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ABSTRACT

	Introduction: The African Center of Excellence in Bioinformatics and Data-Intensive Science (ACE), a public-private partnership, facilitated by the National Institute of Allergy and Infectious Diseases (NIAID), the National Institutes of Health (NIH), in collaboration with African research and academic institutions, private sector companies, and the Foundation for the NIH (FNIH). The ACE-Mali center, based at the University of Sciences, Techniques and Technologies of Bamako (USTTB), was established to address critical gaps in research infrastructure and training capacity in bioinformatics and data science in Mali and West Africa. 
Aims: ACE-Mali aims to conduct relevant research based on high-quality training in bioinformatics and data sciences while fostering innovative, collaborative research that supports national and regional health priorities. 
Place and Duration of Study: The study was conducted at the African Center of Excellence in Bioinformatics and Data-Intensive Science (ACE), between April 2015 and June 2025.
Methodology: To achieve this, ACE-Mali has implemented a multifaceted strategy that includes formal academic programs, short-term training sessions, and capacity-building workshops, funded in part by the NIH, Wellcome Trust, and international collaborations. Some students and faculty members have received support from programs including NIH-Fogarty training grants, H3ABioNet, and the Wellcome Trust-funded DELGEME program.
Results: Since its inception in 2015, ACE-Mali has graduated 47 master’s degree students in bioinformatics from Mali and other African counties including Gabon, Burundi, Nigeria, Cameroon, and Cote d’Ivoire. Among the alumni, four have obtained a PhD in bioinformatics, twelve are pursuing a PhD, and fifteen have secured research assistant positions in different research institutions across Africa. They have co-authored over 25 scientific publications in peer-reviewed international journals. 
Conclusion: This work summarizes the key achievements of ACE-Mali, offering a model for building research capacity in bioinformatics and data science across Africa.
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1. INTRODUCTION

Bioinformatics has emerged as a crucial interdisciplinary field, integrating biological sciences with computational techniques to analyze complex biological data (Bayat 2002). With the advent of high-throughput sequencing technologies and artificial intelligence, bioinformatics plays a pivotal role in fields such as genomics, drug discovery, epidemiology, and agriculture (Biswas et al. 2023)(Tibiri et al. 2025). While there has been significant progress in bioinformatics and data science globally, Africa faces a disproportionate burden of infectious diseases alongside unmet needs in capabilities, infrastructure, and expertise (Shaffer et al. 2019) (Hamdi et al. 2021)(Iqbal and Kumar 2023).
In Mali, collaborative efforts have spurred progress in the development of bioinformatics training programs. These collaborations, particularly with the National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), have been instrumental in advancing bioinformatics in Africa. The products of these collaborations include the NIAID’s West Africa International Centers of Excellence in Malaria Research (ICEMR) and the International Centers for Excellence in Research (ICERs) in Mali. These programs focus on conducting basic and clinical research in infectious diseases while providing computational data resources and state-of-the-art technologies (Giovanni 2022)(Aron et al. 2021). NIH career development and bioinformatics training programs in Mali, including the West African Center of Excellence for Global Health Bioinformatics Research Training program (WACE-B) and the Developing Excellence in Leadership and Genetics Training for Malaria Elimination program in sub-Sahara Africa (DELGEME), sponsored by the Wellcome Trust, have played a crucial role in building the capacity of local university programs. These initiatives contribute to establishing environments conducive to bioinformatics and data science training (Giovanni 2022). 
Despite advancements in biomedical research, a significant gap in robust bioinformatics training programs still exists. These programs are essential for building local capacity, fostering innovation, and effectively analyzing and interpreting the vast amounts of genomic and biomedical data generated by previous studies and most importantly support training of  the next generation of data scientists in Africa. (Shaffer et al. 2019) (Giovanni 2022). 
To address this deficiency and create a sustainable framework for advanced training and research in bioinformatics and data science, the African Center of Excellence in Bioinformatics and Data-Intensive Science (ACE-Mali) was established. Located at the University of Sciences, Techniques and Technologies of Bamako (USTTB), ACE-Mali has played a crucial role in filling this gap. The center has trained a significant number of skilled students and professionals who are now capable of transforming biomedical data into actionable knowledge, ultimately advancing health, fostering innovation, and promoting scientific leadership in Africa.

