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Introduction:-

Malaria, caused by Plasmodium falciparum, is a significant global
health burden, particularly in sub-Saharan Africa. Deep sequencing
(NGS) of parasite genomes has revolutionized our understanding of its
biology and the emergence of drug resistance. However, the presence
of host human DNA and other microbial contaminants within patient
samples can hinder accurate and efficient parasite genome analysis. To
address this challenge, we have developed PathoExtract, a robust
bioinformatics pipeline that integrates commonly used tools into a
streamlined workflow. PathoExtract leverages Snakemake, a workflow
management system, to provide a flexible and reproducible framework
for data processing. The pipeline incorporates rigorous quality control
steps to identify and remove low-quality reads and contaminants. Host
DNA and microbial sequences are effectively filtered out using a
combination of alignment-based and alignment-free methods, ensuring
that only Plasmodium falciparum reads are retained for downstream
analysis.The pipeline offers an intuitive graphical user interface,
making it accessible to researchers with varying levels of
bioinformatics expertise. This user-friendly interface simplifies the
process of running the pipeline, even for those unfamiliar with
command-line tools. The code and documentation for PathoExtract are
freely available at: https://github.com/stanlasso/DREPAL-
PATHOEXTRACT.

Copyright, IJAR, 2024,. All rights reserved.

Malaria, caused by the Plasmodium falciparum parasite, remains one of the leading causes of morbidity and
mortality in tropical and subtropical regions, particularly in sub-Saharan Africa. This infectious disease affects
millions of people each year, resulting in hundreds of thousands of deaths, predominantly among children under five
and pregnant women[1]. While significant progress has been made in reducing malaria transmission through
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interventions such as insecticide-treated nets and artemisinin-based combination therapies, the emergence of drug
resistance, especially artemisinin resistance, poses a serious challenge to achieving global malaria control targets.

Drug resistance in Plasmodium falciparum has been linked to specific genetic mutations, which can compromise the
efficacy of first-line treatments. Continuous surveillance of these mutations is essential for adapting therapeutic
strategies and ensuring the effectiveness of control programs [2]. Genomic studies provide insights into the
evolution of resistance, enabling researchers to detect and monitor resistant strains across different regions.
Advances in next-generation sequencing (NGS) have revolutionized our ability to perform in-depth analyses of the
parasite genome, uncovering a wide array of genetic variations that may influence treatment outcomes. However,
one of the significant challenges in utilizing NGS data from clinical samples is contamination by host human DNA
and microorganisms, which complicates the identification of parasite sequences and risks leading to inaccuracies in
genomic analyses [3].

The complexity of handling contaminated NGS data requires sophisticated bioinformatics approaches to ensure the
reliable extraction of parasite-specific sequences. Several tools, including Fastqc(https://github.com/s-
andrews/FastQC/blob/master/fastqc), Multiqc[4], Fastp[5], Trimgalore(https://github.com/FelixKrueger/TrimGalore
BWA [6], and Samtools [7], have been developed to process raw NGS data, but their integration into coherent
workflows remains difficult for many researchers, particularly those without bioinformatics expertise. Existing
pipelines like HoCoRT[8]DeconSeq[9], and Fastq Screen [10] offer partial solutions but often lack flexibility or a
user-friendly interface, making them inaccessible to a broader scientific audience. Therefore, there is a need for a
streamlined tool that can integrate these functionalities into an accessible and reproducible pipeline, enabling more
accurate and efficient data analysis.

To address these challenges, we developed PathoExtract, a bioinformatics tool specifically designed for the quality
control and decontamination of NGS data from Plasmodium falciparum-infected samples. This tool was developed
as part of the DREPAL project (Sickle Cell Disease-Malaria), led by the Department of Parasitology-Mycology at
the Institut Pasteur of Céte d'lvoire (IPCI). PathoExtract integrates widely used bioinformatics software, such as
Fastgc, Multiqc, Trimgalore, Megahit[11] BWA, and Samtools, into a modular pipeline using Snakemake[12], a
workflow management system that simplifies the automation of complex analyses. This integration allows for the
efficient removal of human host DNA and microbial contaminants, thereby facilitating the isolation and analysis of
the parasite genome.

