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Bioinformatics training programs have been developed independently around the world based on the perceived needs of the local and global academic communities. The field of bioinformatics is complicated by the need to train audiences from diverse backgrounds in a variety of topics to various levels of competencies. While there have been several attempts to develop standardised approaches to provide bioinformatics training globally, the challenges encountered in resource limited settings hinder the adaptation of these global approaches. H3ABioNet, a Pan-African Bioinformatics Network with 27 nodes in 16 African countries, has realised that there is no single simple solution to this challenge and has rather, over the years, evolved and adapted training approaches to create a sustainable training environment, with several components that allow for the successful dissemination of bioinformatics knowledge to diverse audiences. This has been achieved through the implementation of a combination of training modalities and sharing of high quality training material and experiences. The results highlight the success of implementing this multi-pronged approach to training, to reach audiences from different backgrounds and provide training in a variety of different areas of expertise. While face-to-face training was initially required and successful, the mixed-model teaching approach allowed for an increased reach, providing training in advanced analysis topics to reach large audiences across the continent with minimal teaching resources. The transition to hackathons provided an environment to allow the progression of skills, once basic skills had been developed, together with the development of real-world solutions to bioinformatics problems. Ensuring our training materials are FAIR, and through synergistic collaborations with global training partners, the reach of our training materials extends beyond H3ABioNet. Coupled with the opportunity to develop additional career building soft skills, such as scientific communication, H3ABioNet has created a flexible, sustainable and high quality bioinformatics training environment that has successfully been implemented to train several highly skilled African bioinformaticians on the continent.
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INTRODUCTION
Bioinformatics training and education poses many challenges globally for several reasons; it is not a well-established subject that can easily be incorporated into traditional university curricular, it includes elements from multiple disciplines, application of bioinformatics requires practical skills, and the field is constantly and rapidly changing in response to the development of new data generating technologies and novel algorithms. There are also numerous different training audiences that need to acquire skills and knowledge, from wet-lab and other life science bioinformatics users to bioinformatics analysts and bioinformatics engineers, each of which require different levels of competencies (Mulder et al., 2018). Some scientists are even suggesting a nomenclature change from bioinformatics as it does not capture what the field entails (Bourne, 2021). The debate about labels is not within the scope of this paper as we present H3ABioNet’s experiences in developing a holistic and diverse, multi-pronged training program in bioinformatics within an African environment. Bioinformatics skills are particularly lacking in low resourced settings, including many African countries. Ten years ago there were only a handful of institutions in Africa with bioinformatics infrastructure and skills, mostly in the middle income countries (Tastan Bishop et al., 2015). Therefore the continent was ill-equipped for a genomics revolution and to analyze and manage the ever-increasing availability of biological data. Though high-throughput data generation equipment is still limited on the continent, it is essential that data generated off samples derived from the continent be analysed by African scientists.
The Human Heredity and Health in Africa (H3Africa) Initiative is funded by the Wellcome Trust and National Institutes of Health from late 2012 to investigate the genetic and environmental basis for human diseases (Rotimi et al., 2014). With the promise of generating genomic data for thousands of African individuals, there was a need to develop bioinformatics capacity in Africa to manage, transfer, store, analyze and interpret the data in the continent. H3ABioNet, the Pan-African bioinformatics network for H3Africa was established in 2012 to develop the computing infrastructure, tools and skills required for this (Mulder et al., 2016; Mulder et al., 2017b). H3ABioNet developed a multi-faceted approach to address the vast bioinformatics training needs across diverse audiences in multiple African countries, each with different levels of infrastructure and expertise. To establish a sustainable bioinformatics infrastructure, it was necessary to build the underlying support mechanisms by training systems administrators in the effective use of computing infrastructures for bioinformatics applications, and local trainers and teaching assistants on how to run and support training interventions. In parallel, H3ABioNet focused on developing fundamental bioinformatics and computational skills in bioinformatics analysts and engineers, and in building introductory followed by specialized intermediate bioinformatics skills in the bioinformatics users. H3ABioNet also developed guidelines for establishing new bioinformatics degree programs at resource limited institutions and has supported the development of such programs. Four years ago, the Fogarty International Center introduced a dedicated funding call through H3Africa for the establishment of bioinformatics postgraduate degree programs, enabling several new degree programs to be established in three African countries that had previously lacked these programs (Shaffer et al., 2019). H3ABioNet has continued to support the Fogarty postgraduate training program through providing trainer support and hosting a joint postgraduate seminar series to provide advice on student projects. H3ABioNet has subsequently focused on short term training interventions that enable professional development in specific topics outside of degree programs. This has been achieved using different modalities from face-to-face courses at various levels, hackathons, webinars and internships to mixed-model online teaching.
Success and Challenges With Traditional Face to Face Training
At the outset of the establishment of H3ABioNet, there was an initial need to develop a critical mass of skilled bioinformatics experts within Africa. While small pockets of skilled bioinformaticians did exist at some of the H3ABioNet nodes who had previously invested in bioinformatics skills development, the majority of the continent had little or no bioinformatics expertise. To tackle this initial lack of skills, a number of face-to-face training events were developed and run at the various nodes within the network across the African continent. Initially, international trainers were sourced where necessary to run earlier courses with the goal of developing local training expertise in specific data analysis topics. Some of these earlier training events took the form of a longer Postgraduate Introductory Bioinformatics workshop which covered different modules over 4–5 weeks to train bioinformaticians, and Train-the-Trainer events focused on developing regional training capacity. This formed the foundation to subsequently develop and host week-long workshops focusing on specialised bioinformatics analysis topics such as metagenomics, microbiome, genome-wide association studies (GWAS), data analytics and next generation sequencing (NGS). While one of the major focus areas of H3ABioNet was to develop bioinformatics capacity across the continent, it was soon realised that the design, planning and running of face-to-face workshops was not a sustainable long-term approach. Apart from the limited reach and immensely high costs associated with running face-to-face workshops, the challenges associated with working in an African context soon came to light.