2. methodology

2.1 Establishment of a bioinformatics training hub  
Each figure should have a caption. The caption should be concise and typed separately, not on the figure area. Figures should be self-explanatory. Information presented in the figure should not be repeated in the table. All symbols and abbreviations used in the illustrations should be defined clearly. Figure legends should be given below the figures.
The African Center of Excellence in Bioinformatics and Data-Intensive Science (ACE-Mali) (https://aceb-mali.org/) at the USTTB is the first of its kind. Officially opened on April 2, 2015, it was established through a successful collaboration between the USTTB, the Foundation for the National Institutes of Health (FNIH), the National Institute of Allergy and Infectious Diseases (NIAID) at the National Institutes of Health (NIH), and industry partners such as Intel Corporation, Hewlett Packard, BioTeam, and EMC Corporation in a public-private partnership (Giovanni 2022). 
The primary goal of ACE-Mali is to help reduce the threat of global infectious diseases by "fostering the development of advanced bioinformatics and data science skills among local researchers and students". In order to be successful, ACE-Mali improves the computational infrastructure and brings innovative technologies that inspire and support the research in bioinformatics and data science. It also seeks to address the needs of public health and industry in West African through relevant research.
Organizational structure of ACE-Mali
ACE-Mali is part of the ACE consortium, which is governed by the ACE Global Council and the Scientific Advisory Council and supported by the NIAID ACE Global Operations Team. The Global Council consists of highly respected scientists who have diverse expertise in bioinformatics and data science, infectious diseases, and biotechnology. It also includes non-voting members from the NIAID and ACE centers (Giovanni 2022). A scientist from the USTTB represents the institution on the ACE Global Council. Figure 1 presents Governing bodies and organigram of ACE-Mali.


[image: ]Figure 1: Governing bodies and organigram of ACE-Mali.


2.2 Infrastructure
The infrastructure includes a telelearning center, a High-Performance Computing (HPC) facility, and a visualization lab. The telelearning center is equipped with 15 workstations connected to an HPC system, providing a cost-effective and low-maintenance computing solution for advanced bioinformatics and data science research. This learning environment features superior audio, visual, and networking capabilities to enhance virtual collaborative activities. To support effective research and ensure seamless student access, the infrastructure boasts an increased data storage capacity of 150 TB, provided by a Synology array from the NIAID. The HPC, supplied by the Texas Advanced Computing Center (TACC), features 20 1U servers with Haswell and Knights Landing processors (160 Cores), as well as 2 disk arrays offering 36 TB of storage, all connected via a high-speed 10Gbps switch to meet intensive computational requirements.  Additionally, a virtual reality (VR) laboratory is available, equipped with a laptop and headset, featuring VR technologies for training and presentations. The VR lab is powered by industry partner Enduvo’s immersive content creation platform (https://enduvo.com/), which enables users to design and share interactive virtual and augmented reality (VR/AR) experiences without requiring advanced technical skills.
2.3 Environment for research training
ACE-Mali was established in this thriving research environment, resulting from a long and successful partnership between the USTTB and the NIH. This collaboration has led to the development of outstanding research facilities, including the NIAID International Center of Excellence in Research (ICER-MALI), which houses several key institutions: the Malaria Research and Training Center (MRTC), the International Centers of Excellence for Malaria Research (ICEMR), and the University Clinical Research Center (UCRC) in partnership with the Division of Clinical Research (DCR) of NIAID/NIH (Rao 2015) (National Institute of Allergy and Infectious Diseases 2018a)(National Institute of Allergy and Infectious Diseases 2018b). Through these collaborations, the USTTB has become a regional hub for public health research, providing rich opportunities for research training activities at ACE-Mali.
2.4 Funded research training programs
2.4.1 West African Center of Excellence for Global Health Bioinformatics Research Training (WACE-B)
From 2017 to 2023, the West African Center of Excellence for Global Health Bioinformatics Research Training (WACE-B) operated as a collaborative research-training program between the USTTB and Tulane University. Sponsored by the NIH Fogarty International Center as part of the H3Africa initiative, this program provided bioinformatics and data science training to faculty and students at the USTTB. The focus was on advancing the bioinformatics curriculum at the USTTB, increasing faculty and student publications in bioinformatics and data science journals, developing grant proposals, and improving the success rates in obtaining extramural research funding (Shaffer et al. 2019)(Human Heredity and Health in Africa 2019) The overarching goal of the program was to establish a sustainable bioinformatics and data science research training initiative at the USTTB with relevance to global health research in African countries. 
2.4.2 West African Sustainable Leadership and Innovation Training in Bioinformatics Research (Waslitbre)
From 2017 to 2023, the West African Sustainable Leadership and Innovation Training in Bioinformatics Research (Waslitbre) program involving Covenant University (CU) in Nigeria, the USTTB in Mali and KNUST in Ghana was developed to support the H3Africa initiative (Fogarty International Center 2017; NIH RePORTER 2017). The program aimed to train MSc and PhD students, as well as junior faculty (post-doctorate) with the goal of creating a sustainable network of individuals who are well trained in various aspects of advanced bioinformatics and data science research. The initiative prepared these individuals for leadership roles in academic, healthcare, and research institutions across West Africa. 
2.4.3 West Africa Center of Excellence for Data Science Research Education
The primary objective of this UE5 Research Education Program, which includes the USTTB and Gamal Abdel Nasser University of Conakry, Guinea (UGANC), with support from Tulane University, is to build interdisciplinary teams across multiple African institutions. These teams will innovate quantitative and analytical methods to generate and apply new knowledge from large and complex data sets in West Africa.