PathoExtract offers an intuitive graphical interface that simplifies the user experience, even for researchers without
advanced bioinformatics training. By automating the steps required for NGS data cleaning and providing clear,
visualized outputs, the tool democratizes access to high-quality genomic data analysis. The ability to efficiently
remove contaminants and focus on Plasmodium falciparum sequences significantly enhances the reliability of
downstream analyses, such as the detection of drug resistance mutations. This, in turn, provides crucial data for
guiding malaria treatment strategies and improving public health interventions.

Beyond its technical capabilities, PathoExtract contributes to the broader effort of monitoring malaria resistance at
the genomic level. By offering an accessible and scalable solution, the tool supports the identification of key
mutations, allowing researchers to track Plasmodium falciparum variants across different geographic regions. The
insights gained from these analyses are essential for adapting malaria control strategies in real time, ensuring their
continued effectiveness as parasite populations evolve. PathoExtract thus represents a major advancement in NGS
data preprocessing, facilitating both clinical and epidemiological research on malaria.

Material and Method:-

PathoExtract Architecture.

PathoExtract is a bioinformatics tool designed for the quality control and decontamination of NGS data, specifically
targeting samples from Plasmodium falciparum-positive patients. Its architecture (Figure 1) features an intuitive
front-end interface built with AngularJS (https://github.com/angular/angular.js/), making it accessible to researchers
without bioinformatics expertise. The backend server is powered by NodeJS(https://github.com/nodejs/node) with
PM2 (https://github.com/Unitech/pm2) used as the process manager. The orchestration of the different PathoExtract
pipelines relies on snakemake, a modular and automated workflow manager, to simplify data processing. It
integrates several open-source tools widely adopted by the NGS community for the analysis of raw data.
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Figure 1:- PathoExtract Architecture.

General workflow of PathoExtract.

PathoExtract relies on an automated processing pipeline that integrates several essential bioinformatics steps (Figure
2):

Quality control (QC) :

The initial stage of the analysis pipeline involves rigorous quality control (QC) measures. Tools like Fastgc and
Multigc provide a comprehensive assessment of raw sequencing data, identifying potential artifacts and low-quality
sequences. This empowers researchers to make informed decisions about data inclusion for downstream analyses.
Subsequently, based on predetermined quality parameters, Trimgalore performs read adaptation. This process entails
selective removal of reads or read portions that fall outside user-defined quality thresholds. Specifically, Trimgalore
eliminates low-quality bases flanking the 5' and 3' ends of reads. Additionally, reads containing an excessive number
of ambiguous nucleotides (*Ns™) are discarded. Finally, reads failing to meet minimum length or average quality
score cutoffs are removed

Digitalfiltering (decontamination and extraction of parasite sequences) :

Digital filtering of raw sequencing data involves a two-tiered alignment process to eliminate host and microbial
contaminants. Reads are initially aligned to the human reference genome (GRCh38) using BWA, and unaligned
reads are subsequently aligned to the Plasmodium falciparum reference genome (3D7). This approach effectively
removes human DNA sequences and other potential contaminants, ensuring the purity of the parasite-derived data.
Samtools is then employed to extract mapped and unmapped reads, and to convert BAM files into fastq format for
downstream analysis. The resulting outputs include reads aligned to the human genome (host mapped), reads not
aligned to the human genome (host unmapped), reads aligned to the Plasmodium falciparum genome (pathogen
mapped), and remaining unaligned reads (others). This step is critical for obtaining high-quality, pathogen-specific
sequencing data that is suitable for further bioinformatic analyses.
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De novo assembly:
After the digital filtering step, the parasitic sequences are assembled de novo using Megahit, coupled with QUAST
for assembly visualization.

Quadity Control (QC) Digital Filtering (FD) De Novo Assembly (AN)

Human reference +
Raw data (Fastq) genome (Fasta)
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Figure 2:- Detailed diagram of the overall workflow of the PathoExtract analysis pipeline.

Datasets. PathoExtract was tested on two NGS datasets :

1. Fifteen paired-end read samples from an Illumina NGS whole-genome sequencing of Plasmodium falciparum
genomes, derived from plasmodial DNA obtained from the continuous in vitro culture (parasite maturation) of
whole blood from malaria patients. These data are from the DREPAL (Sickle Cell Disease — Malaria) project,
which took place at the Pasteur Institute of Cote d'lvoire (IPCI), specifically in the Parasitology laboratory.