While some of these challenges are specific to an African context, some may be encountered in other low-to-middle income countries (LMICs). The first challenge was internet access. While good internet connectivity is taken for granted as a necessity in developed countries, limited and slow internet access is a stark reality in most of Africa. Some universities have access to good local internet infrastructure, but issues with bandwidth and download speed restrictions are exacerbated by unexpected power outages and limited backup resources. H3ABioNet addressed this in some of the training courses by running all practical analyses using the eBiokit, which is a standalone Mac-based hardware resource that contains all the software and databases required for analyses, without the need for an internet connection to the outside world (Hernández-de-Diego et al., 2017). The second challenge, as already alluded to, is an unstable electricity supply, with planned and unplanned rolling blackouts a daily occurrence in several African countries. Slightly less common, but still observed were political unrest, visa bureaucracy, excessive costs for airline flights within Africa and endemic disease outbreaks. The disruptive nature of removing participants from their home institutes for extended periods of time coupled with participants not having access to local infrastructure to work on upon returning to their home institution, meant the face-to-face mode of training was not a long-term sustainable approach. This presented H3ABioNet with an opportunity to develop a new, more sustainable approach to build bioinformatics capacity across the African continent. Until the COVID-19 pandemic, these modes of training ran in parallel as the advantages of personal interaction, networking opportunities, community building and other benefits of face-to-face training are still important to exploit when feasible.
Need to Develop and Combine Alternative Modes of Training
Having built up a critical mass within the network, there was an opportunity to explore additional forms of training modalities. These training modalities and associated resources were borne out of necessity at the various stages of the development of the network and highlights the need for a flexible approach to developing capacity in any field. To complement the face-to-face training, H3ABioNet used training modalities that are targeted to different audiences with specific desired outcomes. Internships provide an opportunity for a researcher to be embedded in a host laboratory and work alongside experts to achieve a particular goal, usually to develop skills for analysis of their data. While the H3ABioNet internship program has been successful, it is a costly endeavour and is very limited in terms of reaching a wider audience. Therefore, H3ABioNet embarked on a new challenge to develop knowledge and skills in a much larger audience using an adaptation of traditional online courses. In our mixed-model approach, we developed courses running over a longer time period in an online format, but to multiple physical classrooms with local support. These have been introduced at both the introductory/overview and intermediate/specialized course levels and have been instrumental in addressing the enormous demand for accessible bioinformatics training across the continent.
The H3ABioNet training environment also includes longer term building of communities from the training courses, further career professional development in scientific communication and grant writing, and increased accessibility to our training resources by making them Findable, Accessible, Interoperable and Reusable (FAIR) (Garcia et al., 2020). Through a combination of all of these aspects of the training program, H3ABioNet has developed a sustainable training environment that has addressed many of the skills gaps on the continent with demonstrable impact on the ability of African scientists to analyse their own data. In this paper we describe how H3ABioNet has developed and expanded its traditional training approaches to create a training environment suited to an African audience and aimed at developing an African bioinformatics community through the establishment of suitable training models and approaches. We further describe the components of this training environment, which has been developed to address multiple audiences and transfer multiple competencies to trainees based on their selected career paths. Finally, we present some results evaluating the impact and accessibility of our training program.
METHODS - DEVELOPING THE H3ABIONET TRAINING ENVIRONMENT
As previously mentioned, H3ABioNet uses a multi-pronged approach to training in both its target audiences and training modalities. The latter includes face-to-face, mixed-model online training and hackathons to enable the transfer of skills in various bioinformatics subject areas, systems administration and additional career development topics. We offer certificates of participation and acknowledgement for all of the workshops we host, and we have found that this encourages active participation and engagement through the value of adding these achievements to participants’ CVs for job and fellowship applications.
Our course development uses competencies to drive the curriculum design and we strive to make the resulting training resources as accessible as possible through the curation of training materials. Below we provide further details about each of the modalities and the audiences and competencies that we aim to address with each one.
Switching to a Mixed-Model Training Approach
The need for basic bioinformatics skills in Africa is growing rapidly and H3ABioNet was faced with the challenge of finding a modality to train students and scientists “en masse” in bioinformatics topics, an endeavour that soon proved to be far more difficult than initially anticipated. Many trainees across Africa do not have access to powerful machines or stable internet/electricity, nor do they have access to expensive software or costly training materials. Additionally, many institutes attempting to establish bioinformatics programs do not have much experience in more advanced topics, and often lack experience with the organisational aspect of running these types of courses. Sourcing local trainers with the required expertise to teach specialized topics also proved difficult and costly, particularly where bioinformatics uptake within the region has already been low. This often results in data science courses, particularly within more specialized fields like bioinformatics, becoming very costly and highly competitive, reducing access to bioinformatics training significantly. It quickly became clear that any traditional approach to training would not suffice, and that a unique model would need to be implemented to meet this demand for training in Africa.
Online learning coupled with distance learning seemed the most cost-effective approach, but tackling other challenges like receiving adequate technical and teaching support at remote regions across Africa (at minimal cost) were more complex. It is well known that online courses that fail to provide additional teaching support, and even at times those that do, experience large drop-out and failure rates (Onah et al., 2014; Bawa, 2016). To combat this, the establishment of a local hosting classroom with some minimum infrastructural requirements such as a training room with computers that could connect to the internet and a projector to play lectures, would allow trainees the opportunity to learn (mostly) uninterrupted. An added human capital requirement of 1) someone to coordinate the classroom, 2) onsite support in the form of teaching assistant/s (TA) familiar with the content and, 3) a systems administrator (SA) for technical assistance ensures trainees receive the physical support required throughout the course. Any classroom across Africa that could meet these criteria would be eligible to join the course and become a local hosting site/classroom, once thoroughly vetted.
Since online and distance learning were to be used, course organisers could partner with international subject experts situated across Africa and abroad, to develop and teach course content. The first course to be developed using this mixed-model approach was H3ABioNet’s flagship Introduction to Bioinformatics Training Course (IBT), piloted in 2016 (Gurwitz et al., 2017). Since the training was introductory, trainers could develop content around predominantly online tools ensuring infrastructural requirements remained low and participants could repeat at least some analyses once the course concluded. All content was designed to ensure participants on the course developed appropriate competencies (as described by the International Society for Computational Biology’s (ISCB) core bioinformatics competencies) (Welch et al., 2014).
Participation in the course for all participants and staff is completely free of charge and voluntary to ensure the course reaches the widest possible audience. This has allowed not only thousands of participants to be trained over the last 5 years in introductory bioinformatics skills, but has also provided staff with the support required to implement this training locally. The detailed course model is described by Gurwitz et al. (2017).