2.5 Training programs located at ACE-Mali
2.5.1 Master’s Program in Bioinformatics
ACE-Mali hosts the USTTB Master’s in Science (M.Sc.) program in Bioinformatics, established in 2015. The MSc curriculum consists of four semesters, with three semesters focused on coursework and short-term internships, and one semester dedicated to bioinformatics thesis research. The primary goal of the first semester is to align participants' skill levels in subjects like statistics, mathematics, health, biology, and computer science. The second semester emphasizes specific bioinformatics disciplines, including genomics, proteomics, next-generation sequencing (NGS) analysis, evolution and phylogenetics, molecular modeling, and programming. The third semester builds on foundational bioinformatics topics such as metabolomics and genome-wide association studies (GWAS) but is largely oriented toward professional skills to prepare students for the thesis projects. Training is delivered in-person by local and international instructors  from USTTB faculty and H3ABioNet. International instructors are invited from Tunisia, Nigeria and Sudan to deliver courses in NGS data analyses, Evolution/Phylogeny, GWAS and Metabolomics. These instructors have been chosen for their expertise in and experience in genomics medicine, genome-wide association studies (GWAS), Polygenic Risk Score Analysis (PRS) and Mendelian Randomisation (MR), translational bioinformatics and data science capacity building in Africa. The original curriculum of the Master’s program (Shaffer et al. 2019) was slightly modified based on feedback from the Review Board and alumni. ACE alumni refers to former students who have successfully completed the USTTB’s master’s program in bioinformatics at ACE-Mali. By the end of 2024, five cohorts have completed the program, which is ongoing. ACE students are those who are currently enrolled in the program. The curriculum of the master’s program in bioinformatics started in January 2025 is compiled in Table 1.
[bookmark: _Ref206497248]Table 1: Curriculum of the master’s program in Bioinformatics
	Semester 1
	Semester 2
	Semester 3
	Semester 4

	Basic Mathematics
	Genomics and Proteomics
	Metabolomics and In silico Analysis
	

	Basic Structural Biology
	NGS and Data Analysis
	Research Methodology and Ethics
	Master’s thesis research project







	Biostatistics I
	Evolution and Phylogeny
	Personal development/Professional insertion
	

	English for Scientists
	Web Programming
	Databases
	

	Introduction to Programming
	Molecular Modeling
	Biostatistics II
	

	Introduction to Linux
	Programming for Bioinformatics
	Scientific Writing and Communication
	

