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OBJECT-ORIENTED DESIGN AND UI PROTOTYPING FOR A BIOINFORMATICS TOOL 7 

TO DETECT AND ANNOTATE NGS VARIANTS OF PLASMODIUM FALCIPARUM IN 8 

INDIVIDUALS WITH SICKLE CELL DISEASE. 9 

 10 

Abstract: 11 

 12 
The coevolution between sickle cell disease and malaria illustrates a major mechanism of natural selection in which 13 

the hemoglobin S allele confers protection against severe forms of infection. In HbAS and HbSS carriers, however, 14 

the altered red-cell milieu also pressures P. falciparum itself and can favor particular parasite genotypes. Next-15 

generation sequencing (NGS) is particularly well-suited for monitoring this interaction, as it allows for the 16 

identification of parasite mutations and potential adaptive changes with high precision. In practice, libraries derived 17 

from blood consist mainly of human DNA; therefore, to obtain reliable results regarding the parasite, it is necessary 18 

to use processes that remove host-related background noise beforehand. This article presents the object-oriented 19 

design approach and the prototyping of a human-machine interface developed using the Unified Modeling Language 20 

(UML) as part of the DREPAL project (sickle cell disease and malaria). The work aims to structure the 21 

IPCINGSTOOLKIT platform for in silico host decontamination, variant detection, and annotation, thereby 22 

contributing to comparative analysis of Plasmodium falciparum genomes and to the identification of functional 23 

adaptations according to sickle cell genotype. The characterization of actors involved in the analyses, modeling 24 

through use case, activity, and deployment diagrams, and the interface mockups designed prior to software 25 

implementation are detailed in this work. 26 
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Introduction:- 33 

The coevolution between the human host with sickle cell disease and the parasite Plasmodium falciparum is one of 34 

the most remarkable examples of natural selection in humans[1–4]. Although the presence of the hemoglobin S 35 

allele in the heterozygous state (HbAS) confers well-documented protection against severe malaria, the impact of 36 

sickle cell genotypes (HbAS and HbSS) on the diversity and adaptation of the parasite genome remains a critical 37 

research field [5, 6]. 38 

 39 

 40 

The advent of next-generation sequencing (NGS) makes it possible to explore this genetic variability at high 41 

resolution[7–9]. Nevertheless, bioinformatics analysis of parasite isolates collected from patients faces two major 42 

challenges: 43 

•Host contamination: a predominant proportion of raw sequencing data from whole blood corresponds to the human 44 

genome, requiring a strict decontamination step and exclusive extraction of Plasmodium falciparum sequences. 45 

•Multi-group comparison and annotation: the identification and characterization of significant variants (SNPs and 46 

INDELs) reflecting functional adaptation in HbAS and HbSS subjects relative to HbAA controls. 47 

However, working with these complex bioinformatics pipelines often faces the technical barrier of command-line 48 

interfaces, which remain difficult for biologists and clinicians to use[10–12]. To overcome this constraint, modern 49 

software engineering advocates an interdisciplinary approach that combines rigorous system modeling with user-50 
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centered design[13]. Explicit formalization of data flows and simplification of human–computer interaction thus 51 

become essential conditions to ensure analysis traceability, reduce execution errors, and enable rapid uptake of tools 52 

by medical and scientific teams[14]. 53 

To meet these needs within the DREPAL project (Sickle Cell Disease–Malaria), carried by the Parasitology–54 

Mycology Unit of the Pasteur Institute of Côte d’Ivoire (IPCI), the development of an integrated and ergonomic 55 

bioinformatics application, ―IPCINGSTOOLKIT,‖ is required. The success of such a toolrests on a prior stage of 56 

rigorous software engineering. This article describes the object-oriented design approach based on the UML 57 