Training an increasing number of scientists in introductory bioinformatics skills meant the need and demand for more specialized/advanced courses, implemented using a similar model, was also growing. The first course established using a similar mixed-model approach was the African Genomic Medicine Training Initiative (AGMT), targeted at nurses across Africa and first run in 2017 (Nembaware and Mulder, 2019). The program uses a similar mixed-model approach, but with an added requirement of a collaborative research project toward the end of the program. The AGMT course has been accredited and forms part of ongoing professional development for nurses. More importantly, AGMT allows for a wider uptake of genomic medicine within primary health care as nurses are trained in a range of relevant topics.
H3ABioNet then piloted an intermediate level microbiome 16 S rRNA data analysis course (IntBT) in 2019 which saw local classrooms across Africa now needing stronger local technical expertise to access and maintain advanced software to perform more complicated and data intensive analyses, typically on a computing cluster environment using containers (Ras et al., 2021). The course allowed local staff the opportunity to pull and maintain containers while being supported by an experienced core team. These containers were then accessed by their local participants to perform in depth analyses of microbiome data. The use of containers had the added benefit of all software and tools remaining available for further analyses once the course ended and allowed local staff the opportunity to receive some systems administration training and support. Ongoing support was also made available via the H3ABioNet Helpdesk to ensure staff and participants could continue to receive support with local project analyses once the course ended (Kumuthini et al., 2019).
Feedback is collected at various time points (before, during and after) throughout the training to continually monitor the trainee’s learning experience as well as the experiences of the staff to allow organisers to continually improve the model from year to year. The pilot phases of both the AGMT and the 16 S rRNA data analysis courses were successful (see (Nembaware and Mulder, 2019) and (Ras et al., 2021)) and demonstrates the flexibility and potential of the model for teaching more advanced and specialised topics. The success of the model with more advanced topics led to a partnership with Wellcome Connecting Science in the United Kingdom (UK) and the development of a Next Generation Sequencing Course which was run across 31 classrooms in Africa in 2021 with ∼400 participants registered across them; an exciting “next step” in making high quality bioinformatics training more accessible to African scientists.
When the coronavirus pandemic struck during 2020, the flexibility of the mixed-model approach was tested even further as a result of lockdowns across most African countries. The pandemic meant nearly all face-to-face classrooms could not run, leaving the organisers with the difficult task of ensuring effective support was still provided from local staff teams, while also ensuring that the participants still gained the classroom experience without access to an actual classroom and the ability to meet physically. These courses also typically ran across many months with biweekly contact sessions which ended in a live, online Question & Answer session (Q&A) with the module trainer. While previously trainees were situated within a physical classroom, meaning only one online connection was required per classroom, each participant now needed to connect individually. For IBT, this meant over 1000 simultaneous connections, which quickly became a limiting factor as most online conferencing platforms at the time could not handle the large groups with a standard license, and the large number of connections quickly meant a bandwidth too large for trainees to maintain. While materials are made available via a Learning Management Site, Vula (Learning Management System used at the University of Cape Town which is based on the Sakai (https://www.sakailms.org/) platform), where participants may access the content at any time, the live Q&A was frequently not a component that could be shifted/modified. In some instances, trainees also struggled with internet accessibility/stability, which often disrupted their access to the LMS, Vula and online sessions. Similarly, while Vula allowed structured forums to be made available to participants and staff, this was not enough to effectively support trainees who were now typically very isolated. The organisers thus worked alongside classrooms and found many creative solutions such as: the creation of breakout rooms on Zoom for more of a classroom feel which were accessible during the stipulated contact session times (in the case of IntBT); staggering sign on times to the online platforms with rolling 30 min slots for Q&As with the trainer (in the case of IBT); having some local classrooms create Whatsapp groups/independent Zoom rooms (used in both IBT & IntBT) and; even at times, using social media to stay in touch. In regions where trainees really struggled with internet accessibility, some classrooms opted to provide materials on removable storage drives or set up contact points where a head TA would meet with participants to transfer materials. H3ABioNet has also made use of Virtual Machines to ensure all trainees have access to a standardised system for more advanced courses. Both the IBT and IntBT courses still ran successfully in 2020 despite the various challenges, illustrating the effectiveness of the mixed-model approach to teaching.
The model has been used successfully for many years and while it holds a great deal of potential for training across many different topics/domains, it does not come without its share of challenges. It is beyond the scope of this paper to provide a detailed account of these challenges, however, a few are briefly discussed here (in addition to the COVID-19 related challenges discussed previously). As mentioned, a major benefit within the IBT course has been the use of predominantly online tools–this has allowed anyone with access to a browser and internet the ability to join the course. A major disadvantage of using mostly online tools, however, is that course materials need to be constantly updated as online resources tend to change and be updated fairly regularly. Course convenors are thus required to regularly engage with course trainers throughout the year to ensure materials are frequently updated and remain current for every iteration of the course. This is in contrast to the 16 S rRNA course (IntBT), where software and tools used within the course are packaged within containers and run locally. Since this course makes use of few online tools, materials mainly require updating when there have been significant updates or changes to the containers, software or workflows used within the course. It also requires course convenors to work closely with trainers as well as software developers, and to remain abreast of major changes to software and tools used within the field. Another key challenge within the current model and one that is faced by numerous training providers globally, is that all course content has historically been developed and provided in English. While this has resulted in a great uptake of materials within English-speaking African countries, it has meant little to no uptake within Francophile/French speaking countries. Accessibility to the course materials for those with other impairments i.e. hearing, visual are also major obstacles that need to be considered if the model is to reach as many people as possible (material accessibility is discussed in more detail later). Finally, the model constitutes a large amount of logistical and administrative overhead, mostly undertaken by (typically) a single course convenor who manages and coordinates the various components of the model. Convenors need to have advanced coordination skills and need to have the ability to deal with, and address a wide range of issues while balancing many competing priorities—often managing cohorts and staff teams in the region of 500 to greater than 1000 people at any given time.