	Cellular and Molecular Biology
	[bookmark: RANGE!E11]Research Project/ Development
	Project Management
	

	 
	
	Population Genetics and GWAS
	



In addition to the main program, students receive supplementary lectures and (virtual) hands-on sessions provided by computational biologists from the NIAID’s Office of Cyber Infrastructure and Computational Biology (OCICB). Supplementary training activities include a weekly Journal Club, led by alumni under faculty supervision, which helps students enhance their English proficiency, summarize research papers, and prepare proposals for their master’s projects. Master’s students also participate in several seminars organized in collaboration with the Alumni Association (MD-Bionet), aimed at raising awareness about career applications and opportunities in bioinformatics and data science.
2.5.2 PhD program
The Doctoral School of Sciences and Technologies of Mali (EDSTM) is an academic institution dedicated to doctoral training in the fields of science and technology. It operates under the administrative authority of the USTTB. The EDSTM offers doctoral programs in various disciplines, significantly contributing to the advancement of scientific research in Mali. Students who graduated from the ACE program are enrolled in the EDSTM while conducting their research activities at ACE. Additionally, five students supported by the WACE-B program are pursuing their doctoral studies.
2.5.3 H3ABioNet training programs
H3ABioNet is a sustainable pan-African bioinformatics network for human heredity and health in Africa (https://www.h3abionet.org/). Its goal is to develop bioinformatics capacity across the continent by creating a coordinated research infrastructure tightly coupled to a sophisticated pan-African training program in bioinformatics. H3ABioNet is developing human capacity through training and support for data analysis, while also facilitating access to informatics infrastructure. This includes developing or providing access to pipelines and tools for human, microbiome, and pathogen genomic data analysis. Students, staff, and faculty at the ACE center received comprehensive training through various formats, including curriculum development, short courses, hands-on “train-the-trainer” workshops, seminars, and lectures hosted at ACE-Mali. The ACE center features advanced telelearning environments that support both in-person and remote digital learning, along with dedicated access to high-performance computing infrastructure and reliable internet connectivity.

3. results and discussion
3.1 Training Achievements  
Master Training: ACE-Mali has significantly enhanced local and regional research capacity by educating, training, and mentoring numerous students and junior investigators. To date, the center has graduated 47 master’s students, including 42 from Mali and one each from Gabon, Nigeria, Cameroon, Ivory Coast, and Burundi Table 2. 

Table 2: Overview of MSc in Bioinformatics Student Cohorts and graduates at ACE-Mali (2015–2025)
	Cohorts 
	Period 
	Number of graduates

	1
	2015-2017
	7

	2
	2017-2019
	12

	3
	2019-2020
	10

	4
	2020-2022
	7

	5
	2022-2024
	11

	6
	2025-ongoing
	Non applicable



Among ACE alumni, a dozen graduates have enrolled in PhD programs, both in Mali and the UK, with six receiving NIH grant support through WACE-B. Additionally, 15 alumni have secured research assistant positions in prominent research programs at MRTC, UCRC, INSP, ACE-Mali, and other local research laboratories. An analysis of their professional status reveals a variety of career paths, highlighting the versatility of skills acquired during their training. Table 3 summarizes the professional status of the alumni.






Table 3: Professional Integration of Msc Graduates by sector
	Categories
	Number
	Percentage (%)

	Teaching and Research
	30
	64

	Private Sector and Organizations
	11
	23

	Other
	6
	17

	Total
	47
	100



Table 3 shows that a significant proportion (64%) of students graduated from ACE Master program are oriented toward academic research and higher education, specifically in the field of malaria. This demonstrates the scientific rigor and specific knowledge developed during their training. Another portion (23%) has integrated into the private sector, working as data scientists and clinical scientists at various organizations. The remaining alumni who are not currently employed are primarily focused on family caregiving.
[bookmark: _Hlk199502276]PhD training: Among the ACE alumni, 12 have enrolled in PhD programs in Mali and the UK. Of these, four have successfully defended their dissertations, thanks to support from WACE-B. One graduate is currently conducting postdoctoral research at the U.S. National Institutes of Health (NIH), while three others are working as research assistants, consultants for the private sector, and instructors, awaiting recruitment as faculty members. 
3.2. Publications
ACE alumni have co-authored over 20 scientific publications between 2021 and 2024 in peer-reviewed international journals. Figure 2 represents publications produced following the methods used.