2. Fifteen paired-end read samples from whole-genome sequencing on the Illumina HiSeq 2000 platform, obtained
from the European Nucleotide Archive (ENA).

Hardware and Software Environment.
The analyses were performed on an HPE ProLiant DL380 Gen9 server equipped with an Intel Xeon E5-2620V3
processor, 64 GB of RAM, and two hard drives (1 TB and 7 TB). The operating system used was Linux Ubuntu.

Results and Discussion:-

Results:-

Graphical User Interface (GUI).

The PathoExtract graphical interface has been designed to be intuitive and accessible to researchers, even those
without advanced technical expertise. It allows users to easily configure and execute the various modules of the tool,
while clearly displaying results and reports. The interface offers options for sample loading, treatment parameter
selection, as well as access to execution logs and analysis outcomes. The main screens of this interface are
illustrated in Figure 3. Figure 3.A and Figure 3.B depict the starting points of the primary analysis workflows of
PathoExtract. They respectively show the options for loading or indexing, if necessary, the reference genomes of the
host and the pathogen, along with uploading patient samples into the application's analysis directory. Figure 3.C
presents the various parameters provided by the user to activate the digital filtering pipeline, which primarily
includes the host and pathogen reference genomes used in this analysis. Lastly, Figure 3.D outlines the sequential
steps leading to the assembly of reads.
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Figure 3:- Main screenshots of PathoExtract.

1154



ISSN: 2320-5407 Int. J. Adv. Res. 12(09), 1150-1161

Testing and Validation of PathoExtract on Biological Data.

PathoExtract was evaluated through three key modules: quality control, digital filtering, and de novo assembly, each
crucial for optimizing NGS data from Plasmodium falciparum-infected samples. Two experiments were conducted
to assess its effectiveness in improving data quality, decontamination, and the extraction of parasite-specific reads.

Experiment 1.

The qualitycontrol module of PathoExtract processed the NGS data samples in this study using Fastqc and Multiqc
to visualize and assess the quality of the reads. Data quality was optimized by removing low-quality reads and
undetermined bases (Ns). After this step, the samples exhibited a quality distribution consistent with the defined
parameters, with a notable reduction in inappropriate reads, ensuring that only high-quality reads were retained for
subsequent steps. During the Digital Filtering step, PathoExtract removes host (human) contaminants before
extracting parasite reads. Figure 1 presents the statistics for the digital filtering (DF) performed. It shows the
proportions of reads: (i) related to the human host (Host), (ii) the pathogen of interest (Pathogen), and (iii) other
unidentified sources (Other).
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Figure 4:- Statistics obtained fron digital filtering.

With the exception of sample YOP57, which showed no reads aligned to the human genome, the proportion of
human-derived reads ranged from 61.16% to 99.98% for the DREPAL project samples, compared to 62.14% to
99.73% for the ENA database samples. Regarding the reads aligned to the pathogen of interest, Plasmodium
falciparum, the observed rates ranged from 0.04% to 38.84% for the DREPAL samples, and from 0.17% to 37.41%
for the ENA samples, with the exception of sample YOP57, which exhibited 100% parasitic alignment. Finally, the
proportion of reads classified as "other sources" was low, with values ranging from 0% to 0.69% across all analyzed
samples.

Experiment 2:

To further verify the quality (specificity of the results) obtained with PathoExtract during the first experiment, we
also applied FastQ Screen in addition to PathoExtract to check the level of residual contamination in the outputs that
were unaligned with the human genome (Host unmapped) and those aligned with Plasmodium falciparum (Patho
mapped) from the DREPAL project data. The results of this second experiment are summarized in Tables 1 and 2.
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Table 1:- Human and parasitic (Pf) reads detected by PathoExtract and FastQ Screen in the unmapped human output
from the first experiment.