Applied Continuous Skills Development for Scientists, Engineers and Systems Administrators Through Hackathons
Training workshops, in their various formats, provide a controlled environment for the learning and use of different types of bioinformatics resources and tools which is beneficial to audiences being newly introduced to bioinformatics. Part of bioinformatics capacity development involves continuous learning and the practical application of new methods, tools, technologies and leveraging multi-disciplinary skills in a collaborative environment to solve various problems and produce outputs. Science hackathons provide a collaborative environment for scientists to work together over a short period of time fully concentrating on solving problems that enables concomitant skills transfer and learning (Groen and Calderhead, 2015; Aboab et al., 2016; Lyndon et al., 2018). To ensure new skills acquisition and continuous development through multi-disciplinary knowledge sharing via peer learning within the network, H3ABioNet has organized and held a variety of hackathons for audiences with diverse skill sets ranging from bioinformaticians, computer scientists, systems administrators, and statisticians to biologists (Ahmed et al., 2018; Ghouila et al., 2018; Fadlelmola et al., 2021). Each of the H3ABioNet hackathons have their specific target audiences that encourage multi-disciplinarity and are designed to achieve predetermined goals related to specific ongoing H3ABioNet projects that continue post-hackathon.
To address the issues of reproducibility and portability of executing bioinformatics software stacks in heterogeneous computing environments while keeping up with advances in technology, H3ABioNet organized a workflows and cloud computing hackathon (Ahmed et al., 2018; Baichoo et al., 2018). Introductory training on workflow languages (Common Workflow Language and Nextflow) and containerization of bioinformatics software applications for portability were provided to H3ABioNet personnel, including bioinformaticians, software developers and systems administrators (Baichoo et al., 2018; Ahmed et al., 2019). The goal of the H3ABioNet workflows and cloud computing hackathon was to create four containerized workflows that are portable for Genome Wide Associations Studies, imputation, variant calling from NGS data, and the processing and analysis of 16 S rRNA microbiome data. Specific workflow development teams consisted of bioinformaticians and software developers to develop the workflows, and a systems administrator for software containerization (Ahmed et al., 2018). Some participants of the hackathon have gone on to participate in other Nextflow community organized hackathons outside of Africa, and have provided training on these topics in subsequent workshops. Skills gained from this hackathon are currently being applied to various H3ABioNet projects and have led to the development of workflows and containers used to provide training for advanced topics such as the 16 S rRNA data analysis course (IntBT) (Ras et al., 2021). The GWAS workflow and imputation service was used to provide training and analysis of data to H3Africa consortium members in a bring your own data (BYOD) face-to-face workshop.
Another goal-oriented hackathon, the DREAM of Malaria hackathon hosted by H3ABioNet and other organizations, brought together scientists at various career stages encompassing data generators, bioinformaticians, statisticians and data modellers to investigate various methods for predicting dihydroartemisinin (DHA) sensitivity of P. falciparum isolates using genome wide expression profiles (Ghouila et al., 2018). The multi-disciplinary composition of the various hackathon teams enabled more in-depth discussions and knowledge transfer via peer learning between the hackathon participants within and outside of their teams, while testing various methods in preparation for the Malaria DREAM Challenge (Davis et al., 2019). Data modellers gained a much better understanding and appreciation of why biological data can inherently be noisy, while data generators gained more knowledge of statistical modelling and analysis methods for their data (Ghouila et al., 2018). Apart from peer learning and knowledge transfer, hackathons are a great way of improving communication, fostering long term cohesion and collaboration between scientists and engineers while working towards common goals, as in the case of the H3ABioNet hackathon for the development of a genomic medicine and microbiome portal for African genomics data (Radouani et al., 2020; Fadlelmola et al., 2021; Hamdi et al., 2021).
With the onset of the COVID-19 pandemic, H3ABioNet switched from a planned face-to-face hackathon to a virtual hackathon format utilizing Zoom and breakout rooms for a project aimed at creating an African genome reference graph. The virtual hackathon organization and format was quite different from the traditional face-to-face hackathons held by H3ABioNet. An advantage of having a virtual hackathon format that ran over 2 weeks for 4 to 5 hours a day was that more people within H3ABioNet could participate. The average cost per participant for a face-to-face hackathon (∼USD 1,500) imposes a limit on the number of individuals to between 25–30 that can participate. Depending on the nature of the goals for a specific H3ABioNet hackathon, a predetermined selection criteria that places emphasis on existing pre-requisite skills is applied for a number of reasons. Some applicants mistakenly interpret a hackathon to primarily be a training workshop, rather than a goal-oriented event. Participation requires a high level of engagement and contribution that draws upon pre-existing knowledge at the scientist, engineer or systems administrator level, while rapidly learning and applying specialized skills. It can also be disheartening for a participant to attend a specific hackathon for which they are not equipped to make any meaningful contributions to at that particular point in time.
The prerequisite skills required to participate in some of the sub-projects for the virtual African genome graph hackathon included familiarity with the use of the version control system Github, graph building tools, Nextflow workflow language, NGS sequence formats and alignment tools and using High Performance Computing (HPC) environments. A number of applicants had some very basic skills or understanding of using Github, Nextflow and little knowledge about how to containerize software. As there was no financial constraint on participant numbers for the hackathon in its virtual format and to be as inclusive as possible, virtual training open to all network members was provided on using version control and Github. Introductory training on Nextflow and software containerization was also provided by participants who attended the previous H3ABioNet workflows and cloud computing hackathon. A specific sub-project within the African genome reference graph hackathon to containerize software used by the other sub-projects was aimed at systems administrators within H3ABioNet. A surprising outcome was the number of applicants who were not systems administrators that signed up specifically to be part of the containerization sub-project, rather than the other sub-projects using various bioinformatics tools. Further enquiries revealed that some of the applicants were bioinformatics students and scientists within H3ABioNet wanting to make their software and tools available in the form of containers. The virtual format of the hackathon provided an interactive environment for bioinformatics scientists to learn how to containerize software from systems administrators, and for interested users to work with experienced bioinformatics engineers to run novel tools in different HPCs while applying the skills learned during the pre-hackathon workshops. Overall, H3ABioNet has made effective use of the hackathon format to provide paths for continuous applied skills development and peer learning for African bioinformatics scientists, engineers and systems administrators as well as advanced users in multi-disciplinary, collaborative environments within Africa.