(Unified Modeling Language) and the prototyping of graphical user interfaces (GUIs), ensuring alignment between 58 

researchers’ needs and the future software implementation[15, 16]. 59 

Materials and Methods:- 60 

Project Scope and Data Specifications 61 

The software is designed to process complete Illumina next-generation sequencing (NGS) data from Plasmodium 62 

falciparum isolates collected from three cohorts of subjects characterized by their phenotype and hemoglobin type: 63 

•    healthy control subjects (HbAA); 64 

•    subjects with the sickle cell trait (HbAS); 65 

•    subjects with major sickle cell disease (HbSS). 66 

Host and parasite DNA are recovered together from whole blood; to keep each analysis step specific, the design 67 

therefore relies on two standard reference genomes: 68 

• Human reference (GRCh38 / hg38): used in the in silico decontamination step to map and discard reads of human 69 

origin. 70 

• Pathogen reference (Plasmodium falciparum 3D7): used after host removal to align retained parasite reads, call 71 

SNPs/INDELs, and annotate predicted effects on parasite coding regions. 72 

Software Engineering Methodology 73 

The Unified Modeling Language (UML) was used to structure the object-oriented analysis and design of the 74 

―IPCINGSTOOLKIT‖ framework by translating the requirements of the DREPAL project into rigorous technical 75 

specifications. This formalization of the software architecture is organized into two main stages, illustrated by the 76 

flowchart in Figure 1, for which Draw.io (https://app.diagrams.net/) was selected as the single environment for 77 

producing the chain of graphical artifacts. 78 

•Requirements analysis 79 

Requirements analysis (Figure 1-A) was structured into four methodological steps: gathering user needs, prioritizing 80 

requirements, validating requirements, and then specifying them. This process, supported by a traceability 81 

framework, ensured the conformity, consistency, and reliability of the framework during its implementation. 82 

•Conceptual modeling of requirements 83 

The modeling of IPCINGSTOOLKIT (Figure 1-B) relies on three UML diagrams: the use case diagram [17] defines 84 

actor interactions with the system; the activity diagram formalizes the dynamics and logic of business workflows 85 

[18]; and the deployment diagram [18] maps the physical architecture and the integration of software components 86 

onto the high-performance computing (HPC) analysis infrastructure. 87 



 

3 

 

 88 

Figure 1:- Object-oriented design process for the IPCINGSTOOLKIT tool. 89 

        (A) Requirements analysis. (B) Conceptual system modeling 90 

GUI Prototyping 91 

Graphical user interface (GUI) prototyping is a key step in software engineering, consisting in designing a high-92 

fidelity visual and interactive prototype before coding begins. This approach aims to define precisely the 93 

ergonomics, the spatial layout of graphical components (import areas, comparison filters, interactive tables, and 94 

annotation modules), and user journeys (UX). By faithfully modeling the visual environment, this phase makes it 95 

possible to validate functional specifications in advance with researchers and clinicians, to optimize accessibility to 96 

complex bioinformatics features, and to substantially reduce code-rewriting costs during subsequent development. 97 

Results:- 98 

Actor and Use Case Analysis 99 

Our conceptual model distinguishes two main categories of actors, as listed in Table 1. The first category comprises 100 

primary actors, i.e., users directly involved in interacting with the developed system. These include the 101 

bioinformatician (BI), responsible for setting up and executing bioinformatics analyses (data preprocessing, variant 102 

detection and annotation, SNP matrix generation, etc.), and the biologist (Bio), responsible for the biological 103 

interpretation of results produced within the DREPAL project. The latter relies on the system’s analytical outputs to 104 

explore the adaptive mechanisms of Plasmodium falciparum in the sickle cell context. 105 

Table 1:-List of IPCINGSTOOLKIT actors 106 

Category Actor Roles 

Primary 

Bioinformatician (BI) 
This profile is key to ensuring the robustness of analyses and 

validating the quality of bioinformatics results. 

Biologist (Bio) 

The biologist uses a simplified interface dedicated to data 

analysis for annotation validation, characterization of 

functional variants, and biological interpretation. 