PathoExtract

Fastq Screen

Number of reads / % of reads

Sample R1/R2 | Total Humain |% |Pf % Humain |% |Pf %

R1 7542661 |0 0 |5797080 |76,86 |0 0 |5844959 |77,49
ANKO086

R2 7542661 |0 0 |5797080 |76,86 |0 0 |5794111 |76,82
ANKO87 R1 5089094 |0 0 |4440445 (87,25 |0 0 |4482404 |88,08

R2 5089094 |0 0 |4440445 |87,25 |0 0 |4434353 |87,13

R1 2109196 |0 0 |34568 164 |0 0 |[35094 1,66
ANK123

R2 2109196 |0 0 |34568 164 |0 0 |34661 1,64
ANK28 R1 168627 |0 0 |158078 93,74 |0 0 158035 |93,72

R2 168627 |0 0 |158078 93,74 |0 0 |157088 |93,16
ANK29 R1 170419 |0 0 |151485 88,89 |0 0 |151167 |88,70

R2 170419 |0 0 |151485 88,89 |0 0 |150036 |88,04
ANK33 R1 405131 |0 0 |106877 26,38 |0 0 |107078 |26,43

R2 405131 |0 0 |106877 26,38 |0 0 105367 |26,01

R1 11922 0 0 |6960 58,38 |0 0 |6891 57,80
ANK?54

R2 11922 0 0 |6960 58,38 |0 0 |6837 57,35

R1 14037 0 0 |4317 30,75 |0 0 |4264 30,38
ANKS55

R2 14037 0 0 |4317 30,75 |0 0 |4236 30,18

R1 74914 0 0 |47576 63,51 |0 0 |47589 63,52
ANKG67

R2 74914 0 0 |47576 63,51 |0 0 46912 62,62
ANKOL R1 441988 |0 0 |210450 47,61 |0 0 |211734 |47,90

R2 441988 |0 0 |210450 47,61 |0 0 210893 |47,71
ANK96 R1 6603373 |0 0 |6431181 |97,39 |0 0 |6441507 |97,55

R2 6603373 |0 0 |6431181 |97,39 |0 0 |6393483 |96,82

R1 36540 0 0 |31455 86,08 |0 0 |31422 85,99
YOPO02

R2 36540 0 0 |31455 86,08 |0 0 [31212 85,42
YOPOS R1 138531 |0 0 |125959 90,92 |0 0 125873 |90,86

R2 138531 |0 0 |125959 90,92 |0 0 124836 |90,11

R1 62859 0 0 |46164 73,44 |0 0 [46104 73,35
YOPO7

R2 62859 0 0 |46164 73,44 |0 0 |45439 72,29
YOPS7 R1 5621025 |0 0 |1191747 (21,20 |0 0 |1206262 |21,46

R2 5621025 |0 0 |1191747 (21,20 |0 0 1195434 |21,27
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Table 2:- Detection of human and parasitic (Pf) reads by PathoExtract and FastQScreen in the unaligned outputs on
Plasmodium falciparum during the first experiment.