Internships as a Means to Bridge the Skills Divide
While training workshops and hackathons can impart and strengthen an individual’s knowledge and skills base, they might not necessarily be a suitable bridge for a bioinformatics user to gain scientist level expertise in a specialized bioinformatics topic. To address this, H3ABioNet has implemented an internship program since its inception. Internship programs are a form of training that are essentially supervised work experiences over a dedicated period of time and have been found to be impactful, and in some cases essential for budding African scientists at postgraduate level (Mlotshwa et al., 2017). Recognizing that specialized bioinformatics skills are needed to conduct in-depth analysis of genomics data from a myriad of studies, H3ABioNet’s internship program was developed specifically for the H3Africa and H3ABioNet consortium, where students and staff members from an H3Africa data generating project can apply to spend time at an H3ABioNet Node and learn to work with, analyse and interpret their data. H3ABioNet staff and students can apply to spend dedicated time at another H3ABioNet Node or an external institution with established expertise for a specific computational analysis of data that they seek to better understand.
An important requirement for the H3ABioNet internship is that the individual applying for an internship should have a dataset which they will analyse for the duration of the internship, as this will enable them to gain practical in-depth expertise with this type of analysis. Additionally, the H3ABioNet internship program does not cover the costs of data generation, as H3ABioNet is a funded resources project with clear deliverables for capacity development and not research data generation. A proposed analysis plan, expected outcomes and motivation letters from the applicant’s current supervisor and hosting institution and supervisor, as well as a plan to disseminate the skills they have learned at their home institution to ensure capacity development, are mandatory with the application. Additional information such as courses attended, presentations and publications are also required to determine whether an applicant has the foundational skills and knowledge to fruitfully undertake the proposed internship. While the internship program was directly affected by the COVID-19 travel restrictions, it proved a highly valuable and successful component of the H3ABioNet training endeavours and has resumed where possible. Further details on the internship program have been highlighted in the training impact section.
Developing Additional Career-Building Skills
Most early-career research scientists in Africa face continent specific and debilitating challenges which include poor access to libraries and online resources such as journals, lack of funds, inadequate support and lack of good research infrastructure and tools (Nchinda, 2002; Mccullough, 2010). It is from this perspective that the H3ABioNet training and educational initiatives are not only based on the technical or scientific knowledge transfer, but also focus on multiple, holistic, interdisciplinary, practical and diverse soft skills that scientists need for their scientific studies and careers, especially in a challenged continent like Africa. H3ABioNet focuses on experiential learning (learning by doing, which is hands-on in scope) that allows participants to benefit significantly from our offerings. Similar to Margaret Hostetter (Hostetter, 2002), the ideology that career development will enable our diverse, previously and currently disadvantaged scientists and especially bioinformaticians to become highly motivated and intensively trained scientists ready for their different careers across Africa is strongly espoused. We regularly offer face-to-face and online workshops (especially since the onset of COVID-19, all of our training has been virtual), webinars, conferences, career development, internships, mentorship and colloquiums all geared towards developing the soft skills of members and affiliates, be they professionals or students. Most of the soft skills training is offered in collaboration with a diverse group of scientists and trainers from across Africa working in different organizations such as H3Africa and the African Academy of Sciences (AAS).
H3ABioNet provides short term and long term soft skills training depending on the context and temporality, for instance the H3ABioNet UCT CBIO Node contributes to an annual, all year postgraduate development program geared towards assisting students to learn how to be better academic writers and presenters. The shorter format training includes face-to-face workshops that are provided during H3Africa consortium meetings to H3Africa fellows, before the onset of the “new normal” imposed by COVID-19 restrictions. To quote from King (King, 2013), it is necessary to develop creative and sustainable ways to help “early career research scientists ascend the professional ladder.” Regardless of the limitations inherent in online learning and training such as the lack of human contact, Brancaccio-Taras et al. have proven that effective scientific training can be offered to fellows with impactful results even on virtual platforms such as webinars (Brancaccio-Taras et al., 2016).
A recently run soft skills H3ABioNet workshop was the Scientific Communication Workshop for H3Africa fellows, staff and scientists, offered at the 17th Consortium Meeting held in April 2021. The main purpose of the workshop was to train attendees on different scientific communication platforms, styles and methods for specific needs. The workshop was facilitated by diverse volunteer trainers from across H3ABioNet nodes based in different African countries and the US. Similar to most of the training H3ABioNet provides, trainers conducted the training free of charge in order to offer necessary workshops to participants at no cost. The Scientific Communication Workshop had multiple learning outcomes aimed at addressing the often overlooked skills required in progressing in an academic environment. These included learning the importance of effective communication and writing, good practices for designing eye-catching posters, developing elevator pitches for sharing of research, valuable tips for providing constructive feedback, advice on the value of timely thesis preparation and referencing software, and guidance on how to effectively critique and summarise a research article.
Building Bioinformatics Communities Through Online Training and Support
The H3ABioNet training network spans many African countries (currently more than 16 countries). It has, and, continues to grow in large part due to our mixed-model training approach and blended learning courses. The Learning Management System used within the mixed-model courses, Vula, allows structured forums and a real time chatting tool to be made available to trainees which quickly enables participants from all over the world to connect in real time. Participants from across Africa and across all classrooms use these forums to connect and interact while joining one of our training courses. Since our training is often open to anyone with the prerequisite skills to apply, these courses double as a mechanism to connect local bioinformatics students and/or enthusiasts, to staff and peers at their local classrooms, institutions or regions. This, coupled with the skills gained as part of various training events allows bioinformatics communities to begin forming, often at remote regions where bioinformatics uptake may not be as high. Many trainees return to act as staff i.e. TAs or SAs, or may even start up additional classrooms in future iterations of courses—further developing local capacity for bioinformatics teaching and training. Trainees are also encouraged to remain in touch with their local classmates and staff for ongoing training or further opportunities to participate in webinars, events and conferences. More recently we have attempted to implement “Open Learning Circles” (https://h3abionet.github.io/LearningCircles/), a coordinated “Mozilla open classrooms style” space where trainees that have attended any of our mixed-model courses could continue to come together, share new content, work on ongoing data challenges or simply continue to connect. H3ABioNet has also created Slack workspaces where participants from various training programmes could continue to connect, share resources and work on coding problems together, well beyond a course concluding. The creation of mailing lists and various social media accounts also ensures trainees are kept up to date on opportunities and allows for ongoing communication between H3ABioNet and these trainees.
