 1. Microorganisms and vectors used in this study. 18 

Microorganisms Description References 

 

P. falciparum clone 3D7 

It is a clone of NF4 that was isolated from a patient who 

lived near the airport of Amsterdam.  

 

[49] 

P. falciparum 

clone pHDEF1-luc  

 

 

This parasite was generated from the clone 3D7   

transfected using the vector p HDEF1-5Luc. 

It has in its genome an intergenic region with a 

bidirectional promoter that constitutively expressed gene 

ef-1α during all asexual stages in conjunction with the 

luciferase reporter gene. 

The feasibility of using this transgenic line for developing 

an assay for antimalarials drug screening has already been 

tested. 

 [50] 

Yamamoto, M., 

Azevedo, 

Fernández- Becerra 

C & del Portillo H. 

(Unpublished). 

 

Antimalárial 

luciferase based 

assay for drug 

screening. 

Universida de São 

Paulo and  

Barcelona Centre 

for International 

Health Research, 

CRESIB 



E. coli EPI300 

 

 

EPI300TM-T1R. Resistant to phage T1 as a host of DNA 

obtained from the soil. This strain provides a trfA mutant 

gene regulated by an inducible promoter and whose 

product is required for the initiation of replication of the 

vector used for cloning 

[51] 

E. coli BL21 DE3 E. coli B strains with DE3, a λ prophage carrying the T7 

RNA polymerase gene and lacIq. 

Transformed plasmids containing T7 promoter are 

repressed until IPTG induction of T7 RNA polymerase 

from a lac promoter. 

[ 52] 

 

Vectors   

pUC57-lig Ampicillin 
R
; Deletion of multiple cloning site.  This study. 

pUC57-DS4 Ampicillin 
R
; Insertion of Dermaseptin 4 gene in multiple 

cloning site. 

This study and Gen 

Script. 

pET28a-AdDLP  Kan 
R
; Insertion of AdDLP gene in multiple cloning site. [53] 

CRESIB 

pCC2FOS-Cm 

 

 

It has an origin oriV for generating a high number of 

copies; in addition to an origin of replication for single 

copies (initiation of replication from oriV requires the trfA 

gene product). Has a selection marker resistance to 

chloramphenicol, a region for conjugating F factor based 

on E. coli, cos sites for packaging into lambda and 

banding. Number of copies is induced with 0.2% L-

arabinose. 

[54] 

 

 

 

pCC2FOS-lig Cm
R
, linked fosmid. This study  

pCC2FOS-076 

pCC2FOS-108 

pCC2FOS-345 

Cm
R
, Fosmid metagenomic clone, soil DNA, insert  076 

Cm
R
, Fosmid metagenomic clone, soil DNA, insert  108  

Cm
R
 Fosmid metagenomic clone, soil DNA, insert 345 

 

[55]  

 

 

pCC2FOS-076-DS4 

 

Cm
R
; Insertion of the synthetic gene DS4 using AscI 

restriction sites at the middle of the metagenomic insert 

076. Fosmid copy number and induction with L-arabinose. 

Sequenced by Sanger. 

This study  

 1 

Parasitic growth inhibition tests 2 

All the initial training to grow the parasite and measurements of luciferase activities were 3 

carried-out at CRESIB, Barcelona. 4 

Growth: Standardized growth of the bioluminescent parasite was carried out in 96-well microplates  5 

(Nunc). Final volume of 130 µL starting with synchronized a parasitemia of 1.5% (ring stage) 6 

haematocrit of 1.4%. This was incubated in mini desiccator under the same conditions of 7 

temperature and gaseous environment previously described for the culture in flasks of 25 mL. The 8 



positive and negative growth controls used for this assay were infected red blood cells and cells 1 

without infection respectively. 2 

Fluorescence and Bioluminescence Reading: Initially the reading method was standardized for 3 

fluorescence detection using SYBR Green in P. falciparum clone 3D7 (485nm excitation and 4 

530nm emission) using the TECAN GENios equipment (Tecan, Männedorf, Switzerland). 5 

Bioluminescence was measured based on the luciferase gene expression by P. falciparum clone 6 

pHDEF1 luc. Finally parasite detection by bioluminescence was standardized as follows: 5 µL were 7 

taken from each well containing parasitic culture (previously homogenized) and mixed with 10 µL 8 

of lysis buffer (10 mM Tris pH 7.5, 1 mM EDTA, 2% Triton X-100 and 0.15% saponin) in a 96 9 

wells white microplate (Nunc, Roskilde, Denmark). It was then left in agitation for 1 h, followed by 10 

the addition of 10 µL of luciferase substrate (Promega, Fitchburg, Wisconsin, US). The 11 

bioluminescence was detected and quantified in the microplate reader (TECAN GENios). Signals 12 

were measured in terms of Luminescence Arbitrary Units proportional to parasite viability. The 13 

variation in the values of bioluminescence is proportional to the parasitemia at which was taken the 14 

sample of parasitic culture. Finally the parasite growth rate was determined according to the 15 

following formula: 16 

 17 

 18 

 19 

 20 

 21 

 22 

Standardization of the platform  23 

Metagenomic libraries 24 

We evaluated 1780 clones of 25 different metagenomic libraries developed in CorpoGen 25 

from Andean soils stored in polystyrene plates of 96 and 384 wells plates at -80°C. These libraries 26 

were constructed in the pCC2FOS vector with metagenomic DNA of 45 Kb approximately. The 27 

strategy employed to obtain the extracts is as follows: Clones were grown individually in 96 well 28 

polypropylene plate (AXYGEN 96 Deep-Well of 1.2 mL capacity) containing per well 1 mL of LB 29 

(Reading Experimental sample – Reading Negative growth control) 

 (Reading Positive growth control – Reading Negative growth control) 

 

  

X 100 = Parasitic growth (%) 



medium with chloramphenicol (12.5μg/mL) and L -arabinose (0.2%) overnight at 37°C, 200 rpm. 1 

From these clones cultures we generated a pool of four clones per well by randomly mixing four of 2 

them (200 µL each) in a new well of a microplate, thus facilitating the screening of more clones per 3 

single bioluminescent parasite assay. It is important to note that once a clone was represented in a 4 

pool, this very same clone was not included in any other pool. Subsequently, each plate was 5 

subjected to mechanical lysis with 1.8 g of zirconia beads / silica (100μm diameter) in the bead 6 

beater (BioSpec Products) for 2 min, followed by centrifugation, filtration (Millipore Multi 7 

screening 0.22 μm) and storage in a 96-well microplate. 4 µL of the extracts on each well 8 

representing 4 clones, were evaluated for antimalarial activity on the bioluminescent parasite. 9 

 10 

Synthetic gene 11 

Design: A synthetic gene encoding the antimalarial peptide Dermaseptin 4 (DS4) was designed 12 

taking into account parameters for optimal in vitro expression in E. coli. Codon selection was 13 

defined based on the information of the more robust codons for E. coli K12 strain. Additionally, 14 

analysis for secondary stable structures in 5’ was performed to promote their efficient protein 15 

expression. These analyses were carried out using bioinformatics tools: Optimizer [56] and Mfold 16 

[57]. This gene was synthesized (GenScript, US) and subsequently cloned into the plasmid pUC57. 17 

Synthesis and biochemical characterization: Chemical syntheses of peptides DS4 and AdDLP 18 

was requested in a scale to obtain 10 to 14 mg with a degree of purity > 85% (GenScript, USA). It 19 

was only possible to obtain the synthetic peptide DS4, which was confirmed by high efficiency 20 

chromatography and mass spectrum. Freeze-dried peptide was dissolved in 500 µL of sterile water 21 

to a final concentration of 2104.9 µM and stored at - 20 °C. With the DS4 amino acid sequence 22 

(accession number P80280 , UniProtKb) and with algorithms for Expasy ProtScale protein analysis, 23 

relevant biochemical characteristics were determined such as Zimmerman’s scale [56], intermediate 24 

access to the aqueous medium with Bahaskaran [59],  hydropathy using Kyte-Doolittle’s [60] and 25 