PathoExtract FastqScreen
Nombre de reads / % de reads

Echantillon |RI/R2 | Total Humain | % |Pf % Humain |% |Pf %

R1 0 0 100,00 |0 0 |5667235 |97,76
ANKO86 5797080 5796875

R2 5797080 |0 0 |5796875 |100,00 |0 0 |5692058 |98,19
ANKOS7 R1 4440445 |0 0 |4440043 199,99 |0 0 |4340907 |97,76

R2 4440445 |0 0 |4440043 9999 |0 0 4318264 |97,25

R1 0 0 99,99 |0 0 [33305 96,35
ANK123 34568 34566

R2 34568 0 0 |34566 99,99 |0 0 |33148 95,89
ANK2E R1 158078 |0 0 |158076 |100,00 |0 0 |155994 |98,68

R2 158078 |0 0 |158076 |100,00 |0 0 |155361 |98,28

R1 0 0 100,00 |0 0 148664 |98,14
ANK29 151485 151483

R2 151485 |0 0 |151483 |100,00 |0 0 |147951 |97,67
ANK33 R1 106877 |0 0 |10e872 |100,00 |0 0 (103681 |[97,01

R2 106877 |0 0 |106872 100,00 |0 0 |102593 |95,99

R1 0 0 100,00 |0 0 |6786 97,50
ANK54 6960 6960

R2 6960 0 0 |6960 100,00 |0 0 |6746 96,93

R1 0 0 100,00 |0 0 |4145 96,02
ANKES 4317 4317

R2 4317 0 0 |4317 100,00 |0 0 |4107 95,14

R1 0 0 99,99 |0 0 |46255 97,22
ANKG67 47576 47573

R2 47576 0 0 |47573 99,99 |0 0 |45876 96,43

R1 0 0 99,99 |0 0 [205676 |[97,73
ANKO1 210450 210436

R2 210450 |0 0 |210436 99,99 |0 0 [205385 [97,59
ANKOS R1 6431181 |0 0 |6431043 |100,00 |0 0 |6374545 (99,12

R2 6431181 |0 0 |6431043 |100,00 |0 0 |6343999 |98,64

R1 0 0 100,00 |0 0 |30981 98,49
YOP0?2 31455 31454

R2 31455 0 0 |31454 100,00 |0 0 |30828 98,01
YOPOS R1 125959 |0 0 |125958 |100,00 |0 0 [124284 |98,67

R2 125959 |0 0 |125958 |100,00 |0 0 (123696 98,20
VOPO7 R1 46164 0 0 |46163 100,00 |0 0 |44920 97,31

R2 46164 0 0 |46163 100,00 |0 0 44543 96,49
YOP57 R1 1191747 |0 0 |1191711 |100,00 |0 0 |1160464 (97,38

R2 1191747 |0 0 |1191711 |100,00 |0 0 |1155330 |96,94

Proportionate to the number of reads in the "Host unmapped" and "Patho mapped" samples from the first
experiment, the pipeline effectively cleaned the data by eliminating human contaminants (0% of reads) while
extracting parasitic reads (99% to 100% of reads). The results were validated by comparing the outputs generated by
PathoExtract with other tools such as Fastq Screen, thus confirming the accuracy and performance of the pipeline.
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Comparison with Other Tools.

We chose to compare PathoExtract, FastQ Screen, HOCoRT, and DeconSeq because, to our knowledge, they
represent standards offering comparable methods for contamination detection. Table 3 summarizes the main
characteristics of the four software tools compared.

Table 3:- Comparative Table of Features for PathoExtract, FastQ Screen, HOCoRT, and DeconSeq.

PathoExtract Fastq Screen HoCoRT DeconSeq
Multi- Multi- Human Multi-

Main Objective speciesDecontaminatio | speciesDecontaminatio | Decontaminatio | speciesDecontaminatio
n n n n

Types of | Human, Bacterial, | Human, Bacterial, | Human Human, Bacterial,

Contamination Viral Viral Viral

Detection Method Multi-reference Multi-reference Human Multi-reference
Alignment Alignment Alignment Alignment

Fastg/Fastq.gz v v o v

Input

Paired-end Illumina v " > .

Support

Command-line " v i i

Tool

Graphical User

Interface (GUI) o * * ol

Use of Local v v > o

Resources

Use of Cloud v v > o

Resources

(Semi-)Automated v v v v

Installation

Runs on Linux v v o v

Quality Control

(Trimming/Filterin v b b ®

g)

Extraction of Reads

Corresponding  to

Pathogen of o o * *

Interest

Executable in a v v > .

single flow

Configurable v v "

Reports v v 57 v

Free for Academic v v i >

Use

This comparison evaluates four bioinformatics tools: PathoExtract, Fastq Screen, HoCoRT, and DeconSeq based on
their main features, strengths, and limitations to determine which is best suited for quality control and multi-species
decontamination in studies involving parasites like Plasmodium falciparum. Key evaluation criteria include
decontamination capacity, contaminant detection methods, quality control integration, user interface, and pathogen-
specific sequence extraction.

PathoExtract stands out as the most comprehensive tool for multi-species decontamination, managing both human

and microbial contaminants with precision through multi-reference alignment. Unlike Fastq Screen and HoCoRT,
which lack integrated quality control modules, PathoExtract offers a complete solution by eliminating low-quality
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sequences prior to decontamination. This feature improves downstream data reliability, making it an all-in-one
option, while Fastq Screen and DeconSeq provide multi-species support but without the same level of functionality.