One of the skills which is essential for future academics, but seldom included in traditional educational programs is training skills for trainers. There are several train-the-trainer programs developed for different contexts, but few specific to bioinformatics. The European Bioinformatics Institute (EBI) has run bioinformatics train-the-trainer courses for specific bioinformatics applications, and Wellcome Connecting Science has recently developed a train-the-trainer Massive Open Online Course. H3ABioNet has been developing trainers using different approaches. Several H3ABioNet members attended the EBI NGS train-the-trainer course and went on to assist at a Wellcome Connecting Science NGS course and are now trainers on the previously mentioned mixed-model NGS course. A group of African Carpentries (https://carpentries.org/) trainers is currently being established through working with the Carpentries community to host a Carpentries Instructor training course for H3ABioNet members. H3ABioNet has also developed a training guide that describes the processes followed in planning, designing and running courses, including relevant templates for the different steps (accessible at https://doi.org/10.25375/uct.14337806.v1). This is a valuable resource that can be used by others who wish to set up and run any type of training course, with a focus on bioinformatics resources. More informally, students who have participated in H3ABioNet courses are often given an opportunity to be teaching assistants on the next iteration of the course. Working alongside experienced trainers, they gain practical experience in providing training. The establishment of a strong training network has allowed a budding bioinformatics training community to begin forming in Africa which is now gaining traction across other continents too.
H3ABioNet members have also contributed to global efforts to develop training resources for bioinformatics trainers, such as competency frameworks, guidelines for course and curriculum development and a trainer portal, hosted by GOBLET (Global Organization for Bioinformatics Learning, Education and Training: https://www.mygoblet.org/training-portal/trainer-resources/). H3ABioNet initiated and hosted the first Bioinformatics Education Summit in Cape Town in 2019, which brought together bioinformatics trainers and educators from around the world to develop trainer resources. This community of trainers meets monthly and has since organized 2 further summits. Through these and other activities, such as the ISCB Education Committee and COSI (community of special interest), H3ABioNet has developed long term partnerships with key global bioinformatics trainers and training organizations, with whom we have co-organized several training events and are currently working with the global bioinformatics trainer community to develop an online train-the-trainer course which will be run using our mixed-model training approach.
Addressing Gender Inclusion in Data Science
According to Stads and Beintema (Stads and Beintema, 2006) “the science world appears to be greatly affected with gender barriers that disadvantage female scientists in their career development.” To address this gender disparity and inequality, H3ABioNet intentionally organizes spaces and training that targets African women in science. The focus on training African women is based on research and statistics that show that there are many barriers that African female scientists face, such as lack of funding, the work and family balance as well as patriarchal gatekeeping (Sonnert, 1999; Prozesky and Mouton, 2019). A few H3ABioNet female scientists are WiDS (Women in Data Science) ambassadors, and in 2021 we organized the inaugural WiDS Africa event which was hosted virtually and intended to engage women in data science across Africa. This was also an important collaborative space where women were encouraged by other women on ways to navigate the very exclusionary science fraternity. At the conference there was an echoing of the need for more women in science communities which has sparked future collaborations necessary for this endeavour within H3ABioNet (Chauke, 2021).
Curation of Training Materials and Improving Accessibility
Running several training events generates a wide range of training materials, from lecture slides to codebooks. H3ABioNet has thus embarked on a rather large effort to make our training materials (and supporting tools such as containers and workflows) more accessible, starting with the implementation of FAIR principles (Garcia et al., 2020) across our training materials and training pages available on our website. In order to make our training materials FAIR i.e. Findable, Accessible, Interoperable and Re-usable, H3ABioNet is ensuring our webpages reflect the most relevant information to ensure optimum findability and accessibility of our materials. The use of tags and keywords across H3ABioNet webpages to improve Search Engine Optimisation (SEO) along with submitting materials to a public repository to assign a permanent identifier, improve data provenance and discoverability, and are two ways in which we are improving FAIR compliance across our materials. We have also recently begun the process of implementing bioschemas (https://bioschemas.org/) across our training webpages (Figure 1). Bioschemas allow for a standard schema markup to be applied across our pages and materials, making them more discoverable to web scrapers and training databases and repositories like GOBLET (https://www.mygoblet.org/) and TeSS (https://tess.elixir-europe.org/), thus increasing their findability. These tasks are currently underway with the aim to make all H3ABioNet training materials FAIR and freely accessible before the end of 2021 (many materials can already be accessed, freely and openly, via our website and course pages). H3ABioNet is also improving accessibility and reusability of materials by transcribing lectures and videos to add subtitles. The aim is to transcribe all materials into English in the first instance after which transcriptions can then be more easily translated to other common languages spoken in Africa like Arabic and French. Since most materials within H3ABioNet are generally released under a creative commons license, our materials are also free for re-use and distribution by anyone who needs them.
[image: Figure 1]FIGURE 1 | Graphical depiction of the process being used by H3ABioNet to make training materials FAIR.
RESULTS AND DISCUSSION ON THE REACH AND IMPACT OF THE H3ABIONET TRAINING ENVIRONMENT
The different approaches discussed above were developed to address specific training needs and to adapt to local and global challenges. The H3ABioNet training environment, summarized in Figure 2, includes not only the training interventions for imparting bioinformatics skills, but also career development opportunities, networking and community building, and access to training materials and trainer guidelines and resources. This is to ensure our training has a longer term impact with continued support. For all our training interventions we usually conduct pre- and post-training surveys and evaluations to determine what the participants learned, what they want to learn in future, and their impression of the event. The results of each training event’s evaluations and feedback are discussed in post-course meetings and results are sent to trainers or guest lecturers to assess training successes, materials or implementations that may need to be improved. Monitoring, Evaluation and Learning (MEL) are imperative to all our training endeavours at H3ABioNet as we believe that it is necessary to constantly take stock and learn while iteratively providing alternative and additional training solutions. In the section below, we present selected results sourced from some of our experiences, in addition to feedback from a biannual long term evaluation survey sent out to each participant of an H3ABioNet training event. We discuss some of the results in terms of the impact of the various training modalities H3ABioNet has employed on the acquisition of knowledge and skills and the progression of participants’ careers.
[image: Figure 2]FIGURE 2 | A diagrammatic representation of the H3ABioNet training environment. The blue bar (first tier) represents the different audiences (personas) identified as necessary to develop within the network. The image of each persona is used to represent the choice of training approach/resource in the figure. Courses were designed and presented at varying levels of difficulty (red bar—second tier) to allow for progressive growth of individuals based on their desired backgrounds and planned career paths. Similarly, the complementary modes of teaching (green bar—third tier) presented the opportunity for individuals to explore and learn in unique environments that fostered the support and opportunities required to develop specific competencies and personas. The fourth tier (yellow block) of the training environment provides individuals with the opportunity to learn as part of a larger community as opposed to individual silos and further develop the complementary skills required to excel in building a successful academic career. The final component (teal block) highlights our efforts to make our training resources accessible beyond H3ABioNet to ensure that the efforts to continue training in bioinformatics are sustainable and continue to be utilised by the broader bioinformatics community.