Hoops Woods’s scale [59]. Prediction of its structure was done with I-TASSER [62] and a helical 26 

wheel using the application: "helical wheel projection" created by Don Armstrong and Raphael 27 

Zidovetzki: Version Id: wheel.pl, v 1.4 2009-10-20 21:23:36 don Exp. 28 



IC50: To determine the concentration of synthetic peptide DS4, which inhibits fifty percent of the 1 

parasitic growth we used a range of peptide between 0.03 uM-34 uM against the bioluminescent 2 

parasite in ring stage [46]. 3 

Haemolytic activity: We evaluated the haemolytic effect of different concentrations of the 4 

synthetic peptide DS4 (0.07μM-34μM) in O +  red blood cells in complete medium at a haematocrit 5 

of 1.4% in transparent 96-well plates (Nunc), incubated at 37 °C with 5.5% CO2, 2% O2 and 92.5% 6 

N2. This test included a positive control for lysis (RBC in distilled water) and a negative control for 7 

lysis (red blood cells in complete medium). The integrity of red blood cells was estimated by optical 8 

density in the TECAN GENios and expressed in percentage of lysed cells.  9 

MIC: We determined the minimum inhibitory concentration of the DS4 synthetic peptide in E. coli 10 

EPI300. We evaluated different concentrations of the synthetic peptide (34 mM-0.016 mM) 11 

dissolved in LB liquid medium with three technical replicates per concentration and their respective 12 

targets (peptide in LB liquid medium without bacteria). Based on the bacterial growth curve for E. 13 

coli EPI300 previously obtained (data not shown), we used a bacterial inoculum of 2x10
7 

to 4x10
7 

14 

cells/mL. The assembly was done in 96-well transparent microplate (Nunc) incubated at 37 °C for 15 

24 h. O.D.600nm. Measurements were taken at 0, 120, 180 min and 24 h. For this experiment there 16 

were two biological replicates following a previously reported protocol [63]. 17 

Evaluating a possible inhibitory effect of bacterial extracts on antimalarial activity of the 18 

synthetic peptide DS4. Two DS4 synthetic peptide concentrations (0.53 and 5.3 mM) were 19 

evaluated by mixing different volumes of bacterial extract E. coli EPI300 on P. falciparum clone 20 

pHDEF1 luc. This was evaluated in a parasite growth inhibition assay in the above described 21 

conditions. Two peptide concentrations without extract were evaluated as additional test control. 22 

 23 

Nucleic acid manipulation techniques 24 

 Directo-zol TM MiniPrep RNA Kit (Zymo RESEARCH, CA, and EE.UU.) was used for 25 

bacterial RNA extraction [64].  RNA samples were treated with RQ1 RNase-Free DNase (Promega, 26 

Wisconsin, EE.UU.). A control without reverse transcriptase was included. All samples were 27 

normalized to the same concentration on each assay. All PCR products were purified using 28 

QIAquick PCR purification kit (QIAGEN, Germany). The purity of nucleic acids at a ratio 260/280 29 



was measured and the concentration in ng/µL was determined by spectrophotometry at 260 nm 1 

(NanoDrop 2000, Thermo Scientific). PCR amplifications were performed with TucanTaq DNA 2 

polymerase (CorpoGen, Bogotá, Colombia) or Accuzyme DNA polymerase (Bioline, London, UK). 3 

Restriction endonucleases and T4 ligase were obtained from New England Biolabs (Ipswich, 4 

Massachusetts,USA). Oligonucleotides (IDT, Integrated DNA Technologies, Inc, Coralville, Iowa, 5 

USA) were and designed using Gene Runner software, as described in Table 1. All PCR and 6 

digestion products, DNAs (constructions, vectors) were obtained using the QIAquick PCR 7 

Purification Kit or Miniprep Kit (QIAGEN, Germany). Samples were sequenced by the Sanger 8 

method (Macrogen, Korea Gasan.dong Geumchen-gu, Seoul, Korea) and assembled for analysis 9 

and verification using Sequencher 4.1.0 (Gene Codes Corporation, USA). 10 

 11 

Table 2. Oligonucleotides used in this study 12 

NAME SEQUENCE (5´-3´) * REGION TO 

AMPLIFY 

Con076-AscI-F 

Con076-AscI-R 

CGGATCCGAAAGTCCTC  

GTATCCCACGATTCGTTGTT  

Region near to the site of 

AscI restriction in the 

metagenomic insert 076 

(location where synthetic 

geneDS4 was inserted). 

 

DS4076-AscI-F 

DS4076-AscI-R 

 ggcgcgccACTTTTCATACTCCCGC  

ggcgcgccTGTATCAATAAAACGAAAGG  

Total region of the 

synthetic gene for DS4 

peptide. These primers 

include restriction sites 

AscI, for insertion into 

076 fosmid DNA.  

DS4-F 

DS4-R 

ATGGCCCTGTGGATGACCCT 

 TCAGGCGTTGGCACCG  

Complete synthetic gene 

coding region. 

* AscI restriction sites are displayed in lowercase in the sequence. 13 

 14 

Genetic constructions 15 

Restriction enzyme and cloning: An analysis for unique restriction sites within the sequences of 16 

three metagenomic clones called pCC2FOS-076, pCC2FOS-108 and pCC2FOS-345 (data not 17 

shown) hosted in E. coli EPI300 bacterial cell (bacterial clones containing metagenomic DNA 18 

fragments cloned into pCC2FOS fosmid). These clones come from a library of soil metagenomic 19 

DNA collected from a culture potato field (Solanum phureja), that were previously sequenced by 20 

454 Titanium sequencing (EnGenCore Sequencing Facility, University of South Carolina). The 21 



pCC2FOS-076 clone was selected to be the target of the unique insertion of the synthetic genes 1 

encoding antimalarial peptides, because it presents a unique AscI cleavage site in the metagenomic 2 

insert. For this purpose we proceeded to extract, purify and digest the metagenomic DNA and the 3 

synthetic gene with AscI (Table 2). The products were ligated by T4 ligase at a ratio of 3:1 and 4 

incubated overnight at room temperature. 5 

Transformation and Sequencing: The ligation product was designated pCC2FOS-076-DS4 and it 6 

was transformed by electroporation into E. coli EPI300 to 1000 Ω, 2.5 kV, 25 uF in PulserXCell 7 

Gene (Bio-Rad, Hercules, California, U.S ), The transformants were spread on LB agar with L-8 

arabinose (0.2%) and chloramphenicol (12.5 µg/mL). The clones obtained were subjected to PCR 9 

colony with primers Con076-AscI-F and Con076-AscI-R (Table 2) in order to confirm cloning and 10 

products were sequenced. 11 

Transcription assays 12 

RT-PCR: RNA was extracted from a bacterial culture of E. coli EPI300 transformed with: 13 

pCC2FOS -076- DS4, (genetic construct), pCC2FOS-076 (metagenomic clone), pCC2FOS (fosmid 14 

vector), pUC57-DS4 (DS4 synthetic gen in plasmid vector) and pUC57 (plasmid vector) grown in 15 

LB medium with chloramphenicol (12.5 μg / mL) and ampicillin (100 μg / mL) according to the 16 

vector for to reach an OD600nm of 0.4. It was then divided into two samples: one was induced in LB 17 

culture media supplemented with 0.2 % L-arabinose, and the other was cultured in media without 18 

the inducer. Both cultures were incubated up to 0.8 OD 600nm.  2 ml of the bacterial cultures were 19 

centrifuged at room temperature and the pellets were immediately stored at -80°C. RNA was 20 

extracted from cells, verifying its integrity and absence of apparent DNA contamination by standard 21 

agarose electrophoresis and negative amplification of the conserved region 16S rRNA by PCR.  22 

RNA samples were treated with RQ1 DNase and normalized to 100 ngr / µL. The RNA obtained 23 

was subjected to reverse transcription using SuperScript ® III Reverse Transcriptase (Promega, 24 