Secondary Administrator(ADM) 
This role ensures access security, reliability, and continuity 

of system service. 
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The architecture of IPCINGSTOOLKIT relies on interdisciplinary complementarity in which primary actors 107 

(the bioinformatician, who guarantees technical quality, and the biologist, who guides exploitation of the results) 108 

execute the analytical use cases of the pipeline, among others, sequence loading, quality control, in silico double 109 

subtraction (host–parasite), variant calling, and annotation, while the administrator, as a secondary actor, provides 110 

overall supervision, configuration, and access control to ensure system security and maintenance. All users share a 111 

transversal authentication component that secures access to the platform (Table 2). 112 

Table 2:-List of IPCINGSTOOLKIT use cases (UC) 113 

Category Use case BI Bio ADM 

Generic 

Authentication x x x 

LoadSequences x x  

Qualitycontrol x x  

In silico double subtraction x x  

Variant calling /Annotation x x  

 

Supervision 

 

Configure IPCINGSTOOLKIT x  x 

Maintain IPCINGSTOOLKIT x  x 

Manage user   x 

 114 

Use-case diagram 115 

Figure 2 presents the use-case diagram (UCD) of IPCINGSTOOLKIT. It shows which actions each user profile—116 

bioinformatician, biologist or administrator—can launch on the platform. Casting the pipeline as separate use cases 117 

makes responsibilities easier to audit and provides a checklist against which planned functions can be matched to 118 

real laboratory needs. 119 

Four main use cases organize the diagram: 120 

•Sequence and reference loading: upload of raw reads together with the host and pathogen reference genomes 121 

required downstream. 122 

•Quality control: review of sequencing metrics, then trimming and filtering of low-quality reads. The related sub-123 

cases are ―visualize sequence quality‖ and ―trim and filter sequences.‖ 124 

•In silico double subtraction: first drop human-origin reads, then keep reads that match the target parasite. This use 125 

case relies on the sub-cases ―host subtraction‖ and ―reference indexing.‖ 126 

•Variant calling and annotation: identification of polymorphisms—particularly SNPs—on purified parasite 127 

sequences, and association of functional information (protein impact, resistance mechanisms). This use case 128 

involves the sub-cases ―variant detection,‖ ―variant filtering,‖ and ―annotation of filtered variants.‖ 129 
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 130 

Figure 2:-Use case diagram of IPCINGSTOOLKIT 131 

Activity diagrams for the IPCINGSTOOLKIT workflows 132 

Activity diagram for the parasite sequence extraction process 133 

The activity diagram in Figure 3 models the automated process of the IPCINGSTOOLKIT pipeline for 134 

isolating Plasmodium falciparum sequences from raw NGS data. This workflow comprises three main steps: 135 

•Step 1: Quality control of NGS reads evaluates quality parameters (length, Phred scores, ambiguous bases) and 136 

removes low-quality sequences to produce cleaned data free of technical noise via the FastQC [19], MultiQC [20], 137 

and Trim Galore [21] tool suite. 138 

•Step 2: Alignment to the human genome and removal of host sequences aligns the cleaned reads to the human 139 

reference genome (GRCh38) in order to extract and retain only unmapped sequences (―non-human sequences‖). 140 

•Step 3: Targeted extraction of parasite sequences finalizes the specific selection of reads belonging to the parasite 141 

for downstream analyses. 142 

The last two steps rely on BWA [22] and SAMtools [23]. 143 
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 144 

Figure 3:- Activity diagram of the parasite sequence extraction process in IPCINGSTOOLKIT 145 

Activity diagram of the variant detection and annotation process for parasite sequences 146 

Figure 4 presents the activity diagram for detection and annotation of genetic variants from the extracted parasite 147 

reads, structured into four key steps: 148 

•Step 1: Sorting and duplicate marking; aligned reads are sorted and PCR duplicates are identified using Picard 149 

(MarkDuplicates) (http://broadinstitute.github.io/picard/) or GATK (MarkDuplicates) [24] in order to eliminate 150 

biases during mutation calling. 151 

•Step 2: Mutation calling (variant calling); the user selects two tools among three available options (GATK 152 