Training Audiences
Using a multi-pronged approach, H3ABioNet has developed a comprehensive bioinformatics training program for a diverse audience. To date (May 2021), 4,466 unique trainees have attended one or more H3ABioNet training course. Courses are tailored to the audience by designing the curriculum based on the competencies required by participants, taking into account their background and prerequisite skills. A summary of attendee backgrounds is presented in Figure 3. Since not all our application forms captured information on the background of participants, this data was derived from those participants who completed the long term evaluation survey, but we believe this is generally representative of the broader participant pool. Figure 3 shows that the majority of trainees are from a life sciences background, predominantly at postgraduate level, and consider themselves to be bioinformatics users. This reflects the large IBT audiences, as these courses are primarily aimed at life scientists who need to use some bioinformatics tools for their research.
[image: Figure 3]FIGURE 3 | Shows the breadth of different audiences we have trained in terms of (A) the academic background of the trainees (Academic Backgrounds: Biomedical Sciences, Clinical Sciences, Molecular Biology, Microbiology, Virology, Biochemistry, Genetics, Functional Genomics, Bioinformatics, Medicine, Mathematics/Statistics, Computer Science, Other), (B) their current role or highest educational level (Educational Levels: MSc student, PhD student, Post-doctoral fellow, Junior Lecturer/Lecturer, Senior Faculty Member, Professor, Finance Officer, IT Support, Grants Researcher, Developer, Data Analyst/Statistician, Other), and (C) how they perceive their role in the context of bioinformatics.
In terms of geographical distribution, the initial courses were limited to locations that fulfilled the requirements to host face-to-face workshops. The transition to a mixed-model training approach resulted in an increased reach with several classrooms being able to be hosted for a single course. The interest in the mixed-model approach training courses such as IBT and IntBT has grown each year, with new countries enrolled during each iteration of the course. While we have not yet reached each country on the continent, we have provided training to attendees in a substantial number of African countries as shown in Figure 4. Attendees from outside the continent, particularly from the USA and UK, were generally attendees of one of the hackathons. The mixed model courses, in addition to increasing the geographical reach, have resulted in a large increase in the annual number of attendees at our training events (Figure 5). Even at the height of the pandemic (2020), we trained over 1200 people.
[image: Figure 4]FIGURE 4 | Map showing the distribution of the country of residence for all individuals who have attended any H3ABioNet training event. (A) is for face-to-face training events, while (B) is for online and blended training events. The darker the shade of blue, the higher the number of individuals. Note: A number of individual’s country of residence was not collected especially in early training events; as a result, in (A) 437 individuals (34%) are not represented on the map. In (B) 977 individuals (19.5%) are not represented on the map.
[image: Figure 5]FIGURE 5 | The number of individuals attending H3ABioNet training events per year since the network’s inception in 2013. The dramatic increase in 2016 was due to the inclusion of the mixed-model training approach.
Training Topics and Course Attendance
The training events have covered a wide variety of topics at introductory, intermediate and advanced levels (Supplementary Table S1). The selection of training topics has primarily been driven by the perceived analysis needs within the H3Africa consortium as well as the need to develop highly skilled bioinformaticians within H3ABioNet. In addition to the annual Introduction to Bioinformatics course, which covers 6 different basic bioinformatics modules, the most common topics covered at varying levels of complexity are NGS and GWAS data analysis. While around 70% (3024) of the trainees attended one of our Introduction to Bioinformatics courses (these attract the largest audience per course because of the scalable training model), several trainees have attended multiple courses (over 400 people have attended 2 courses and nearly 100 have attended 3 courses, see Figure 6) to gain general bioinformatics knowledge, more specialized bioinformatics skills, and career-building skills such as grants management and scientific communication. Many people who attended an IBT course did not go on to do further training, though around 200 trainees have also done one of the IntBT courses. It is worth noting that apart from the IBT courses, to cope with the demand, our events are generally limited to H3Africa or H3ABioNet members, so most IBT attendees were not eligible to attend the specialized courses. Nevertheless, the most common pairwise combination of courses attended by H3ABioNet/H3Africa members was an IBT and the 16 S rRNA IntBT (Figure 7A), followed by an IBT and a career development course. When grouped by category (Figure 7B), the same most popular combinations were found, suggesting that more than 200 of our trainees have gained foundational bioinformatics skills, then specialized by increasing their expertise in a particular data analysis area, and supplemented these with scientific or grant writing skills. These combinations would serve to build researchers from novice bioinformatics users to more well-rounded academics able to analyse their own data. Many of those who attended face-to-face, intermediate or advanced courses did not also attend an IBT course, presumably because they already had the basic bioinformatics knowledge they required.
[image: Figure 6]FIGURE 6 | Number of H3ABioNet training events attended by trainees. Most trainees attended just 1 training event (most often IBT, 3777 individuals), however, several went on to attend additional H3ABioNet training events.
[image: Figure 7]FIGURE 7 | Heatmaps showing the total number of trainees who attended combinations of training events (i.e. more than 1 training), the darker blues represent higher figures and therefore the most popular training combinations. (A) Shows which other training topics were commonly attended by the same trainee. (B) Also shows which other trainings were commonly attended by the same trainee but grouped by training category. Refer to Supplementary Table S1 for further details on the training events under each training category and topic.
Training Modalities
As described earlier, training has been delivered using a variety of approaches and modalities. While there is no overall preference for a single mode of training we did observe that individuals from different backgrounds preferred different modes of training. Based on the experience of running the different modes of training, Table 1 highlights these preferences as well as some of the advantages and challenges encountered when implementing the different training approaches.
TABLE 1 | A description of the various training modalities preferred by the diverse audience types, highlighting the advantages and disadvantages associated with each modality.