Fitchburg, Wisconsin), with random primers following a protocol of CorpoGen. Included a control 25 

without RT for each of the samples during the cDNA synthesis. Subsequently, the coding region for 26 

the peptide DS4 was amplified by PCR (Table 2) in cultures representing different genetic 27 

constructs and induction regimes described above.  28 

 29 

 



Preparation of bacterial extracts 1 

Testing positive control: We started from an overnight culture of E. coli EPI300 under agitation 2 

without antibiotic, and from E. coli EPI300 pCC2FOS-076 and E. coli EPI300 pCC2FOS-076-DS4 3 

with chloramphenicol (12.5 µg/mL). 1225 µL of each culture were inoculated into 10 mL of LB 4 

with chloramphenicol for strains requiring so. They were grown up to a 0.4 OD600nm, then l-5 

arabinose was added to a concentration of 0.2 % and cultures were incubated to reach 0.8 OD600nm. 6 

These measures were taken in the microplate reader (TECAN GENios). Cultures were  centrifuged 7 

and  the bacterial pellet was washed three times with PBS, resuspended in 500 µL PBS and lysed 8 

with 1.8 g of zirconia beads / silica (100μm diameter) in a Bead Beater (BioSpec Products) for 2 9 

min or in cases detailed, 3 min sonication, 1s pulse and amplitude of 12%. The resulting lysed 10 

cultures were filtered (0.22 µm).  11 

 12 

Protein Assays 13 

DS4: L-arabinose concentration was standardized to induce the expression of the antimalarial 14 

peptide DS4 from the metagenomic insert 076, and the possible toxic effect of this peptide on the 15 

bacterial growth was also evaluated (Supplementary Figure 3). To evaluate this, three bacterial 16 

cultures were grown: E. coli EPI300 pCC2FOS, E. coli EPI300 pCC2FOS-076 and E. coli EPI300 17 

pCC2FOS-076-DS4 with chloramphenicol 12.5 μg/mL and incubated as described above, reaching 18 

0.4 OD600nm. From this point the cultures were divided into three samples and then were induced 19 

with three different concentrations of L-arabinose (0.02%, 0.1% and 0.2%) for 5 h taking 20 

measurements of OD600nm per hour. 21 

AdDLP recombinant expression: We used the E. coli BL21 DE3 AdDLP-pET28a (50μg/mL 22 

kanamycin) and E. coli BL21 DE3, which were grown in LB medium until 0.5 OD600nm. At this 23 

point each culture was induced with 0.5 mM IPTG for 6 h and incubated all overnight at 4 °C. 24 

Subsequently bacterial pellets were recovered by centrifugation, resuspended in 6M urea followed 25 

by mechanical lysis in BeadBeater (BioSpec Products, US/Canadá). The final supernatants from 26 

these extractions were assessed by protein electrophoresis in polyacrylamide gel with 14% sodium 27 

dodecyl sulfate (SDS PAGE) stained with Coomassie blue. They were also analysed by western 28 

blot using a monoclonal anti-histidine antibody for the latter.  29 



AdDLP purification: Pellet was recovered from E. coli BL21 DE3 AdDLP-pET28a as described 1 

above, washed in isolation buffer (2 M urea, 2 % Triton X-100 in resuspension buffer). Once this 2 

second supernatant was separated by centrifugation, the remaining pellet was resuspended in 3 

solubilisation buffer (6M urea, 10 mM imidazole, 10 mM mercaptoethanol) and lysed physically, as 4 

described above with a Bead Beater. Each of these three fractions were separated by SDS-PAGE 5 

and analysed by Coomassie blue and western blot. After that, the coupling of bacterial extract E. 6 

coli BL21 DE3 AdDLP-pET28a with Ni- NTA column was run overnight at 4°C under constant 7 

stirring. Column was washed according to the manufacturer instructions and a protocol reported 8 

[36]. Dialysis was performed using a linear urea gradient from 6 to 0 M. Finally, the recombinant 9 

AdDLP peptide was released of the chromatography column with Elution buffer (200mM imidazole 10 

in the resuspension buffer). All fractions resulting from washing and elution (with protein retained 11 

in the column) were separated by SDS-PAGE and tested by Coomassie blue staining and Western 12 

blot. 13 

Quantitation of total protein: Protein concentration was determined by the Bradford method for 14 

the bacterial extracts obtained by dilutions in base two from 1/5 to 1/640 at 96-well plate. The 15 

concentration of protein was determined in µg/mL with the calibration curve using human 16 

Immunoglobulin G (IgG) as control test.  17 

Statistical analysis. For the antimalarial activity study of bacterial extracts expressing the DS4 18 

peptide an analysis of variance (ANOVA) was made in order to establish possible significant 19 

differences between groups. 20 

 21 

RESULTS 22 

 23 

1. Standardization and viability detection testing of P. falciparum 3D7 clone and its 24 

derived transgenic bioluminescent clone in a multiwell plate cultures.  25 

Parasitic Culture 26 

The parasite has a reproducible growth under different conditions in the laboratory. Figure 1 27 

shows some parasitic stages of P. falciparum clone 3D7 grown under standard conditions described 28 

in Materials and Methods.  29 
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Figure 1:  Parasitic stages of P. falciparum clone 3D7. S: Schizonts R: Rings. 9 

 10 

Fluorescence 11 

The optimal concentration of SYBR Green for the detection of the parasite in 96 wells, was 12 

made based on the previous methodology (times and volumes of reagents) established for the 13 

detection of parasites by fluorescence (CRESIB, Barcelona). We evaluated 25 x and 6.5 x of SYBR 14 

Green about 180 µL of parasitic culture incubated with chloroquine (1.17n M to 600 nM).  In figure 15 

2 (A) and 2 (B) shows the respective curves of inhibition. In the detection we estimate a background 16 

of 6.3 and 7 (average positive growth Control / average negative growth control) According To 17 

what is Reported (> 6) for the detection of compounds with antimalarial activities by SYBR Green 18 

[67]. 19 

However for to optimize the protocols and reduces the use of reagents, the condition of 180 20 

µL of parasitic culture and 6.5x of SYBR Green was chosen for the cultivation of P. falciparum 21 

clone 3D7 and detection by fluorescence in 96 wells microplates. We observed a good 22 

reproducibility in the IC50 and homogeneity of the detection. Although the bioluminescence 23 

detection method was used in this study, due to its high sensitivity and noise elimination it was 24 

important to have a second confirmatory detection method. 25 
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Figure 2: Standardization of fluorescence reading. (A) Detection with SYBR Green 25 x. IC50 of chloroquine to P. 4 

falciparum clone 3D7. Parasitic culture volume: 180µL. Background: 6.3. (B) Detection with SYBR Green to 6.25 x. 5 

IC50 of chloroquine to P. falciparum clone 3D7. Parasitic culture volume: 180µL Background: 7.3. Concentration of 6 

chloroquine from 1.17 to 600 nM. 7 

 8 

Bioluminescence 9 

Once the conditions for parasite cultivation in 96 wells microplates were established we 10 

proceeded to standardize the bioluminescence detection with 3D7 and pHDEF1 luc (bioluminescent 11 

parasite) clones of P. falciparum with luciferin. Parasites were grown in a final volume of 180µL in 12 

white and black opaque microplates that were revealed by luminescence as shown in Figure 3 (A). 13 



This assay showed significant bioluminescence emission differences only in white plates for the 1 

bioluminescent clone and between groups (ANOVA p < 0.05). The bioluminescent emission was 2 

stable over time (1h) after addition of the luciferase substrate to the bioluminescent parasite pellet in 3 

figure 3 (B). It was also determined that the amount of substrate added is proportional to the 4 

luminescence emission detected (data not shown). The detection sensitivity was also evaluated for 5 

two bioluminescent parasitic culture volumes (180 µL and 130μL). A more sensitive detection was 6 

observed at 130µL in figure 3 (C). Finally, the IC50 using chloroquine was determined for this 7 

parasitic clone growing at 130μL, confirming the expected value reported [66] as shown in figure 3 8 