Figure 2: Number of publications following methods used
Figure 2 illustrates the diversity of research areas and methods used, highlighting significant overlap among key disciplines. Based on 25 publications authored by ACE alumni since 2021, five key research themes have emerged: Infectious Disease, Public Health, Genomics, Bioinformatics Capacity Building and in silico Pharmacology.  Infectious diseases, particularly malaria (Diawara et al., 2021)(Kane et al. 2024)(Dembele et al. 2023)(Traore et al. 2024) and COVID-19 (Koné et al. 2023), account for six publications, making them prominent areas of focus. The publications also emphasize public health concerns, such as type 2 diabetes (Diawara et al. 2023). The findings highlight the utilization of genomic approaches, including Genome-Wide Association Studies (GWAS) to identify genetic variants related to diseases (Udosen et al. 2023)(Kamiza et al. 2023) and metagenomics (Diallo et al. 2024)(Amadou et al. 2024). This area of research represents a major theme, with five publications addressing it, alongside Mendelian randomization studies that explore genetic associations with diseases (Fatumo et al. 2021; Udosen et al. 2023). The studies also reveal a growing interest in computational approaches to drug development (Cisse et al. 2024; Diabate et al. 2023; Fofana et al. 2024), which feature in five publications. Collectively, these results suggest a dynamic research training environment that fosters interdisciplinary collaborations and addresses critical global health challenges. The emphasis on genomics and bioinformatics reflects the growing importance of these fields in modern biomedical research, while the focus on infectious diseases aligns with the significant burden posed by these diseases in the region.
3.3. Capacity building symposiums and workshops

The ACE has established itself as a regional leader in research training and the dissemination of scientific results in bioinformatics by organizing a series of symposiums aimed at fostering collaboration and skill development. To date, the center has organized five symposiums on bioinformatics and data science between 2019 and 2024. These events featured a diverse range of activities, including oral presentations, poster sessions, and panel discussions. Each symposium was supplemented with hands-on workshops covering computationally intensive topics such as statistical programming, bioinformatics analyses, spatial data science, and database management. Participants came from 15 African countries, as well as France, India, and the United States, underscoring the center’s international reach and impact.
Workshops: Between 2017 and 2022, a series of five intensive bioinformatics training workshops were conducted, reaching over 165 participants. These sessions covered a wide range of foundational and applied topics, including general bioinformatics concepts, phylogeny, protein–protein interactions, RNA-seq analysis, and the use of tools like R, Bioconductor, Galaxy, and REDCap. Over the years, the program expanded to include advanced modules such as Geographic Information Systems (GIS), Next Generation Sequencing (NGS), SQL, and statistical power analysis, reflecting the evolving needs of researchers in data-driven biology.  These series of training workshops aimed at capacity building for students and faculty at the USTTB in the fields of bioinformatics and data science, as well as participants from different countries such as Nigeria, Ghana, Cameroon, Guinea, Kenya, Tunisia. The participants represented diverse academic departments, which enhanced disciplinary interaction and collaboration. The workshops achieved a high attendance rate, with most of the registered individuals participating in all session days. Post-workshop surveys indicated an overall satisfaction rate, with participants particularly valuing the quality of the educational content and the practical sessions offered. Notably, most participants reported acquiring skills that could be immediately applied to their research or teaching, especially in areas like genomic data analysis and database management. In terms of knowledge acquisition, discussions showed an average improvement in understanding concepts and tools related to data science and bioinformatics, validating the effectiveness of the workshops. Logistical aspects received high praise, with positive feedback on the availability of technical resources. However, many participants suggested improvements to the computing infrastructure, particularly regarding the stability of the internet connection during online sessions. Overall, these workshops not only met participants' expectations but also strengthened their skills in bioinformatics and data science, paving the way for future impactful research aimed at reducing the threat of global infectious diseases.
Symposiums: ACE-Mali successfully organized three symposiums focused on bioinformatics and data science in 2019, 2021, and 2022. These events aimed to foster knowledge exchange, showcase recent advancements, and promote international collaboration in these rapidly evolving fields. Figure 3 pictures participants of the inaugural bioinformatics training for Global Health organized by ACE-Mali (2019).