[image: Table 1]Training Impact
Different training approaches are likely to have a different impact, which, in turn, will be affected by the trainee’s background and skills coming into the training intervention as well as their expectations and their engagement during the training. For individuals, internships have enormous potential to provide long term impact on their research and careers, due to the hands-on, personal nature of an internship at an expert facility, and the opportunity to develop partnerships and future collaborations. H3ABioNet has awarded 20 internships to H3Africa and H3ABioNet consortium members that mainly comprise of postgraduate students and staff members who wished to develop expertise and analyse data in topics ranging from structural modelling, GWAS, human variant calling, large scale data transfers to metabolic modelling, pathogen informatics, human population genetics and microbiome studies. Of the 20 H3ABioNet internships awarded, 18 have been between H3ABioNet Nodes with 5 of the internships taking place at the H3ABioNet USA partner nodes, while 13 internships were within H3ABioNet African Nodes, and 2 of the internships have been to external institutions in Europe. The H3ABioNet internships have resulted in work being accomplished that has contributed to a number of publications by the interns, with many of the interns successfully completing their degree programs where applicable, or moving to new positions. In addition, selected internships have resulted in participants gaining strong applied skills in specific bioinformatics areas, creating the foundational knowledge required to contribute to several ongoing larger projects within the H3Africa consortium (Mulder et al., 2017a; Jongeneel et al., 2017; Azarian et al., 2018; Hamda et al., 2018; Ahmed et al., 2019; Choudhury et al., 2020; Sengupta et al., 2021). Due to the COVID-19 pandemic, the H3ABioNet internship program temporarily halted with internship applications having to be deferred to when international air travel was possible between different countries. The most recent H3ABioNet internship award was approved in April 2020, but due to travel restrictions the internship only commenced in March 2021.
The fact that internships are easily defined with agreed upon goals means they have an increasingly important role in education and bridging the gap between a bioinformatics user and a bioinformatics scientist. Internships are arguably one of the best ways for individuals to acquire practical skills and prepare for their careers as they provide many benefits such as learning how different scientific groups work, accessing compute resources, setting up environments for their analysis, and working with dedicated bioinformatics scientists to produce outputs. Internships also provide intangible benefits that include being exposed to new environments, cultures and modes of working, while being immersed in a new environment, they enable networking and provide career-related experiences while facilitating skills transfer (Scott, 1992; Beard, 1998; Cook et al., 2004). These have benefited a number of H3ABioNet internship awardees (Scott, 1992; Beard, 1998; Cook et al., 2004).
Though face-to-face courses and hackathons are ideal for fostering interactions, these were not always possible when trying to reach a wide audience and in negotiating the global pandemic. Nevertheless, whatever the modality used, our training interventions had impact beyond just transferring skills. When trainees were surveyed, nearly 90% (1142 of 1289 responses) indicated that they had shared their new knowledge or the training materials with at least 3 other people, thus extending the reach of our training. While some passed on their knowledge through informal discussions or practical demonstrations, a few did this through hosting workshops. Additionally, approximately 33% (421 of 1289 responses) said the training led to, or facilitated a publication mostly by improving their knowledge and understanding of bioinformatics, through exposure to new ideas or topics, or due to improved data analysis skills. About 30% (413 of 1289 responses) indicated that the training facilitated submission of their thesis, for the same reasons as above. Interestingly, more than 45% (602 of 1289 responses) said the training led to a new collaboration, demonstrating the opportunity that training events provide for networking and building relationships with peers.
Accessibility of Training Materials
Although the H3ABioNet training materials have only recently been curated and some of the lectures and videos have been on YouTube for just a couple of years, all materials have been viewed to varying extents after the training event. For one of our GWAS courses, we ran a series of webinars providing theoretical content, followed by a week-long face-to-face hands-on workshop to ensure maximum use of the time together to focus on the practical components of the analysis. These webinar lectures have each been viewed over 1100 times from multiple countries both within and outside of Africa (Figure 8C). The IBT video series has between 100 and 3000 views per country on YouTube (Figure 8A) and draws a large number of viewers from outside of Africa, with our channel now having well over 100 000 individual video views overall. Despite videos only being available since 2018, they have drawn interest from the global community with a large number of views from the United States, Canada and India (Figures 8A–D). In addition, the training pages on our website (www.h3abionet.org/training) have been accessed several thousands of times. Our flagship IBT course pages alone have been accessed between 795 and 15,324 times between 2016 and 2020. Similarly our GWAS training pages have been accessed >1500 times. As we will be one of the first organizations to make our training pages Bioschemas compliant, all H3ABioNet training material should become even more easily findable and accessible. These results demonstrate the immediate impact and growth in uptake of materials by making materials more openly accessible and FAIR.
[image: Figure 8]FIGURE 8 | Geographical locations (countries) where H3ABioNet YouTube playlists are being accessed from for the (A) Introduction to Bioinformatics Training (IBT) playlist, (B) 16 S rRNA data analysis Intermediate Bioinformatics Training Course (IntBT) playlist, (C) Genome Wide Association Study (GWAS) playlist and (D) H3ABioNet channel views overall. Maps do not depict views from countries with a total number of views <10 and represent the number of overall playlist views (clicks). Individual video views and analytics will thus differ. Colour scales on the maps represent the actual number of playlist clicks/views.
CONCLUSION
Here we have presented the H3ABioNet training environment which aims to provide a holistic training experience. We target bioinformatics users for introductory training and bioinformatics users, scientists and engineers for more specialized training. A parallel effort to develop local trainers and build grant writing and scientific communication skills ensures sustainability and improved prospects for career progression. While the COVID-19 pandemic has impacted our ability to take advantage of the personal interactions offered by face-to-face events, we were able to reasonably easily adapt to virtual training and continue intensive training throughout the lockdowns. In addition to transferring skills and knowledge, our training environment works towards making training materials FAIR and more accessible to those who are not native English speakers, and enables us to share our experience in training through our training guide and templates. Through the creation of a sustainable training environment, H3ABioNet has provided the foundation for further development of bioinformatics capacity across the continent beyond the lifetime of the network. Though funding for H3ABioNet will end soon, the systems and processes are well documented, and materials are available for the network of trainers that have been developed to pick up and continue at minimal cost. Already, the infrastructure is being leveraged in a separately funded project to roll out training for pathogen surveillance. The enormous demand for bioinformatics training in Africa will hopefully ensure that the legacy continues. While there are many successful training programs world-wide, H3ABioNet has overcome many of the challenges of working in resource-limited settings and provided a multidisciplinary training program that has reached a very wide audience both directly and indirectly.
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