(D). 9 
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Figure 3: Bioluminescence reading standardization. (A) Assay with white and black microplates. RBCs: Red Blood Cells 4 

3D7: P. falciparum clone 3D7. Pf Luc: P. falciparum clone pHDEF1 luc. Analysis of variance between groups p ≤ 0.05. 5 

(B) Bioluminescence stability over time (55 min). Measured every 5 min.  (C) Detection of parasitic growth inhibition for 6 

a final culture volume of 130 µL (red bar) and 180 µL (blue bar) with 10 µL of substrate. (D) IC50 of chloroquine for P. 7 

falciparum clone pHDEF1 luc. 8 

 9 

2. Antimalarial screenings in bacterial extracts of metagenomic clones  10 

Four microliters of bacterial extracts representing four different metagenomic clones (see 11 

materials and methods) were incubated for 72 hours in 126 µL of parasite culture per microwell.  12 

We evaluated in 5 screening plates a parasite growth inhibition assay for pools representing extracts 13 

of 1780 different metagenomic clones. Figure 4 shows antimalarial activity detected per well for 14 

p<0.05 



each screening. By analysing the frequency distribution of parasite cultures (microplate) incubated 1 

with all bacterial extracts obtained shown in figure 5(A), it can be shown that bioluminescent 2 

parasite growth after 72 hours with bacterial extracts have a normal growth distribution with 78.9% 3 

on average, and it has an inhibitory effect on parasite growth of 19.9% on average. Figure 5 (B) 4 

shows a frequency polygon on which is observed the difference in the trend of parasitic growth 5 

among the 5 screenings. Looking at this data it was decided to focus on those clones deviating 6 

significantly on the parasitic growth effect, indicating a potential antimalarial effect encoded in the 7 

metagenomic content. As they represent pools of bacterial extracts for 4 metagenomic clones, we 8 

proceeded to decompress these findings, by analysing one by one the clones composing one of 9 

those promising positive pools with parasitic growth well below the average, as those with 10 

approximately 60% (Figure 6, screening 3, microwell 1 and screening 5, microwell 55) and 80% 11 

(Figure 6, screening 2, microwell 8). In these assays we observed a clear differential inhibitory 12 

effect of three clones in Figure 6 (B) and (C). 13 

At this point, we standardized the basis of a platform with bacterial extracts from metagenomic 14 

clones and transgenic clone of P. falciparum in microplates of 96 wells, where we detected 15 

antimalarials activities in a mid-throughput screening of 1780 clones.  This concept has been 16 

applied in screenings of lipases [44], lactonases [68] and aromatic compounds [69]. However these 17 

approaches do not provide in the screenings a positive control of activity encoded from a 18 

metagenomic context to detect true positive activities. In figure 6 it can be observed that in the 19 

decompression of three bacterial extracts that inhibited the parasite growth there may be false well 20 

as true activities. For this reason was necessary to develop a tool with the potential to detect truly 21 

positive antimalarial activities in metagenomic bacterial extracts. 22 
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1 
Figure 4: Antimalarials screenings in metagenomes. Parasite growth inhibition assay graphics. X-axis: Parasitic growth 2 

detected by bioluminescence expressed as a percentage per microwell in an inhibition assay. Y-axis: number of microwell 3 

incubated with 4 µL of a mixture of bacterial extract of 4 different metagenomic clones. Positive growth control: infected 4 

red blood cells with P. falciparum clone pHDEF1 luc (green bar). Negative growth control: healthy red blood cells. In 5 

these assays were evaluated 1780 clones: Screening 1 (348 clones), Screening 2 (348 clones), Screening 3 (364 clones), 6 

Screening 4 (364 clones) and Screening 5 (356 clones). 7 
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Screening 5 



Figure 5: (A) Frequency histogram with Gaussian distribution function. (B) Frequency polygon. Y -axis: frequency. X-1 

axis: Class (parasitic growth in percentage). 2 
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Figure 6: Decompression of bacterial extracts inhibiting parasite growth in microplate. (A) Bacterial extract  in microwell 1 

number 8 in Screening 2. (B) Bacterial extract in microwell number 1 in Screening 3. (C) Bacterial extract in microwell 2 

number 55 in Screening 5. 3 

 4 

3. Developing a genetic tool as a proof of concept and as positive control to potentially 5 

refine screening thresholds. 6 

Reviewing literature, the peptides AdDLP and Dermaseptin 4 (DS4) were selected to develop 7 

the genetic construct with antimalarial activity. These peptides are linear exhibit antimalarial 8 

activity reported for intra erythrocyte forms in a range not more than 72 hours on P. falciparum [38, 9 

39] and have been evaluated at concentrations below 20 µM (IC50). The first is a defensin 10 

composed of 58 aminoacids, alpha helix structure and beta folded stabilized by cysteines, 11 

Anaeromyxobacter dehalogenans isolated and with an IC50 of 10µM in P. falciparum [38]. The 12 

second is a Dermaseptin 4 composed of 28 amino acid, amphipathic alpha-helix structure in 13 

nonpolar media isolated from the frog skin glands Phyllomedusa sauvagii and with an IC50 of 0.27-14 

2.2 μM in strains of P. falciparum sensitive and resistant to chloroquine [37, 63]. 15 

 16 

Production of antimalarial peptide: AdDLP and DS4. 17 

Once selected, antimalarial peptides were sent to chemically synthesize to an external 18 

provider (GenScript, USA). DS4 peptide was synthesized efficiently in the required conditions. To 19 

obtain an adequate AdDLP peptide production, a strategy was followed including the recombinant 20 

production of the antimalarial peptide [36]. For this purpose we used a previously developed 21 

construction called AdDLP-pET28a housed in the E. coli BL21 DE3 strain [53]. This construction 22 

allowed for recombinant expression of AdDLP peptide by IPTG induction and detected the 23 

expression of peptide by Western blot using a monoclonal antibody anti-histidine. Figure 7 shows 24 

the presence of the peptide only in dilute and concentrated fractions of E. coli BL21 with induced 25 

plasmid also showed a molecular weight of 9.6 kDa close to theoretical (tail of 6 His + EK + 26 

AdDLP). 27 

 In order to determine if the recombinant peptide may be obtained in native conditions (from 28 

bacterial resuspension in non-denaturing buffer or resuspension buffer) pellets of E. coli BL21 29 



pET28a AdDLP were subjected to washes with different buffers and fractions recovered on every 1 

wash were analyzed by SDS PAGE and Western blot. These results demonstrated that this peptide 2 

could be indeed obtained in the two fractions under non-denaturing and denaturing conditions (data 3 

not shown). However purification was performed with denaturing fraction (6M urea). Figure 8 4 

clearly shows that the antimalarial peptide was obtained in a pure form only in the elution fractions 5 

with imidazole (retained fractions) and it did not show any non-specific purification of other 6 

bacterial proteins. These results indicate that elution fractions can be directly used in any 7 

subsequent testing without the risk of including additional contaminant proteins. 8 

 9 

Parasite inhibition assays with antimalarial peptides  10 

AdDLP 11 

The purified peptide was tested on a bioluminescent parasite in a growth inhibition assay 12 

with the protein elution buffer (100mM Tris-HCl, 100mM NaCl, pH 8.0, imidazole 200mM) on 13 

which it was recovered. In this assay no differential antimalarial activity was detected in any of the 14 

peptide dilutions employed, compared to the same dilution used for elution buffer (Figure 9). This 15 

result may be influenced by the presence of the histidine tag and the cutting site of the enterokinase 16 

in the purified peptide, somehow preventing its functionality. Due to the cost involved in 17 

recombinant production and the failing of the companies commissioned to produce the synthetic 18 