In terms of user accessibility, PathoExtract offers a highly intuitive graphical interface, making it more accessible to
users without extensive bioinformatics expertise. This contrasts with Fastq Screen and HoCoRT, which are strictly
command-line-based. Additionally, PathoExtract supports pathogen-specific read extraction, streamlining the
workflow for pathogen-focused studies, while HOCoRT and DeconSeq lack this capability.

Finally, PathoExtract excels in flexibility and performance, supporting local and cloud-based resources as well as
Paired-end Illumina sequences, features not present in all the other tools. Its ability to operate in a single automated
workflow and produce detailed reports enhances its efficiency for large-scale NGS analyses. Overall, PathoExtract
is the most suitable tool for quality control and decontamination, outperforming Fastq Screen, HoCoRT, and
DeconSeq in versatility and performance, making it ideal for complex studies, particularly those involving
Plasmodium falciparum.

Discussion:-

PathoExtract is a user-friendly, comprehensive bioinformatics platform designed to streamline the analysis of Next-
Generation Sequencing (NGS) data from Plasmodium falciparum-infected samples. Its modular architecture and
intuitive graphical interface empower researchers with varying levels of bioinformatics expertise to efficiently
manage, process, and analyze complex datasets. By integrating essential features such as quality control, digital
filtering, and de novo assembly, PathoExtract ensures accurate and reliable data analysis [13].

A key strength of PathoExtract lies in its ability to effectively filter out host and microbial contaminants, a critical
step in studies where sample purity can be compromised [14]. This feature is particularly valuable in clinical and
field settings, where obtaining pure parasite isolates can be challenging [15]. Leveraging a sophisticated digital
filtering pipeline and robust tools like BWA and Samtools, PathoExtract retains only high-quality, parasite-specific
reads. Additionally, the integration of reference genomes further enhances filtering precision, facilitating accurate
identification of Plasmodium falciparum sequences.

PathoExtract's de novo assembly module provides a powerful tool for reconstructing parasite genomes from filtered
reads [16]. This capability is particularly relevant for research focusing on genomic diversity, drug resistance
mutations, and phylogenetic studies. Compared to traditional command-line tools, PathoExtract's streamlined
workflow accelerates assembly processes, making it accessible to a broader range of users.

Beyond its core functionalities, PathoExtract offers a user-friendly interface that simplifies the management and
analysis of NGS data [17]. The integration of well-established bioinformatics tools into a unified platform empowers
researchers with varying levels of expertise. By automating quality control, digital filtering, and de novo assembly,
PathoExtract ensures high accuracy and efficiency in handling contaminated samples, where distinguishing between
host and parasite sequences is crucial.

While PathoExtract has demonstrated significant benefits, future enhancements could include expanding its
compatibility with other parasitic species beyond Plasmodium falciparum. Additionally, incorporating more
advanced algorithms (machine learning) could improve data filtering and classification accuracy, especially in cases
of mixed infections or low-abundance parasitic reads.

To further broaden its applicability, PathoExtract could benefit from supporting Oxford Nanopore data, which offers
long-read sequencing capabilities. This would enable more comprehensive genome assemblies, particularly for
resolving complex genomic regions. By expanding its functionality, PathoExtract can address a wider range of
research questions and contribute to advancing our understanding of parasitic diseases.

Conclusion:-

This study highlights the utility and versatility of PathoExtract as a comprehensive bioinformatics tool for
preprocessing and analyzing NGS data from Plasmodium falciparum-infected samples. Its user-friendly interface
allows researchers of all expertise levels to perform essential tasks such as quality control, digital filtering, and de
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novo assembly, ensuring the extraction of high-quality parasite-specific data. The tool’s automatic removal of host
DNA and microbial contaminants is particularly advantageous in clinical and field research contexts.

With the integration of trusted tools like BWA, Samtools, and advanced genome assembly algorithms, PathoExtract
provides precise parasite genome reconstruction, making it invaluable for studies on drug resistance, genomic
diversity, and phylogenetics. Expanding its compatibility to other parasitic species and supporting long-read
sequencing technologies, such as Oxford Nanopore, would further enhance its capabilities. Overall, PathoExtract
offers a significant advancement in NGS data analysis, providing a reliable and efficient platform for parasite
genomics research.
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