[image: ]
Figure 3: Group photo of inaugural bioinformatics training for Global Health organized by ACE-Mali (2019)
On average, each symposium registered 60 attendees, representing 12 African countries, along with participants from France, India, the UK, and the USA. This international participation highlighted the global interest and relevance of bioinformatics and data science in research and development. Over the course of the three symposiums, more than 52 scientific presentations were delivered, covering a wide range of topics from genomic data analysis to machine learning applications in healthcare. Each symposium also featured 10 posters presentations, facilitating detailed discussions about emerging research and methods in bioinformatics and data science. Panel discussions were held at each event, where experts from academia addressed current challenges and future directions in the fields of bioinformatics and data science, with a particular focus on African research initiatives.
In February 2023, ACE alumni established the Malian Data Science and Bioinformatics Network (MD-Bionet), an active community for bioinformaticians and data scientists in Mali. The network aims to promote bioinformatics and data science by fostering the exchange of information and collaboration among students, researchers, and both African and international organizations and networks. 
4. Conclusion

ACE-Mali has significantly advanced regional research capacity by training a new generation of scientists, fostering interdisciplinary collaboration, and strengthening expertise in bioinformatics and data science across Africa. Through impactful training programs, research initiatives, and international partnerships, the center has played a pivotal role in addressing critical public health challenges, particularly in infectious diseases, genomics, and computational biology. The organization of symposiums and workshops, along with hosting advanced training programs, has contributed to knowledge dissemination and the establishment of a robust scientific network across the continent.
Looking ahead, ACE-Mali aims to expand its training and research portfolio by integrating cutting-edge technologies into bioinformatics and biomedical research. The center plans to offer intensive certificate trainings in bioinformatics and data science for professionals. These efforts are supported by a parallel investment in state-of-the-art infrastructure, including high-performance computing, reliable data storage, and smart classrooms equipped for hybrid and virtual learning environments. Strengthening collaborations with local and international institutions will enhance access to data and funding, as well as provide advanced training and state-of-the-art infrastructure. Additionally, ACE-Mali plans to increase collaborations with private partners to bridge the gap between research discoveries and real-world applications. By fostering sustainable capacity-building initiatives and supporting students and early-career researchers, through this integrated strategy—combining human capital development, technological infrastructure, and institutional partnerships—ACE-Mali will continue to drive scientific innovation and address pressing global health challenges from an African perspective.
ACE-Mali has significantly advanced regional research capacity by training a new generation of scientists, fostering interdisciplinary collaboration, and strengthening expertise in bioinformatics and data science across Africa. Through impactful training programs, research initiatives, and international partnerships, the center has played a pivotal role in addressing critical public health challenges, particularly in infectious diseases, genomics, and computational biology. The organization of symposiums and workshops, along with hosting advanced training programs, has contributed to knowledge dissemination and the establishment of a robust scientific network across the continent.
Looking ahead, ACE-Mali aims to expand its training and research portfolio by integrating cutting-edge technologies into bioinformatics and biomedical research. The center plans to offer intensive certificate trainings in bioinformatics and data science for professionals. These efforts are supported by a parallel investment in state-of-the-art infrastructure, including high-performance computing, reliable data storage, and smart classrooms equipped for hybrid and virtual learning environments. Strengthening collaborations with local and international institutions will enhance access to data and funding, as well as provide advanced training and state-of-the-art infrastructure. Additionally, ACE-Mali plans to increase collaborations with private partners to bridge the gap between research discoveries and real-world applications. By fostering sustainable capacity-building initiatives and supporting students and early-career researchers, through this integrated strategy—combining human capital development, technological infrastructure, and institutional partnerships—ACE-Mali will continue to drive scientific innovation and address pressing global health challenges from an African perspective.
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