AdDLP peptide to produce it, it was decided to proceed with the strategy of generating a synthetic 19 

gene and synthetic peptide but relying on DS4. 20 

 21 
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Figure 7: Recombinant expression AdDLP peptide. (A) SDS PAGE. (B)  Western Blot. 1: Extract E. coli BL21; 2: 1 

Extract E. coli BL21 transformed with plasmid AdDLP-pET28a without IPTG induction; 3: Extract E. coli BL21 2 

transformed with plasmid and induced with IPTG for 6 h. C: concentrated sample and D: dilute sample. MWM: Molecular 3 

weight marker for proteins from 2 to 212 kDa. 4 
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              11 
Figure 8: AdDLP peptide recombinant purification. (A) SDS PAGE and Western blot of not retained fractions (B) SDS 12 

PAGE and Western blot of retained fractions. MWM: Molecular weight marker for proteins from 2 to 212 kDa.  13 

 14 



                    1 

Figure 9: Inhibition assay with AdDLP recombinant peptide and protein elution buffer. Graph: Inhibition curve for 2 

recombinant AdDLP peptide (blue line) and protein elution buffer (red line). Y-axis: Percentage of parasitic growth. X -3 

axis: In µL quantity peptide or protein elution buffer. 4 

 5 

DS4 6 

The peptide DS4 has a strong hydrophobic character 7 

 DS4 synthetic peptide has a molecular weight of 2850 g/mol, isoelectric point of 11, 8 

consisting mainly of non-polar aliphatic amino acids (9 alanines and 6 leucines), reflected in 9 

Zimmerman scale [58] (Figure 11 (A)) and in the analysis of hydropathy using the Kyte-Doolittle 10 

scale (hydrophobicity) [60,61] and Hoops Woods (hydrophilic character) [62]. This showed a 11 

hydrophobic character with values above 0, contrasting Hoops scale, which showed for most waste 12 

below 0 values (Figure 11 (B)). DS4 has an intermediate accessibility to the aqueous medium 13 

shown by the Bahaskaran algorithm [59] (Figure 11(C)), which is consistent with its flexibility 14 

(Figure 11 (D)). The Helical Wheel also showed a marked hydrophobic composition. In terms of 15 

structure, I-TASSER predicted five models (Supplementary Figure 1) to be the best model with 16 

alpha helix with C –score in the range (-5 to 2). 17 

18 
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Figure 11: DS4 peptide biochemical characteristics. (A) Hydropathy graph. Yellow line: Kyte - Doolittle scale. Purple 6 

Line: Hopp - Woods scale. Y-axis: 4 to -4 scale. X-axis: amino acid position on the peptide sequence. . (B) Polarity graph. 7 

Zimmerman’s algorithm. Y-axis: 4 to -4 scale.  X-axis: the amino acid position with respect to the peptide sequence.  (C) 8 

Profile of accessibility. Y-axis: 4-8 scale. X-axis: position of the amino acid respect the peptide sequence. (D) Flexibility 9 

profile. Bahaskaran algorithm. Y-axis: 0.36 to 0.41 scale. X-axis: Positions of the amino acid respect the peptide 10 

sequence. (E). Left Panel: Helical Wheel Projection. Residues: hydrophilic (circles), hydrophobic (diamonds), negatively 11 

charged (triangles) positively charged (pentagons). On a scale of green color: the more hydrophobic residue is greener and 12 

less hydrophobic is yellow. Color scale: Red hydrophilic residues. Right panel: DS4 peptide structure model. Score: -0.09. 13 

Estimate of the quality of the predicted models: C -score: range (-5 to 2). 1.8 ± 1.5Å (RMSD). Secondary Structure 14 

Prediction: H: Helix Score per residue: 0-1. All predicted by I-TASSER: (http://zhang.bioinformatics.ku.edu/I-TASSER/). 15 

 16 



Parasite growth inhibition by the peptide DS4 is not caused by its hemotoxic activity. 1 

There is a report showing strong haemolysis of peptide DS4 in relatively high 2 

concentrations (8.5μM) against P. falciparum strains [39]. For this reason, we studied the lytic 3 

activity of this peptide on red blood cells in decreasing concentrations (34-0.7 µM), for a short 4 

period of time (1h). In Figure 12 (A) it can be observed the haemolytic effect in the first 15 min for 5 

the higher peptide concentrations and as time passes increases in the lower concentrations. Nuclear 6 

magnetic resonance studies and fluorescence assays attribute this phenomenon to its high capacity 7 

for aggregation in aqueous solutions caused by its oligomerization [39].  8 

 After this test was repeated for a longer incubation period (72h) corresponding to the 9 

inhibition tests, peptide, IC50 was determined simultaneously on the bioluminescent parasite clone  10 

in order to determine if the minimum concentration of peptide with haemolytic activity coincided 11 

with the concentration corresponding to the reported IC50.  We verified that inhibition of parasite 12 

growth was only due to the peptide anti parasitic potential and not to its haemotoxicity. These 13 

results indicated that DS4 peptide inhibited 50% of parasite growth bioluminescent between 0.23 14 

and 0.53 µM without lytic activity in red blood cells, which is evident at 8.5μM. Figure 12 (B) 15 

shows the results after 72 h of haemolytic activity incubation and IC50 revealed by absorbance 16 

(O.D.600nm) and luminescence. 17 
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Figure 12: Haemolytic activity and IC50 of the DS4 synthetic peptide. (A) Haemolytic activity graph and photographs 32 

after 1 h of incubation (readings every 15 minutes). Positive lysis control: Red blood cells in distilled water. Negative 33 

lysis control: Red blood cells in complete medium. (B) Haemolytic activity graph (red line) and IC50 (green line) after 72 34 

h of incubation.  35 
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DS4 peptide does not inhibit the growth of E. coli EPI300 and its antimalarial activity 1 

detection is not severely affected by the bacterial extract alone. 2 

 The antimicrobial activity of the DS4 peptide against fungi: Aspergillus fumigatus and 3 

Aspergillus niger; Virus: HIV-1, Herpes simplex type 1 and 2; Intracellular parasites: Leishmania 4 

amazonensis and P. falciparum, Gram positive and negative bacteria associated with genital 5 

infections; and even spermicidal action [70-77] was previously reported. The activity has never 6 

been assayed against E. coli EPI300 (host of the libraries). Because this bacterium is transformed 7 

with the construct that will express this peptide, it became imperative to determine the minimum 8 

inhibitory concentration of the DS4 peptide for this bacteria. Decreasing concentrations of the same 9 

were evaluated (34 μM to 0.016 μM) on an E. coli EPI300 bacterial culture with an incubation 10 

period of 24 h. In figure 13 (A) bacterial growth is evident at all concentrations of peptide tested 11 

and also the extract of this does not inhibit the antimalarial activity of the synthetic peptide DS4 at a 12 

concentration close to the IC50 or a high concentration as shown in Figure 13 (B). These results 13 

suggest that this bacteria and its derived extract comply with the basic conditions to serve as a host 14 

for recombinant expression in the specific case of this toxic protein. 15 
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Figure 13: MIC and EPI300 Inhibitory effect for DS4 synthetic peptide. (A) Microplate photo of the assay and graphic 6 

MIC representation of DS4 tested on E. coli EPI300 after 24 hours of incubation. BR: Biological replication. Background: 7 

peptide in LB medium without bacterium. Positive growth control: E. coli EPI300 without peptide. Negative growth 8 

control: LB liquid medium without bacteria. (B) Photograph and graphic representation of the test: inhibitory effect of E. 9 

coli EPI300 extract on antimalarial activity of the synthetic peptide DS4 after 72 hours of incubation. 1:5.3 µM DS4 and 10 



E. coli EPI300 extract. 2: 0.53µM DS4 and E. coli EPI300 extract. 3: Only E. coli EPI300 extract. 4: Only 5.3µM DS4 5: 1 

Only 0.53 µM. 6: Negative growth control: RBCs healthy. 7: Positive growth control: RBCs infected whit P. falciparum 2 

clone pHDEF1 Luc. 3 

 4 

Genetic tool construction 5 

Design and synthesis of gene encoding DS4 6 

We designed the synthetic gene encoding to the DS4 peptide following parameters 7 

previously set and applied for AdDLP peptide containing a synthetic gene design [53]. Briefly, the 8 

nucleotide sequence encoding the peptide was defined by analysis of adaptation on the use of codon 9 