HaplotypeCaller [24], BCFtoolsmpileup/call [25], or FreeBayes [26]). Only variants in the intersection (shared by 153 

the two selected tools) are retained to maximize reliability. 154 

 155 

 156 

 157 

 158 

Figure 4:- Activity diagram of the genetic variant detection and annotation process in IPCINGSTOOLKIT 159 
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•Step 3: Variant filtering; raw variants from the VCF are filtered by type, depth (e.g., DP > 10), and quality (e.g., 160 

QUAL > 20) using the tool adapted to the retained variant caller (vcffilter, bcftools filter, or GATK SelectVariants + 161 

VariantFiltration). 162 

•Step 4: Variant annotation; filtered variants are functionally annotated with Ensembl VEP (Variant Effect 163 

Predictor) [27], which associates each variant with information on its transcript consequence, protein impact, and 164 

potential resistance mechanisms. 165 

Physical Architecture and Deployment Diagram 166 

The deployment diagram (Figure 5) formalizes the distributed client–server physical architecture of the 167 

IPCINGSTOOLKIT platform, specifically dimensioned to meet the highly intensive requirements of NGS genomic 168 

data processing. 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 
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 177 

Figure 5:- Deployment diagram of IPCINGSTOOLKIT 178 

This modeling describes the hardware topology and the strategic distribution of software components, specifying 179 

execution nodes, network communication flows, and the computing resources allocated to each pipeline step 180 

through two complementary functional nodes: 181 

•The user client workstation (frontend): dedicated to user interaction through an interface built with Python and 182 

Streamlit (https://streamlit.io/), it enables data loading, analysis parameterization, result visualization, and report 183 

consultation in a fluid and intuitive manner. 184 

•The application server (backend) executes the heavy processing steps: quality control, host–parasite 185 

decontamination, variant detection via GATK, FreeBayes, and BCFtools, followed by annotation with VEP. These 186 

processes are orchestrated by Python and Bash scripts and rely on the Bioconda package manager [28] to ensure 187 

portability and reproducibility of analyses. Such a modular architecture enables secure, high-performance, and 188 

scalable remote execution of the IPCINGSTOOLKIT pipeline for processing parasite NGS data. 189 

 190 

Graphical User Interface (GUI) Prototyping 191 

IPCINGSTOOLKIT home screen 192 

The interface prototype represented by the IPCINGSTOOLKIT home screen (Figure 6) constitutes the main entry 193 

point of the system, providing an ergonomic interface and hierarchical menus to guide bioinformaticians, 194 

researchers, and administrators. This functional mockup centralizes access to all analytical steps (from data loading 195 

and quality control through decontamination, calling, annotation, and visualization of variants) while integrating 196 

contextual assistance tools to facilitate use in a multidisciplinary setting. 197 

 198 

 199 

 200 
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 204 

 205 

 206 

 207 

 208 

 209 

 210 

Figure6:- IPCINGSTOOLKIT home screen 211 

Prototypes of the secondary menus of IPCINGSTOOLKIT 212 

Prototyping of the IPCINGSTOOLKIT platform is enriched by specialized interfaces (Figure 7) dedicated to key 213 

pipeline steps, such as quality control, reference management, or variant annotation. These functional mockups 214 

enable the user to drive processing algorithms while ensuring traceability and reproducibility of analyses within a 215 

fluid and accessible environment. 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 
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 229 

Figure 7:- Secondary interfaces and detailed views of IPCINGSTOOLKIT. (A) Quality management. (B) Indexing 230 

of reference genomes. (C) Extraction of parasite sequences. (D) Variant calling. (E) Variant annotation. 231 

•Sequence quality-control prototype (Figure 7-A): interface dedicated to the evaluation of sequencing metrics and to 232 

trimming of low-quality reads. 233 

• Reference indexing screen (Figure 7-B): register and index host and P. falciparum FASTA files before alignment. 234 