(E. coli K12 strain) with the online service Optimizer [54]. Figure 14(A) shows the results 10 

highlighting in squares the codons CCG, GGC and CAC have a toughness value which is consistent 11 

with a high sensitivity of tRNAs and this may be related to efficient protein synthesis. After that 12 

was added the necessary sequences to regulate its transcription in vitro in the following way: 13 

upstream was added the complete sequence of the araBAD promoter (inducible with L- arabinose) 14 

which would facilitate its cloning and controlled expression (induction), as derived from plasmid 15 

pBAD18 [78], a ribosome binding site and the initial ATG, followed of DS4 peptide coding 16 

sequence (110 bp). Downstream was included a termination site of gene transcription (rrnB term) in 17 

order to achieve optimum expression in vitro by any of the metagenomic clones (Figure 14(B)). The 18 

analysis of the hypothetical messenger RNA gene, predicted only one stable secondary structure 19 

with a free energy value of -7.5 kcal / mol between the base pairs -4 to +37. This result suggests that 20 

eventually it would not be a factor that significantly affects in vitro expression of this peptide in E. 21 

coli. Finally DS4 synthetic gene with a total length of 680 bp was chemically synthesized cloned 22 

into plasmid pUC57 (Genescript, USA). Figure 16 (A) shows a schematic overview of this 23 

construct, called pUC57-DS4 (The AdDLP synthetic gene was synthesized and cloned into the 24 

same plasmid previously [53]).  25 
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Figure 14: DS4 synthetic gene design. (A) Analysis adaptation of codon usage for DS4 peptide to E. coli K12 with 8 

bioinformatics tool Optimizer.  In squares the codons that have a toughness value which is consistent with a high 9 



sensitivity of tRNAs. CAI: Codon Adaptation Index. ENc: Effective Number of Codons. %GC: G+C percentage %AT: 1 

A+T percentage. (B) Top panel: Schematic representation pBAD18. Lower panel: DS4 synthetic gene design.  2 

 3 

Negative genetic construct for antimalarial activity 4 

 From construction pUC57 containing an antimalarial peptide synthetic gene, a modification 5 

was made in order to generate a plasmid incapable of expressing the antimalarial peptide, which 6 

was called pUC57_lig as negative control of recombinant expression. For this purpose was deleted 7 

the region where was cloned the antimalarial synthetic gene and then ligated and transformed into 8 

E.coli EPI300 (data not shown). 9 

 On the other hand was constructed a negative control of recombinant expression for 10 

antimalarial peptide from metagenomic context. For this purpose, we generated E. coli EPI300 11 

clones with fosmid DNA without any metagenomic insert using the vector pCC2FOS. This vector 12 

was religated with T4 ligase and was transformed into thermocompetent E. coli EPI300 cells. The 13 

transformants were selected on LB agar supplemented with chloramphenicol at 12, 5 µg/mL. 3 14 

colonies were chosen randomly, grown overnight in LB liquid medium supplemented with the same 15 

antibiotic. These bacterial cultures were used for fosmid DNA extraction, and the resulting fosmids 16 

were subsequently digested with SalI enzyme to evaluate its restriction pattern showing the 17 

expected bands in Figure (15). 18 

 19 
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 22 

Figure 15: Negative Control of Expression of antimalarial peptide from metagenomic context. pCC2FOS fosmid 23 

schematic representation which highlights SalI restriction sites (red squares), together with the agarose gel (right panel) of 24 

undigested pCC2FOS fosmidic DNAs (lanes 1, 3 and 5) and digested with SalI (lanes 2, 4, and 6). (280 bp and 896 bp 25 

expected weights) belonging to the 3 isolated clones from the E. coli EPI300. 26 

 27 

Positive control generation for antimalarial activity 28 

 Once the negative control was completed, the positive control was constructed for 29 

antimalarial platform, which consisted of the DS4 synthetic gene cloning in a metagenomic insert, 30 

for that three metagenomic clones were studied called pCC2FOS-076, pCC2FOS-108 and 31 

pCC2FOS-345, assembled in the pCC2FOS fosmid which were completely sequenced by 32 

pyrosequencing in a previous study [55]. Through an analysis of restriction patterns made to the 33 

three clones (Supplementary Figure 2), we selected metagenomic clone 076, which had a unique 34 

cleavage site in the metagenomic DNA by the enzyme AscI. Then the DS4 synthetic gene was 35 

amplified from plasmid pUC57-DS4 shown in figure 16 (A) with primers DS4076-AscI-F and 36 

DS4076-AscI-R including AscI restriction site at the ends of the gene (696 bp expected weight). In 37 
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37 

turn, the pCC2FOS-076 fosmid was purified (44709 bp). Both the PCR product and the purified 38 

fosmid were subjected to enzymatic restriction and purification, Figure 16 (B).  39 

 With the purified products we proceeded to ligate the DS4 synthetic gene in the 40 

metagenomic insert 076 and it was transformed into E. coli EPI300. Colony PCR screening on 41 

transformants (primers Con076-AscI-F and Con076-AscI-R) allowed the selection of positive 42 

clones for DS4 gene insertion in the metagenomic insert with expected weight of 818 bp as shown 43 

in figure 16 (D). Of these clones, three were selected and named E. coli EPI300 pCC2FOS-076-44 

DS4 1-3. After isolating their respective DNAs, they were subjected to enzymatic restriction with 45 

AscI, releasing a gene of the insert with expected molecular weight of 688 bp as shown in Figure 16 46 

(D). Finally these clones were confirmed by sequencing. The sequences revealed the correct 47 

insertion of the DS4 synthetic gene in the context of metagenomic DNA (data not shown). 48 

(A) 49 

 50 

(B) 51 



38 

 52 

(C) 53 

 54 

55 

              

1     

MW

M      

2 
                                                                                                      



39 

(D) 56 

 57 

Figure 16: Positive Control of peptide expression DS4 from metagenomic DNA. (A) Schematic representation of the 58 

amplification of DS4 synthetic gene from pUC57 DS4. (B) Schematic representation pCC2FOS 076 with unique AscI 59 

cleavage site in the metagenomic insert (reds squares)  and gel with purified products (DS4 PCR y 076 metagenomic 60 

insert) post digestion AscI. Lane 1: PCR product (688 bp) and lane 2: fosmid DNA (4Kb approximately). (C) Schematic 61 

representation pCC2FOS-076-DS4 construct. Right Panel: Colony PCR for 12E. coli EPI300 clones transformed with 62 

pCC2FOS-076-DS4. Left panel: Digestion with AscI for three clones with fosmidic DNAs (076-DS4 pCC2FOS) in  the 63 

lines 1, 2 and 3. MWM: molecular weight marker 100 to 1500bp. 64 

 65 

DS4 synthetic gene is transcribed in plasmid and in metagenomic fosmid clone. 66 

 Once assembled, the genetic construct was verified regarding transcriptional function. The 67 

DS4 synthetic gene transcription was assessed in both plasmid and inserted in metagenomic 68 

fragment clones in fosmid DNA. We evaluated different concentrations of L-arabinose based on the 69 

effect that could have the induction of the expression of a toxic peptide in bacterial growth 70 

(Supplementary Figure 3). Finally it was chosen 0.2% L-arabinose. In this concentration, E. coli 71 

EPI300 pCC2FOS-076-DS4 exhibits standard growth kinetics. RNA was extracted from E. coli 72 

EPI300, E. coli EPI300 pCC2FOS-076, E. coli EPI300 pCC2FOS-076-DS4 and E. coli EPI300 73 

pUC57-DS4, either induced with L-arabinose 0.2% or without induction, also including samples 74 

that do not have the synthetic gene (negative control for the transcription of this gene). RNA 75 

samples were normalized to 100 ng/µL of concentration and tested for 16S rRNA to detect 76 

contamination with genomic DNA. The integrity of each sample was tested by electrophoresis (data 77 

not shown). The samples were subjected to reverse transcription and PCR to the coding region of 78 
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the DS4 synthetic gene using cDNAs as template for the reaction. It was found that the gene is 79 

transcribed from both contexts (Figure 17). 80 

 81 

Figure 17: RT- PCR DS4. Amplification of the coding region DS4 gene from cDNAs: 1(E. coli EPI300). 2(E. coli 82 

EPI300 pCC2FOS-076).3 (E. coli EPI300 pCC2FOS-076-DS4). 4 (E. coli EPI300 pUC57-DS4). Specifying the bacterial 83 

cultures induced with L-arabinose (red numbers) and RT-PCR reactions without reverse transcriptase (*). C- : PCR Mix 84 

without DNA C+: DNA (p UC57-DS4) MWM. Molecular Weight Marker: From 100 to 1500 bp. 85 

 86 

Antimalarial activity: E. coli EPI300 p CC2FOS-076-DS4 and E. coli EPI300 p UC57 DS4 87 

 We assessed the total bacterial extracts (cells and supernatant) of E. coli EPI300 with 88 

antimalarial peptide antimalarial DS4 expressed in the context of a metagenomic DNA fragment 89 

cloned in fosmids and in plasmid DNA. It has been previously standardized by total protein 90 

concentration on bioluminescent parasite in the inhibition assay.  These studies did not show 91 

significant antimalarial activity (data not shown).  92 

 However due to the lipophilic nature and electrostatic affinity of the DS4 peptide for 93 

membranes [79], this test was repeated but only evaluating the cell fraction extract (pellets). The 94 

results of this assay showed significant differential antimalarial activity in extracts obtained from 95 

both contexts compared to control extracts (E. coli EPI300 p UC57- linked, E. coli EPI300 p 96 

CC2FOS, E. coli EPI300 p CC2FOS-076) with a p< 0.05 according to the analysis of variance of a 97 

factor (ANOVA) (Figure 18). 98 

 99 

(A) 100 

 101 

 102 
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                                                  103 

(B) 104 

                                        105 

Figure 18: Antimalarial activity of cell fraction extract (pellets).  (A) Parasite growth inhibition assay with E.coli EPI300 106 

extract with DS4 peptide expressed from a plasmid context.(B) Parasite growth inhibition assay with E.coli EPI300 107 

extract with DS4 peptide expressed from a metagenomic context. 108 

 109 

DISCUSSION 110 

Metagenomics offers great potential in assessment and large-scale identification of 111 

metabolites or peptides based on the expression of genes housed in metagenomic inserts (30-40 kb) 112 

from unknown environmental genetic sources [40]. We do not know about any report so far 113 

showing the screening of antimalarial activities in metagenomic libraries at mid or high troughtput 114 

scales. However the discovery of other molecules such as: esterases, cellulases, chitinases, lipases 115 

[80,81] and recently enzymes that convert lignocellulosic biomass into fuel [82] has been reported. 116 

p<0.05 

p<0.05 
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The main purpose of this work was to establish the platform with all the components 117 

described in order to have a P. falciparum culture with a genetic modification (transgenic for 118 

luciferase) that could give us hints that the parasite is losing viability (loosing bioluminescence). 119 

For this, the platform was designed in multiwell format to detect antimalarial activities from the 120 

evaluation of numerous bacterial extracts from metagenomic clones on the transgenic clone 121 

pHDEF1 luc of P. falciparum, which has the ability to constitutively express the reporter gene 122 

throughout its entire erythrocyte infection cycle [50].   123 

To implement this strategy, we reported the standardization and optimization of the parasite 124 

growth in a volume of 130 µL and the sensible and reproducible detection of parasite viability with 125 

10 µL of luciferin in this format. Also show the screening on bioluminescent parasite inhibition 126 

assays, of 1780 bacterial extracts, equivalent to 62MB of environmental metagenomic information, 127 

and represented in metagenomic inserts on fosmid clones showing that, while, as experienced in 128 

many other functional screenings of metagenomic libraries, many clones are not showing the 129 

desired activity. 130 

In our case, we evidenced that the bioluminescent parasite incubated with extracts in 131 

microplate having normal growth trend near to 78.9%, and observing this behaviour as being 132 

reproducible between screenings. Thus, this value could be taken as a cutoff in our experimental 133 

conditions for the antimalarial activity detection in this context, i.e. potential antimalarial factors 134 

encoded in a metagenomic clones would be revealed below this value. In screening 3 we observe in 135 

the microwell 1, parasitic growth inhibition of 40%. The bacterial extract that caused this effect was 136 

decompressed to its single components (four clones) which were independently evaluated on the 137 

bioluminescent parasite, and showing a significant effect in three potential clones which shall be 138 

characterized in detail in future studies.  139 

It is important to mention that the detected activities in metagenomic functional screenings 140 

for other molecules have been found in low proportions: 1 positive clone of 6000 tested [83] and in 141 

extreme cases 96 of 91000 [84] and this is because the host is unable to efficiently express 142 

metagenomic insert due to phylogenetic and physiological distance between gene donor and the 143 

host expression used [85]. Nowadays, tools have been generated that increase the expression, as 144 

example employing new cell lines with and vectors to metagenomic libraries construction based on 145 
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the use of viral systems such as: T7  RNA polymerase  and the use of an anti-termination protein in 146 

the pCC1FOS of the lambda phage transcription [86]. This is an issue that we are currently 147 

investigating in order to be implemented in this platform [53]. It is remarkable that, despite the 148 

limited amount of clones screened, we already obtained results that can be promising, thus, 149 

metagenomic screenings seem to have a great potential to find novel mechanisms against malaria, 150 

while it is necessary and in-depth characterization of the chemical and structural nature of the 151 

compounds responsible of such activities.     152 

 These results demonstrate the need to have a control for antimalarial activity from a 153 

metagenomic context that is allowing the precise discrimination of activities in a composite 154 

microplate culture, even more, considering that the raw extract of E. coli EPI300 alone has an 155 

inhibitory effect on the parasitic growth. To that end, another objective of this work was to create a 156 

construct with antimalarial activity, which consisted in assembling a synthetic gene encoding of a 157 

peptide with antimalarial activity in a fosmid clone with metagenomic insert. Initially the AdDLP 158 

peptide was selected but it could not be synthesized chemically It could be obtained from 159 

recombinant form and purified by chromatography although it did not inhibited the growth of the 160 

bioluminescent parasite differentially (Figure 9). It is possible that the histidine tag and cut to the 161 

enterokinase site impeded its functionality as is recommended in the production of recombinant 162 

proteins that labelling is removed leaving the protein most natural possible [87]. Also it has been 163 

reported that not to remove this tag of C-terminal can affect the functionality of  the proteins 164 

modifying the physicochemical parameters, distribution of charged amino acid, conformation and 165 

biological properties as in endoproteases [88]. 166 

 In addition, this procedure would be very costly and inefficient in terms of quantity and 167 

purity required for this study. For this reason, continuous construction with cationic polypeptide 168 

Dermaseptin 4 that despite its antecedent of toxicity [39, 89] was efficiently synthesized. Initially 169 

we studied the platform conditions that could eventually affect its functional expression from a 170 

metagenomic context. The analyses on the P. falciparum strain used revealed that the total 171 

haemotoxicity of this peptide occurs from 8 µM after 72 incubation hours, consistent with other 172 

studies [83]. However we also detected massive release of haemoglobin to 1 µM lysing 50% of red 173 

blood cells up to 3 incubation hours [89] that are concentrations higher than the IC50 concentration 174 
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(0.25-0.5 µM) detected for the bioluminescent parasite. Therefore the death rate detected is cause of 175 

its antiparasitic action only. This haemolytic effect has been recently studied; DS4 tends to 176 

aggregation in aqueous solutions by stimulating the suicide of red blood cells (eryptosis) by 177 

increasing of [Ca2+], ceramide and phosphatidylcholine exposure on the erythrocytes surface [90] 178 