• Parasite extraction screen (Figure 7-C): apply host subtraction to retain P. falciparum reads; main parameters 235 

remain user-adjustable. 236 

• Variant calling screen (Figure 7-D): run GATK, FreeBayes and/or BCFtools, apply quality filters, and compute 237 

simple statistics to highlight informative SNPs. 238 
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•Variant annotation prototype (Figure 7-E): biological interpretation mockup relying on VEP to assess the functional 239 

impact of mutations on target genes and proteins. 240 

Discussion:- 241 

The IPCINGSTOOLKIT platform addresses software-engineering challenges in medical bioinformatics by 242 

combining system modeling with UML and user-centered design based on GUI prototyping. 243 

UML modeling structures the complexity of NGS pipelines by abstracting their high-volume flows and algorithmic 244 

sequences at three complementary levels. Use-case diagrams state who may perform which task and which functions 245 

sit inside the system boundary. Activity diagrams then list the processing order, quality control, host 246 

decontamination, variant calling and VEP annotation, so each run can be traced. The deployment diagram places the 247 

light client apart from the containerized nodes that carry out the heavy computation. 248 

Working with UML views and GUI mockups in parallel brings biologists and developers onto the same screens 249 

before coding starts, which limits late mismatches between expected and delivered behavior. Scripts remain in the 250 

background, but users still set the main analysis parameters. On-screen plots and short contextual tips are included to 251 

reduce operator errors when P. falciparum variants are inspected. 252 

The complementarity between UML diagrams and GUI prototypes ensures close alignment between software 253 

structure and the user’s visual perception, guaranteeing maintainability and evolvability of the system. 254 

Positioned against the scientific literature on software engineering applied to computational biology, this approach 255 

fully aligns with current standards: 256 

 Model-Driven Engineering (MDE): numerous works in the field (notably formalizations of workflows under 257 

Taverna, Galaxy, or Nextflow described in the bioinformatics engineering literature) advocate prior abstract 258 

modeling. The use of UML in IPCINGSTOOLKIT joins rigorous approaches applied to health genomics platforms, 259 

where activity diagrams help formalize scientific data provenance [29, 30]. 260 

 Reducing the ―bioinformatics / biologist‖ gap: in the design of web bioinformatics platforms for variant 261 

annotation (such as cBioPortal [31], Galaxy [32], or proprietary clinical diagnostic pipelines), recent work 262 

emphasizes the need to couple object-oriented architecture with early UX/UI prototyping. Using a unified approach 263 

to link object-oriented modeling and GUI mockups avoids common pitfalls of academic bioinformatics software, 264 

often criticized for poor ergonomics, by ensuring immediate alignment between biological concepts and software 265 

structure [13, 33, 34]. 266 

 Distributed modular architecture: as with modern medical bioinformatics frameworks that rely on UML to define 267 

encapsulation in containers (Docker/Singularity), the IPCINGSTOOLKIT deployment diagram ensures a clear 268 

separation between the presentation layer (frontend) and the execution layer (analytical backend), thereby ensuring 269 

portability and reusability of the system across different computing infrastructures [35, 36]. 270 

Conclusion and Perspectives:- 271 

This article has formalized the object-oriented design and GUI prototyping of a bioinformatics application dedicated 272 

to NGS variant analysis of Plasmodium falciparum within the DREPAL project. The use of UML and prototyping 273 

tools made it possible to structure the entire system with precision, from the initial decontamination of human 274 

sequences through to the annotation of SNPs of functional adaptation in sickle cell subjects. 275 

As perspectives, future work will focus on the effective implementation of the pipeline as an automated and 276 

reproducible workflow developed in Snakemake [37] or Nextflow [38], coupled with complete development of the 277 

web front end based on the validated functional mockups. These developments will further be enriched by the 278 

integration of machine-learning models to predict the impact of identified parasite variants on the clinical severity of 279 

sickle cell crises. 280 
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