 The mechanism of action of this peptide in P. falciparum, are unknown. However it is 179 

possible linked to the generic destabilization of cell membranes [79] by its strong hydrophobic and 180 

cationic nature (Figure 11). In molecular dynamics, simulated peptides with these characteristics 181 

against prokaryotic membranes had demonstrated a strong interaction with phospholipids and 182 

electrostatic affinity causing their disruption [91, 92]. This has been experimentally demonstrated in 183 

studies where chemical modifications of acylation, substitution amino acids increasing the positive 184 

charge of this peptide, improved its spectrum of antibacterial action [65]; while it would have little 185 

affinity for eukaryotic membranes by its neutral charge, it manages to specifically kill P. falciparum 186 

in very low micromolar concentrations. It may be that it saturates the membranes causing a strong 187 

pressure on the surface to the point of destabilizing them; this effect has been reported for 188 

Dermaseptin 01 to join to the zwitterions of the promastigote membrane in L. amazonensis [93]. 189 

Although the family of Dermaseptin has a high percentage of identity in the signal sequence and in 190 

the pre pro sequences to N- terminal but differ in the C- terminal at structural and function [94, 95].  191 

 Furthermore DS4 did not inhibit the growth of E. coli EPI300 and also its antimalarial 192 

potential was not affected at low or high concentrations, to be in contact with the bacterial extract 193 

for a considerable time. These results demonstrate the adaptability of DS4 to the metagenomics 194 

platform conditions for three reasons: 1) It inhibited the bioluminescent clone specifically 2) Do not 195 

inhibited the growth of the host of metagenomic libraries and 3) was not affected the antimalarial 196 

activity by E. coli EPI300 bacterial extract (of complex composition), taking into account that the 197 

libraries are stored in this bacterium. These results were decisive to continue the construction with a 198 

synthetic gene that codified it which managed to be chemically synthesized and transcribed from 199 

plasmid and metagenomic DNA. 200 

 These results highlight the importance of the analysis implementation of optimization of the 201 

use of codons in its design unlike implement only the most common codons unlike implement only 202 

the most frequent codons highlights the effect that a specific group of host tRNAs are mainly loaded 203 
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with their amino acid during translation [96], for example in this case the codons CCG, GGC and 204 

CAC. Also the presence of only a stable structure on its hypothetical mRNA with a value of free 205 

energy of -7.5 kcal/mol was favorable because it has been shown that RNA transcripts containing 206 

stable stems at temperatures above 70 °C decrease the protein expression [preventing to be read by 207 

the ribosome [97] has also been seen that the formation of base pairs between -4 to +37 of a gene 208 

with free energy values of -10 to -14 kcal / mol tend to be more unfavourable to a bias in the codon 209 

usage to carry out an efficient protein expression [98]. 210 

 However, in order to be implemented in the platform, this metagenomic construction 211 

developed (E. coli EPI300 pCC2FOS-076-DS4) must produce the antimalarial peptide, ultimately 212 

reflected in the inhibitory effect on the growth of Plasmodium spp by its derived bacterial extract. 213 

In this study we showed significant differentially antimalarial activity by extracts of bacterial pellets 214 

containing the gene encoding DS4 peptide, and at translational level, it is expressed from plasmid 215 

and fosmid with metagenomic insert (Figure 18). Since DS4 has a markedly hydrophobic and cation 216 

character could be present at very low concentration in supernatants and it is possible accumulated 217 

and aggregated in protein debris or bacterial membranes.   218 

 Our screening results indicate that the expressed protein is functional in metagenomic 219 

bacterial extracts. It is important to mention that the Dermaseptin family from frog skin 220 

recombinant expression has been reported in E. coli, but due to its toxicity and susceptibility to 221 

proteolytic degradation, its recovery is cumbersome [99]. As far as we know, this would be the first 222 

time that the controlled level of expression of a recombinant DS4 is reported. However, in order to 223 

confirm its nature, DS4 must be reconfirmed in the macromolecular mixture of the bacterial extract 224 

E. coli by mass spectrometry. These results suggest that the developed construction could be 225 

optimized employing strategies such as the implementation of stronger inducible promoters for 226 

increased functional expression of the peptide to be detected in smaller volumes of bacterial 227 

cultures. 228 

 We generated a custom genetic construct to be implemented in the validation of a 229 

metagenomic platform for the detection of antimalarial activities in metagenomes. Therefore, this 230 

development could be used and expanded as a tool in a wide range of research interests, especially 231 

for those seeking to mine metagenomes from peculiar ecosystems with a plethora of unknown 232 
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interactions derived in resources of novel functions to recover in biotechnological bioprospecting. 233 

In this case we implemented the platform for antimalarials, but this approach can be applied against 234 

many parasites or pathogenic organisms that can be adapted to be cultured in microplate format, on 235 

which viability can be detected easily, like in this case, transgenic for bioluminescence, but is it is 236 

also possible to envisage the use of other viability-responsive traits that can be measure or detected 237 

quickly in massive composite screenings, ulteriorly leading to expand and accelerate the exploration 238 

and discovery of new bioactive compounds  and ulteriorly leading to expand and accelerate the 239 

exploration and discovery of new  chemotypes encoded in metagenomes to develop new therapies 240 

for the treatment of multidrug-resistant malaria  as the main motivation of this study. 241 

 242 

CONCLUSIONS 243 

 We designed a screening platform in multiwell format to detect antimalarial activities in 244 

clone extracts of metagenomic fosmid libraries on the clone pHDEF1 luc of  P. falciparum. 245 

 We showed that, out of 1780 bacterial clone extracts in pools equivalent to 62MB of 246 

environmental metagenomic information, the majority are not exhibiting antimalarial 247 

activity, but it was possible to detect signals suggesting the presence of such activity. 248 

 We generated a custom genetic construct to be implemented in the validation of a platform 249 

for the detection of antimalarial activities in metagenomic libraries. 250 

 We report the proof-of-concept of  a novel mid throughput platform for the search of 251 

compounds against P. falciparum parasite in metagenomes. It is susceptible to be improved 252 

in sensitivity and handling for higher throughput, and its initial observations showed the 253 

potential to be expanded in order to accelerate the exploration and discovery of new 254 

biocompounds to develop new therapies for the treatment of multidrug-resistant malaria. 255 

 256 

SUGGESTIONS 257 

 Genetic tool (E.coli EPI300-pCC2FOS-076-DS4) for threshold and background 258 

determination in controls must be optimized and tested in detail for multiwell format 259 

screenings 260 

 The platform must be improved for automated high-throughput antimalarial screenings.  261 
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 This platform can be adapted for the detection of activities against many other parasites or 262 

microbial pathogens. 263 

 This platform constitutes a promising candidate to enter a second phase of R&D. 264 
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SUPPLEMENTARY INFORMATION 492 

 493 

 494 

Supplementary Figure 1: Predicted models for DS4 peptide structure by I-TASSER. Estimate of 495 

the quality of the Predicted models: C-score: range [-5, 2]. 1.8 ± 1.5Å (RMSD). 496 

(http://zhang.bioinformatics.ku.edu/I-TASSER/). Best model in green square. . 497 

  498 

  499 

Supplementary Figure 2: Restriction pattern with enzyme cutting once on each clone and with 500 

enzyme (KpnI). DN: undigested DNA. MWM: molecular weight marker 100 to 1500 bp. 501 

110bp 

283pb 
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 502 

Supplementary Figure 3: Graphic post-induction bacterial growth (E.coli EPI300 pCC2FOS,  503 

pCC2FOS-076 and pCC2FOS-076-DS4) at different concentrations of L-arabinose (0.02%, 504 

0.1%,0.2%). Y-axis: optical density (nm) and X-axis: Time (h). 505 
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